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How Light Scalars Change the Stellar Landscape

Wie leichte Skalarfelder die stellare Landschaft verandern

Konstantin F. Springmann

Abstract

Light scalar fields are the essence of many well-motivated theories beyond the Standard
Model of particle physics. In this thesis, we study the rich phenomenology of the interplay
between these fields and the finite baryon density present in astrophysical environments
such as stars and supernovae. The emerging phenomena range from changes in QCD axion
couplings to phase transitions from stars to changing the stellar landscape. Compatibility
with observations allows us to put stringent constraints on such models.

Zusammenfassung

Leichte Skalarfelder sind die Essenz vieler motivierter Theorien, die iiber das Standard-
modell der Teilchenphysik hinausgehen. In dieser Dissertation untersuchen wir die reich-
haltige Phédnomenologie des Zusammenspiels zwischen diesen Feldern und der endlichen
Baryonendichte, die in astrophysikalischen Umgebungen wie Sternen und Supernovae
vorhanden ist. Die aufkommenden Phénomene reichen von Verianderungen in QCD-
Axionkopplungen iiber Phaseniiberginge durch Sterne bis hin zu Veranderungen der stel-
laren Landschaft. Die Kompatibilitat mit Beobachtungen erméglicht es, solchen Modellen
strenge Einschrankungen aufzuerlegen.
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Chapter 1

Introduction

The discovery of the Higgs boson in 2012 at the LHC [1,2] is one of the crowning achievements in
modern physics. It constitutes the last missing piece in the complete and consistent description
of all known forces and particles of nature, the Standard Model of Particle Physics (SM), and
concludes the monumental theoretical as well as experimental effort that made sense of the
‘particle zoo’ in the 1960s. The spontaneous symmetry breaking of the Higgs gives mass to the
electroweak (EW) gauge bosons and leptons and explains the short range of EW interactions.
The Higgs also addresses the unitarity violation in the perturbative scattering of massive gauge
bosons [3].

However, the SM including the Higgs boson, despite its amazing success, together with
the non-observation of new physics around the EW scale, fails to answer many longstanding
theoretical questions. The mass of the Higgs boson is sensitive to ultra-violet (UV) radiative
corrections and should therefore be orders of magnitude above its measured value, a problem
commonly referred to as the EW Hierarchy Problem. None of the proposed solutions beyond the
SM (BSM) with symmetry-based mechanisms, like Supersymmetry or Composite Higgs, were
found at the LHC.

But this is not the only problem the SM cannot address. There is compelling evidence that
SM matter only constitutes a small fraction of the matter abundance in the universe. The lack of
a dark matter (DM) candidate is another shortcoming of the SM. Furthermore, the Cosmological
Constant (CC) comes with another Hierarchy Problem similar to the EW Hierarchy Problem: It
is not protected from UV contributions and should therefore be much larger than the observed
value.

Continuing the list of shortcomings of the SM, quantum chromodynamics (QCD), the theory
of strong interactions in the SM, is invariant under simultaneous Charge Conjugation and Parity
CP (or equivalently Time Reversal 7) transformations, a problem known as the Strong CP
Problem. An alternative formulation of the problem is the question of why #-parameter is so
extremely small, measured via the electric dipole moment of the neutron to be ’0_ } < 10710 [4].
Given that the SM does violate CP in the EW sector this is in stark contrast to the order one
value one would expect from an effective field theory (EFT) point of view.

The above-mentioned issues clearly call for the necessity for BSM physics and suggest inter-
preting the SM as an EFT which needs to be replaced at energy scales above some cut-off. Very
often, light scalar fields give compelling solutions to these problems. Perhaps the most moti-
vated candidate is the QCD axion which can solve the DM as well as the Strong CP Problem.
The idea is to promote the f-parameter to a dynamical field that gets a mass around the scale
where QCD confines and thereby dynamically relax 6 to zero. The original works by Peccei,
Quinn, Weinberg and Wilczek (PQWW) [5-8] coupled the QCD axion decay constant to the
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EW scale which sets the coupling strength to SM particles and was hence ruled out soon after.
Invisible QCD axion models are straightforward generalizations of the original PQWW axion
but with much larger decay constants and correspondingly weaker couplings to the SM, while
solving both the DM as well as the Strong CP Problem.

Light scalar fields can also address the Hierarchy Problems of the SM. Instead of relying on
symmetry, the dynamical evolution of light scalars scans the problematic parameter during the
evolution of the early universe. A light scalar field can scan the magnitude of the Cosmological
Constant during the evolution of the universe, leading to a small observed value as first brought
up in [9]. The relaxion |10] scans the Higgs mass parameter during inflation while a backreaction
mechanism, in the simplest realization QCD), stops the evolution around the origin.

In this thesis we study the phenomenology of such light scalar and pseudo-scalar particles
and their interaction with SM matter, focusing on astrophysical environments such as neutron
stars and supernovae.

We start Chap. [2] by introducing the Strong CP Problem and the QCD axion as its solution.
We further generalize to axion-like particles (ALPs). In particular, in Sec. 2.1 we review the
vacuum structure of Yang-Mills theories, where we see that non-perturbative topological terms
contribute to the theory. In Sec. we see how these non-topological terms give rise to experi-
mentally measurable quantities in the presence of fermions. In order to see that we review the
axial anomaly in QCD which naturally brings us to the formulation of the Strong CP Problem.
Sec. is devoted to the QCD axion solution to the Strong CP Problem. We discuss both
the original PQWW axion as well as two benchmark models of invisible axions in the UV. In
Sec. we derive the effective theory of the QCD axion at low energies i.e. the infrared (IR)
with the use of chiral perturbation theory (ChPT) and precisely determine its couplings to SM
matter, focusing on the couplings to nucleons. In order for the effective theory for nucleons to be
valid they have to be non-relativistic which leads us to explore heavy baryon chiral perturbation
theory (HBChPT) with the QCD axion. In Sec. we review an ALP which behaves similarly
to the QCD axion except that its mass can be orders of magnitudes below the vanilla prediction.
We conclude the chapter with a discussion on bounds on axions from astrophysical environments
such as stellar remnants and supernovae in Sec. [2.6]

In Chap. [3] we review the landscape of stellar remnants. In Sec. [3.I] we review the physics
of White Dwarf (WD) stars and discuss various refinements of their equation of state (EOS),
while Sec. is devoted to Neutron Star (NS) physics. We discuss the difficulties that arise in
determining the NS EOS, such as the potential shortcomings of the SM i.e. the hyperon puzzle.

Next up, in Chap. 4| we study the effect of finite baryonic density on the QCD axion-nucleon
coupling. We start in Sec. to review HBChPT at finite density by deriving the nucleon
propagator in a finite density background using real-time thermal field theory. In Sec.
we calculate the density contributions to the QCD axion-nucleon vertex up to next-to-next-to-
leading (N2LO) in the power counting scheme of chiral perturbation theory. We show the results
for two benchmark QCD axion models and finish the chapter in Sec. with a discussion on
the implication for stellar bounds from Supernova (SN) and NS cooling.

In Chap. [f] we study the possibility that the QCD axion develops a condensate at baryonic
densities such as found within NSs. We start with a review of quantum field theories with a
chemical potential, review the basics of meson condensation and study the QCD axion potential
with Ny = 2 light flavors in the presence of a pion condensate in Sec. In Sec. we extend
the study of the QCD axion potential at finite baryonic densities to Ny = 3 light flavors and
entertain the possibility of kaon condensation which might trigger condensation of the QCD
axion. In Sec. we go to asymptotic densities where QCD is in a color-flavor-locked (CFL)
phase and explore the potential of QCD axion in this phase, finding that condensation is possible.



In Chap. [6] we study the backreaction, neglected in Chap.[5] that scalar condensation induces
on the stellar object and find that scalar condensate significantly change the stellar landscape.
In Sec. [6.1] we study how light QCD axions change the stellar composition of WD stars. We find
that the axion triggers an instability in the EOS of the WD that translates to a gap in the mass
radius (M — R) curve. The confrontation of the modified M — R relation with observational
data is not compatible with large parts of unexplored axion parameter space, allowing us to set
stringent constraints. In Sec. we show how light scalar fields change the stellar composition
of NSs. Employing a simple free Fermi gas we show that the sourcing of light scalars can both
stiffen and soften the EOS of NSs depending on the parameters of the model. In particular, we
study QCD axions, lighter variations thereof as well as scalars linearly and quadratically coupled
to nucleons.

In Chap. [7] we study density induced instabilities of scalar fields with meta-stable minima in
vacuum. In Sec. we find that in such theories the scalar bubble does not stay confined to the
compact object, as previously in Chap. [6] but might in fact escape and permeate indefinitely
throughout the universe. We analytically determine (and verify numerically) conditions for such
a bubble to escape the object for a simple two minimum potential with a Z5 symmetry ¢ — —¢
that is explicitly broken by a linear term. These late-time phase transitions, seeded by stars,
come with a change of the CC and early vs. late-time measurements thereof allow us to place
bounds in the parameter space of these models. In Sec. we formulate the Higgs Hierarchy
problem and introduce the relaxion in Sec. Relaxion models exactly satisfy the conditions
needed for such a phase transition to be triggered: the field always stops in a meta-stable
minimum. We use our density effects to destabilize this minimum and investigate under which
conditions a phase transition in the entire universe is triggered with our findings from Sec.
For several benchmark relaxion models, this allows us to set stringent bounds from forbidden
late-time phase transitions.

Finally, we conclude in Chap. [§] where we summarize our main results and discuss future
directions.
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Chapter 2

The QCD Axion and ALPs

In this chapter we introduce the strong CP puzzle and present the QCD axion as a solution.
The foundation of the strong CP puzzle is the non-trivial vacuum structure of QCD, which we
will discuss in Sec. Expanding on that knowledge, we formulate the strong CP puzzle in
Sec. [2.2]and introduce the QCD axion as a solution in Sec. In Sec. 2.4 we derive its couplings
to matter within ChPT and discuss astrophysical bounds. In Sec. we explore a version of
the QCD axion with seemingly fined tuned mass but the same couplings as the ordinary QCD
axion.

2.1 The Yang-Mills Vacuum

The discovery of instanton solutions in Euclidean Yang-Mills theories by Belavin, Polyakov,
Schwarz, and Tyupkin [18] implies the existence of a non-trivial vacuum structure discovered
in [19,)20] and allows to interpret instantons as tunneling solutions between energy-degenerate
vacuum states. Since this lies at the heart of the strong CP problem, let us consider a pure
Yang-Mills theory for the gauge group SU(N). Note, however, that it is straightforward to
generalize the following discussion to arbitrary non-abelian groups. The Lagrangian reads

1 174
Ly = =G, G, (2.1)

where Gy, = 0,9, — 0, A}, +gf “bCAZA,C/ is the gluon field strength tensor with A in the adjoint
representation of SU(N), g the gauge coupling and £ the corresponding structure constants.
In what follows it is useful to switch to temporal gauge Ag = 0, such that we can write down

the Hamiltonian

H= ;/d% (E*+ B?), (2.2)

where E2 = E® . E® with E* = A® and B? = B% . B% are the squares of chromoelectric
and chromomagnetic fields, respectively. First, we note that the above Hamiltonian does not
fix Gauss law but has to be imposed by hand on the Hilbert space of the theory. Second,
we note that picking the temporal gauge leaves us free to perform time independent gauge
transformations. Under a generic, time independent gauge transformation U(x) € SU(N) the
gauge fields transform as

Ai(x) = AL(x) = U)As(x) U1 (x) + ;U(x)aiUl(x), (2.3)

11
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where we defined A; = AT with T% a SU(N) generator. As is clear from Eq. (2.2), the
minimum energy configuration or vacuum has A;(x) = 0 but can still be a non-trivial pure
gauge configuration of the form

1

Ai(x)].. = EU(X)&-U_I(X). (2.4)

vac

We aim to study local effects and therefore require
Ux)—1 for [x]— oc. (2.5)

This effectively compactifies our three-dimensional space at |x| — oo and we note that this is
topologically equivalent to a three sphere Sg. Let us work out the details for N = 2 which
becomes particularly simple since SU(2) is also topologically equivalent (or diffeomorphic) to
S?;‘U(2)' Mathematically, the gauge transformation U(x) constitutes a mapping from S3 —

SE)";‘U(Q)’ which fall into equivalence classes called elements of the homotopy group, which for
SU(2) gives [21]
m3(S%) = Z. (2.6)

What this simply means is that the continuous map of S§ — S%U@) depends on how many
times the sphere in group space is covered while x is wound once around the coordinate sphere.
Therefore, each function U(x) depends on the number of windings n[U(x)] which is given by

1

n[U(x)] el’jk/d%Tr [UQ,U MU ;U HU (U™ . (2.7)

= 2472

Note that, winding is additive n[UyUs] = n[U;]+n[Us] as one would naively expect. We continue
by defining a gauge dependent Chern-Simons current

9 .
: 9" ivpo 2ig
]fi ]_6?6“ P Tr |:AVGpg- + ?AVA’DAO— (28)

whose divergence gives the gauge invariant contribution

2

. g =y
8,“]1’2 = WTI‘ G'UJ/GM y (29)

where é;w = €upocGP? /2 is the Hodge dual to the gluon field strength tensor. The associated
topological charge Q4 is not conserved since 9,54 # 0 and given by

2 .

. 2

Qs = /d%jg = 12 - /dga:e”kTr {Aiij - %AiAjAk : (2.10)
™

Consider again zero energy configurations 4; = éU ;U1 for which Gjr = 0, we find a con-

nection between the winding number and the (unconserved) charge associated with the Chern-

Simons current, namely

Qo = nU()] (2.11)

Therefore, we have seen that there exist degenerate vacua, classified by their winding number
or topological charge, which cannot be transformed into each other by continuous gauge trans-
formations. The fact that they are not continuously deformable into each other implies that one
cannot find a set of infinitesimal gauge transformations that rotate them into each other and
therefore they have to be treated as being separated by energy barriers. Hence, topologically

12
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distinct vacua are classically stable, however, there exist field configurations that interpolate
between degenerate minima. Consider a finite energy solution that describes such a transition
A, (t,x), then indeed @4 is not conserved

2

T /d4xTr GG = /dgf’f (441, = 431, ) = @ = Q) = na = m, (2.12)

where the gradient terms vanish as 9;4; — 0 for |x| — oo. These field configurations are
perfectly valid solutions to the Euclidean equation of motion, have finite energy, and are the
aforementioned instantons that can be interpreted as tunneling solutions between vacua of dif-
ferent topological charges.

The presence of instantons changes the interpretation of the vacuum. Previously, we classified
a degenerate vacuum |n) of the system by the number of windings, which can now be accessed
by tunneling processes. As a consequence we should define the vacuum as a superposition of all
winding numbers, usually called the #-vacuum (the |n) states are sometimes called pre-vacua)

oo

0)= > e n), (2.13)

n=—0oo

where 6 is an angle, which is a physical parameter. Universes with different values of 6 cannot
be accessed

<9/| it |0> — Z eing(&’—&)ezﬂ(ng—nl) <’I’L2| et |n1> _ 5(0/ _ 9) ZeiAnG <An| it |0> ,
n1,n2 An
(2.14)
where we used the fact that transition amplitudes correspond to large energy processes and that
the Hamiltonian commutes with such operators. The last expression can be pleasingly rewritten
in terms of a path integral

; e (n| et |0) = ; e / [DA,], exp {z / d*z L [AH]}

) (2.15)
:/DA exp{i/d4x£[A ]+HLI}G GW}
K B 16m2 w '
Therefore, we conclude that for Yang-Mills theories, even though not arising in perturbation
theory, topological non-trivial configurations are important and that one should therefore work
with the modified Lagrangian

1 Og
= —-T LGP
LyvM 1 I‘G# GH + 16

2
5 Tr GG, (2.16)

where the second term is sometimes called 8-term. Importantly, in theories involving Fermions,
it leads to physical effects which we will explore in the next section.

2.2 Anomalies and the Strong CP Problem

Now that we have established the necessity to include the topological #-term, let us explore its
implications for QCD, i.e. the case of the color gauge group SU(3). First of all, we note that
our new term violates CP. In order to understand this fact it is useful to write GG in terms
of chromoelectric and chromomagnetic fields, GG ~ E® - B®. While E stays invariant under

13
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time reversal 7, B® — —B%. Using the CP7T theorem we conclude that the 6-term violates CP.
QCD also involves Ny fermions ¢; in the fundamental representation of SU(3)

L D iglhg — (GrMgqr +h.c.) =q (le — mqe”‘%g‘l) q, (2.17)

where D, = 0y, — igA;; T, My = mqeieq is the quark mass matrix and ¢, a CP violating flavor
matrix. In the limit m, — 0 the theory is invariant under the symmetry group

U(Ng)p x U(Ng)r = SU(Ng)p x SU(Ng)r x U(1)L x U(1)R, (2.18)

at the classical level. Of particular interest are rotations of the global axial symmetry group
U(1)a = U(1)—g which are explicitly broken at the classical level by the quark masses as can
be seen by considering

U(l)a: q— e, (2.19)

where ()4 is an arbitrary Ny x Ny matrix in flavor space. The above transformation generates
a non-vanishing divergence in the associated axial current j£ at the classical level

Oujh = 2imeqy5Qpq. (2.20)

However, this is not the only source of explicit breaking since U (1) 4 is also broken at the quantum
level by the chiral Adler-Bell-Jackiw anomaly [22,[23]. The Adler-Bell-Jackiw anomaly is also
the solution to the U(1)4 or so-called 'missing meson’ problem. In Ny = 3 the spontaneous
breakdown of the global symmetry to the diagonal subgroup U(3)r, X U(3)r — U(3)r+r due to
confinement should give rise to 8 + 1 = 9 pNGBs with masses much lighter than the breaking
scale. However, the 7/, the would-be pNGB has a mass that lies close to the cut-off of the
effective theory which can be directly linked to the presence of non-perturbative effects [24].
After this short digression, we realize that we should write the divergence of the axial current

as
2

Ousl = 2img@5Qoa + 45 TrlQe] Tr Gu G, (2.21)

which includes a piece explicitly breaking the U(1)4 by the topology of the QCD vacuum. The
breaking due to quantum effects can also neatly be understood as the transformation of the
fermion measure in the path integral which is also called Fujikawa method [25]. Now, under a
global axial U(1) 4 transformation on the quark fields Eq. (2.19)) the QCD Lagrangian transforms
as
—( iy50 992 v
LDq (le — mge'® q) q+ —TrG,G"

2
167 (2.22)

. 2 ~
—q (le - mqe”5(9‘1+2aQ¢)> q-+ 12772 (0 +2aTr[Qy]) Tr G, G*.

Now several remarks are in order. The first is to observe that with the appropriate rotation we
can completely remove the topological 8 term from the Lagrangian and move the 6 parameter
effectively into the quark masses. This has the important consequence that if one of the quark
masses were zero, one could remove the 8 dependence completely and it would not generate any
physical effects. We also note that due to axial transformations only the linear combination

6 = 0 — ArgDet M, (2.23)

where Arg Det M, = Tr[f,] is physical, i.e. basis independent. Now that we know the physical
parameter that measures CP violation in the strong interaction, we need to find an observable
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2.2. ANOMALIES AND THE STRONG CP PROBLEM

that we can measure. We remove Ly from the QCD Lagrangian by an axial rotation on the
quark fields, and assuming # < 1 we obtain a CP violating operator for Ny = 3 flavors [26]

= My MM _
Ocp =6 ° § ) 2.24
cP MyMg + MyMg + Mgmg s 1754 ( )

which contributes to an electric dipole moment of the neutron (nREDM) d,, (see e.g. Refs. [27-29)]).
The nEDM is defined via the non-relativistic Hamiltonian

H=—-d,E-S (2.25)
where the current best experimental bound is [4]
|dP| < 1.8-10" %% ecm (90% CL). (2.26)
One can write Eq. in terms of a Lorentz covariant Lagrangian

L= —%dnfwwyg]nF“”. (2.27)

The actual calculation of the nEDM can be done via different techniques, i.e. chiral perturbation
theory, QCD sum rules, on the lattice, holography, which all show an overall agreement. As
usual, however, one can understand the order of magnitude by simple NDA. The dipole is a

dimension 5 operator which is naively suppressed by one order of m,. However, in order to
contribute to the nEDM we need a quark mass insertion and therefore find the scaling

e imgysinf L, A € 1My _ y
~ 162 :TnUW%nF“ ~ 0 = m—;naw,%nF“ , (2.28)
n n
which implies that the contribution to the nEDM is
| ~ é%mfg ~ 10740 eGeV L. (2.29)
T m?2

This already gives a good feeling for the smallness of § but using a precise sum rule calculation
[30] one obtains a bound .
0] < 10710, (2.30)

The puzzling smallness of § is what is called the strong CP problem. The parameter 6 could take
any value from 0 to 7 and according to the EFT paradigm should rather be ~ O(1) than this
small. The strong CP problem hence begs for a natural explanation of why the #-parameter is
so small. One could of course naively argue that the smallness of f is not a naturalness problem
because if § — 0 then CP is conserved in the strong sector and the theory would be considered
technically natural. However, if we remember that we actually deal with the linear combination
0 = 6 — ArgDet My, where the second term comes from the CP violating phases in the quark
mass matrix and that CP is actually violated in the weak sector of the SM, then the smallness
of @ implies a cancellation of two terms that a priori have nothing to do with each other.

We would also like to argue that similar problems for the electroweak sector do not appear
since the corresponding angle can always be made unphysical by the appropriate rotation. Imag-
ine the operator from the weak sector ~ 6, Tr WW. Due to the chiral nature of SU(2),, we can
first remove the topological term from the Lagrangian by performing an axial rotation on the
left-handed fields. But then we can remove the phase simply by performing a rotation on the
right-handed fields without re-introducing the topological term.
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CHAPTER 2. THE QCD AXION AND ALPs

One of the easiest solutions to the strong CP problem would be to set one of the quark
masses to zero. In this case, we could rotate 6 into the phase of the massless quark thereby
removing it from any physical observable. However, lattice simulations seem to suggest that
none of the light quark masses are compatible with zero within the SM [31].

While there exist many different approaches to the strong CP problem we will in the following
focus on a particularly thrilling and simple approach that promotes the constant 8 to a dynamical
field ¢(x) called the axion.

2.3 The QCD axion

The basic idea behind the axion solution to the strong CP problem relies on the observation
that the QCD vacuum energy depends on ¢. In ChPT, taking Ny = 2 one can calculate the
energy density explicitly to find [32]

- dm,m . 0
() = —m?2 f2 <\/1 - m sin? <2> - 1) : (2.31)

where m,, fr are the mass and decay constant of the pion and m,,, mg the up- and down-quark
mass respectively. Note that one can also calculate the energy density using a dilute instanton
gas approximation, which yields a similar periodic result, see Ref. [33]. In any case, we can make
the important observation that the the energy density is minimum if § = 0. This was proven by
Vafa and Witten in Ref. [34]. Note that the proof does not rely on the explicit evaluated form
of the energy density. Thus if # was a dynamical variable, it would naturally be relaxed to § = 0
which is exactly what the QCD axion exploits.

The mechanism that first realized this idea was introduced by Peccei and Quinn [5,6] and
who introduced an additional axial U(1)pq symmetry which effectively allowed to shift the 6 by
an arbitrary phase which they set to cancel . It was later realized by Weinberg and Wilczek [7,8]
that the U(1)pq symmetry, despite being explicitly broken by non-topological effects, is broken
spontaneously, giving rise to a pNGB, the PQWW QCD axion ¢(x). The axion transforms
under U(1)pq as

o= ¢—afy, (2.32)
where f, is the axion decay constant and couples due to the U(1)pq -QCD anomaly as
Ly = L LQTrG LGH (2.33)
fo 1672 F

The shift symmetry can be used to eliminate § from Eq. (2.33) in the UV. In the IR, i.e. below the
QCD phase transition, instanton effects break the shift symmetry and give rise to a potential for

the QCD axion, which takes exactly the (generalized) form of Eq. (2.31)) but with 6 — ¢(z)/f,

22 __Amama o f O
V() = —mif? <\/1 s (55 1>, (2.3

which is minimized at (¢) = 0 therefore dynamically solving the strong CP problem and pre-
dicting the existence of a light new scalar with mass

2 _ mqymgqg mgrf?r
¢ (my + mg)? f;

m (2.35)
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The early realization by Peccei, Quinn, Weinberg, and Wilczek (PQWW) tied the breaking of
U(1)pq to the spontaneous symmetry breaking of the electroweak sector in a two Higgs doublet
model where the anomaly is generated by SM quarks charged under U(1)pq. Since the breaking
is fixed at the electroweak scale fy4 ~ vgw ~ 246 GeV, which sets the interaction scale with SM
particles as well as implying mg ~ 20keV, laboratory searches quickly excluded the PQWW
axion, see Ref. [29] and references therein.

Even though the original PQWW axion was soon ruled out it is straightforward to generalize
the original idea and tie the U(1)pq breaking to a higher scale. Since the couplings to SM
particles are now much suppressed by a large scale they can easily evade most laboratory bounds
and are sometimes called invisible axion models.

Before discussing the effective axion Lagrangian in the IR we now move on to discuss ex-
plicit realizations of benchmark invisible QCD axion models. UV completions can broadly be
divided into two groups classified by how the QCD anomaly of the U(1)pq is realized. Models,
where SM quarks carry the anomaly, are called Dine-Fischler-Srenicki-Zhitnitsky (DSFZ) [35,36],
while models where the QCD anomaly is carried by additional colored fermions are called Kim-
Shifman-Vainshtein-Zakharov (KSVZ) [37,38] type.

2.3.1 KSVZ axion

In KSVZ axion models [37,38] the QCD anomaly is carried by additional vector-like fermions
in the fundamental of SU(3). and singlet under SU(2);, Q = 9, + Qgr. In addition, the SM is
also extended by a complex SM singlet scalar ®. For a massless fermion the KSVZ Lagrangian

Lxsvz = 0,®> + QiDQ — (yo®QrQr + h.c.) — V(®) (2.36)

with the potential
AN
V(@)= leP -2 (2.37)
is invariant under the U(1)pq symmetry
o — eiaq), Qr — 6ia/2QL, Or — e_m/QQR. (2.38)

One can impose that Q stays massless by a discrete gauge symmetry [37): Qr — —Qr, Qr —
—Qpg. The potential Eq. (2.37)) features a spontaneous symmetry breaking at the scale v4 and
decomposing the complex scalar field into an angle and a radial mode

P = \}5(% + rg)ei?/ve (2.39)

we find that the axion ¢ appears as the (at tree level massless) GB of the U(1)pq, while both the

radial mode r4 and the fermion pick up a mass of the order ~ vg. To be precise m;, = V2Avg
and mg = yove/v2. It is the mass term of the fermion

Lxsvz D —moQrQre™/"* +h.c., (2.40)
that both, gives rise to the topological term by a (axion) field dependent axial U(1)pq transfor-
mation )

g~ ¢

677 o GG (2.41)

Qe e 5 §Ligvy =

and removes the interaction via the mass term with the fermion. Here we can identify vy = f4
and note that we can use the axion shift symmetry to remove the 8 angle, solving the strong CP
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problem. We also generate an axial current interaction with the fermion ~ 6M¢Q7“75Q because
we performed a field dependent transformation. This interaction is however meaningless because
Q is static below vgy. Moreover, we note that the only interaction of the KSVZ axion to SM
particles is via the operator ¢Tr GG, which is in some sense a model independent contribution
for QCD axions.

2.3.2 DSFZ axion

The DSFZ axion [35,36] is a simple extension of the PQWW axion by a complex SM scalar scalar
field ® that allows to decouple the PQ breaking scale from the EW scale. As the PQWW it
includes two Higgs doublets H,, ~ (1,2, —%) and Hy ~ (1,2, —i—%) and we can write the potential
as

Voospz(Hu, Ha, ®) O c1|Hul 2| Ha|? + (ca| Hu|? + 3| Hg?)|®[% + c4 [Hquq>T2 T he. .42)
+ 65|Hqu|2 + C€3|I{uﬁld|2

The above potential contains all terms allowed by gauge symmetry and a non-hermitian operator
which explicitly breaks the re-shuffling symmetry of the three scalar fields into two independent
U(1)’s, to be identified with hypercharge and the PQ symmetry

U(I)Hu X U(l)Hd X U(l)q; — U(l)y X U(l)pQ (243)

The interactions to the SM fermions (we couple equally to all three generations of SM fermions)
divides the DSFZ model into type-I and type-II with the difference that either we couple Hy or
H, = iUQHﬁst to SM leptons while the quark couplings are identical

DSFZ-1: Ly = —yUQLuRHu — yDQLdRHd — yEf_LeRHd + h.c. (2.44a)

DSFZ-1I: Ly = —yyQrurH, — ypQrdrHy — yplrerH, + h.c. (2.44b)
We chose our potential Eq. (2.42) such that all scalars pick up a vev

Vu_igg/va (1 Yd igg/vg (0 Yo gy /ve
H, D 26 o) H; O 26 1) @Dﬂe , (2.45)

where we neglected EM charged angles and radial modes. The physical axion is the linear
combination that appears in front of the PQ current, which, neglecting fermion interactions,
one can write as

g g <~
TP — Xe01i0,® — Xy, Hi0,H, — Xy, H}i0,Hy

2.46
= Z Xivi0p i, (246)
i=P,u,d
where Xp, , = Xy 4 for convenience. Therefore, the axion field is defined as
1
¢ = — Z Xﬂji¢i, U(% = Z XZZUZ-Q, (2.47)

such that under a PQ transformation ¢; — ¢; + aX;v; the axion transforms as ¢ — ¢ + avy.
PQ charges X; are now determined by requiring that H,H;®'? stays invariant which gives
Xy + Xg—2Xs = 0 and the orthogonality between JE Q with the corresponding contribution to
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2.4. QCD AXION COUPLINGS

the hypercharge current J, v =Y, Yiu,¢;, which prevents axion mixing into Z-bosons and give
Xa/ Xy = v2/v32. Now we can fix the PQ charges to

Xo=1, X,=2cos’B, X,=2sin’p, (2.48)
where tan 5 = v, /vy or sin 5 = v, /vgw. Therefore,
5 = v + viw sin® (28) ~ v3, (2.49)

where we used that ve > v%w. In terms of the axion field the Yukawa sector for type-I DSFZ
models Eq. (2.44a) becomes

LpsFz D —muﬂLuReiX“¢/U¢ — deZLdReiXd(b/vd’ — m\y\TIL\I/ReiXd¢/U¢ + h.c. (2.50)

from which we can remove the axion by appropriate field redefinitions. Unlike the KSVZ axion,
we now generate both a GG and a FF term because of the QCD and EM anomalies with
coefficients NV and F respectively and one obtains

1 1
N = ZNi:Ng(QXu—i—sz) =3,

i=u,d

E= Z N;=N, (3 <§>2XU +3 (—é)QXd + (—1)2)Xd) =38,

i=u,d

(2.51)

with Ny = 3 the number of SM fermion generations. Therefore, upon defining fy = v4/2N we
find the topological part of the DSFZ-I Lagrangian to be
9> ¢ ¢ E ¢

167 2f¢T rGG + 1672 N f,

5£DSFZ —Tr FF (2.52)
As we have already seen for the KSVZ axion, the field dependent PQ transformation does not
leave invariant the fermion kinetic term such that we generate the following derivative couplings
in this case to SM fermions that cannot be neglected

10 -
0Lyy = 32‘}(]5 [cos2 B uyHysu + sin’ 8 dyHysd + sin’ 8 é’y“%e] . (2.53)

The analysis is straight forward for DSFZ-II models and simply involves the change Xy — — X,
and yields £ = 2. Lastly, for DSFZ models it is important to determine the allowed range of
tan = v, /vg which is limited among other things by loss of perturbativity in top and bottom
quark Yukawas and one finds [29] tan 5 € [0.25, 170].

2.4 QCD axion couplings

2.4.1 From the UV...

Now that we have seen explicit realizations of the QCD axion in the UV we can write down
without loss of generality an effective model-dependent axion Lagrangian valid at energies below
the PQ breaking scale v, and the electroweak scale vpw at leading order in 1/ fy [32]

ﬁzﬁQCDo—(QLMQRJrhC)

2
( Md)) 1671 2;»5

2.54
TrGG + qﬁgd)WTrFF—i— ’}¢J§QO, (254
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with
Locpo = — %Tr G" G + 1GDq, (2.55a)
Jbqo = Z TV V54, (2.55b)
qe2 E

0

Iy —mﬁ, (2.55¢)
where 02 are model dependent constants (for KSVZ type models 02 = 0, while e.g. for DSFZ-1
) = Y cos? B) and E/N is the ratio of the EM and the color anomaly (for KSVZ type models
E/N =0, while e.g. for DSFZ-1 E/N = 8/3). We have here used the shift-symmetry to remove
the QCD @ angle.

In the limit of vanishing quark masses, the Lagrangian in Eq. is invariant under global
chiral transformations of

U(Np) x UN)r = SU(Np)L x SUN)R x UL)y x U(1)a (2.56)

modulo the fact that U(1)4 is explicitly broken at the quantum level by the QCD anomaly. It
is convenient to change basis by the axial quark field redefinition

v P
ews 35, Qo

q— g, (2.57)

where Qg is an arbitrary flavor matrix modulo the constraint that TrQ, = 1, such that Eq. (2.54))
now reads

1 1 -0
L = Lqcpo — (qLMepgr +hec.) + 5(@@)2 + Z¢9¢>WT1" FF+ ;}jqu, (2.58)
with taking Ny = 2

Tpq =Jpq0 — 01" 15Q04; (2.59a)
_ e £ 6Tr (QsQ%) (2.59Db)

gd)'Y'Y _47.[.2f¢ N ] ’ .

i—® i—®

My =e *¢ Mye *e . M, = diag (my,mq), Q = diag(2/3,-1/3). (2.59¢)

In the following we will focus on couplings of the QCD axion to quarks, and in the IR to
nucleons and pions and we neglect the photon coupling. At lower energies around the QCD
scale, a quark condensate develops and QCD becomes strongly coupled. The effective theory
below the QCD scale is described by chiral perturbation theory ChPT which will be the topic
of the next subsection. Since ChPT is the effective theory of pions it is useful to find a basis
in which the axion does not mix with the neutral pion (at tree level), which (in hindsight) is
ensured by a particular choice of [32]

Mt diag[1
S B faglliz] Mgy (2.60)
Tr M, 1+2 ma

Qo

Using the Fierz identity (0)i;(0%)r = 20416k; — 6ij0r the PQ current separates into a isoscalar
and isovector piece
Jng = "5 (Cural + cu—ats) g, (2.61)
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with
1 1-=2
Cu-d = 5 <cg e T z) , (2.62a)
1
Cutd = 5 () +c5—1). (2.62Db)

This is handy for the construction of the effective theory, which we show in detail in App.[A] In
regard to the construction it is furthermore useful to map the axion Lagrangian Eq. with
PQ current Eq. to a general QCD Lagrangian with external local sources. In general the
QCD Lagrangian containing external fields takes the form [39,/40]

Lexs = q" (Cu+65,) ar + qrY" (ru +75,) ar — G (s — ip) qr — qr (s +ip) qr, (2.63)
where s and p are scalar and pseudo-scalar sources while ﬁ,(f) and 7’,&8) are left- and right-

handed isovector (isoscalar) vector parity eigenstates respectively. They are related to isovector
(isoscalar) vector and axial-vector sources by

S 1 S S
Ul(t) = 5 (r[(l,) +£/(L)) )
1w (2.64)
QEL) D) (r“ — & )
This permits the mapping
vy = UZ =0,
a :CufdMT?)
1 2f¢ ’
Oud
5 = U 715
U = Curdiyyp) (2.65)
s =ReMy = M, cos <¢Q¢> ,
fs
_ _ (@
p=—ImMy=—-Mysin| Qs | .
fo

Therefore, adding the axion to QCD can be thought of as adding the four external fields
{s,p, au,aZ} to the QCD Lagrangian. It is at this point that we can fully appreciate the
change of basis performed in Eq. which effectively allowed us to write all derivative cou-
plings as external sources while the only shift-symmetry breaking couplings are captured in the
axion-dressed quark masses M. Next we discuss the effective theory of the axion with IR QCD
degrees of freedom.

2.4.2 ...to the IR...

Around the QCD scale, Aqcp ~ 0.1 GeV, a quark condensate develops (Grqr, + h.c.) # 0 in

consequence of QCD becoming strongly coupled. This spontaneously breaks down the global
symmetry of Eq. (2.56) to its diagonal subgroub

SU(Q)L X SU(?)R X U(l)v — SU(Q)L+R X U(l)v, (2.66)

which again for Ny = 2 gives rise to (not counting the anomalous U(1)4) three pNGB’s called
pions, whose effective theory can be described by chiral perturbation theory ChPT, i.e. a sys-
tematic expansion in pion momenta over a cut-off scale p/A,, compatible with the underlying
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symmetries. The cut-off scale of ChPT is roughly given by the next higher resonance in the
theory ie. for Ny = 2 it would correspond to the kaon mass A, = mg ~ 495MeV or for
Ny = 3 the p meson A, = m, ~ 775MeV [41]. There exists a general framework to construct
the full theory below a symmetry breaking scale, developed by Callan-Coleman-Wess-Zumino
(CCWZ) [42,/43], which can be used to describe the effective dynamics of fluctuations around
the chiral condensate. We do not review the subject of CCWZ construction in generality here
but refer the reader to the recent review Ref. [44]. Pions are captured in the unitary 2 x 2 flavor

matrix
70 \/§7T+
Vor— —xb )7

with the pion decay constant f; ~ 93MeV and 7% the Pauli matrices. We find the covariant
derivative for the pion field to be

U=etr, I=nir®= < (2.67)

V.U =0,U —i{ay, U} — 2ia,U, (2.68)

which is one of the fundamental building blocks of the effective axion-pion theory. Another
spurion in the pion sector can be defined as

X = 2BM] = 2B(s + ip), (2.69)

where B is a constant related to the chiral condensate. Out of these, the only non-trivial,
hermitian, C and P invariant scalars under Lorentz are collected in the Lagrangian

Lon=L%+ (2.70a)
f2
£8) = [0, U(vU) + (Ut XU ) |. (2.70D)

Higher order pion terms are not needed for our analysis, however, writing down the Lagrangian
including the axion is straightforward.

Note that another choice for the arbitrary flavor matrix Q4 ~ 1, does not remove the tree
level mixing with the neutral pion, but instead allows to calculate the axion potential from the
Lagrangian Eq. once pions are integrated out [32]. With some algebra one finds

V(gm0 = —mfrffr\/l - m sin? (22&) cos (7}: - gp) , (2.71)
with 5
_ Mu — Md 2
tang = —— tan <2f¢> , (2.72)

which is minimum for (7°) = fr¢, such that one exactly recovers the potential for the axion we
have already seen in Eq. (2.34]).

Next up we want to include baryons to our theory. While the inclusion of baryons in the
effective relativistic theory spoils the systematic expansion in loop momenta due to the intro-
duction of a heavy mass scale, it has been pursuit since the late 1960’s by [40,42.43,|45H47] and
others. For recent reviews we refer to Refs. [41,/48/49]. This problem can however be circum-
vented by going to the ultra non-relativistic limit in which the heavy nucleon can effectively
be integrated out up small residual momenta. This limit is known has the heavy baryon limit
of chiral perturbation theory (HBChPT). We combine the proton (p) and neutron (n) in the

isospin doublet
_ (P
v (n) 7 (2.73)
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which transforms non-linearly under chiral transformations. Note that the isospin doublet ¥
transforms as a pure vector quantity, for details see App. [A] Since VU is a singlet under ax-
ial transformations, the presence of an external axial source, as it is the case for the axion
(see Eq. ), does not change its transformation behaviour. Especially, while the covariant
derivative of the pion fields got modified, the covariant derivative for the nucleon field is a pure
vector quantity and we find

DW= (0,+T,)V,

1 (2.74)
r,= 3 [UT((?“ —iry)u+ u(dy, — il )ul|
where I, is the chiral connection and we defined

u=VU. (2.75)

One can construct a corresponding hermitian isovector axial vector object containing one deriva-
tive, called the vielbein

Uy =1 [uT(a/L —ir)u —u(d, — il )ut| =il (9,U —ir, U +iUl,) ul. (2.76)

Furthermore we need a non-linearly transforming analog to the field y, which is constructed
from the hermitian and anti-hermitian combinations

i = ulyu! + uxtu. (2.77)

At first chiral order O(p) we find the relativistic pion nucleon Lagrangian invariant under chiral
symmetries C and P, including the axion to be

Y =7 (uz) —my + %A;m + ‘%Oﬁfys) . (2.78)

At the next higher chiral order O(p?) we find the most general Lagrangian to be

T c c {
Eszf = [cl (X+) — (8752 (wpuy) DM + h.C.> + gu Su cay [y, w] M
N
(2.79)
S 8 . c .
+esx+ — <8m?\, () DM + h.c.> + S5 u] U,

where (X) denotes the flavor trace and X = X —(X) /2 singles out the isovector piece. Note that
we dropped all 1/f£ terms, and used o [, uy] ~ 0,00, 7% [1,7%] = 0, as well as o [4, 4] = 0 to
eliminate terms. Note that cg7 are terms proportional to the EM field strength tensor, which
we do not include here.

The relativistic treatment of nucleons in the effective theory is not really sensible since the
underlying momentum expansion breaks down and is dealt with in HBChPT, which is the topic
of the next subsection.

24.3 ...to HBChPT

The introduction of baryons is not as straight forward since their mass lies at the cut-off of
the effective theory. To circumvent this problem, we perform a double expansion in residual
nucleon momenta k/my and k/A,, defined in Eq. . The resulting effective theory is called
HBChPT (see e.g. [41,48,49] for reviews). Power counting in HBChPT, developed in [50H53], is
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complicated by the fact that both i0,¥ ~ myW¥ are quantities of O(1), i.e. my ~ Ay. We split
the nucleon momentum into a piece proportional to its mass and the small residual momentum
k*, which was first done in the context of heavy quark effective field theory [54] but can be
written in the same way for nucleons as [55,56]

" = myo* 4+ k¥, (2.80)

where we choose v* = (1,0)7 such that v -k < my. We split ¥ into velocity dependent
heavy and light components and integrate out the heavy component (see again Refs. [48,49] for
pedagogical reviews). The light component can then be organised in terms of the small quantity
(i0; — my )V, which is of order O(k). The chiral order v of the expansion, defined as (k/Ay)",
for each Feynman diagram with two external nucleons is given by

1
=20+ Vi, Aj=d;+ 3 =2 (2.81)

where L is the number of loops and A; is the order of each vertex, appearing V; times in the
diagram. Here n; denotes the number of nucleon lines attached to each vertex with index 4,
d; the number of derivatives or m, insertions in the i*® vertex. The detailed derivation of this
result can also be found in App.

At leading order in the chiral and non-relativistic expansion, the pion nucleon Lagrangian
Eq. including the axion becomes

ﬁgrl) =N (iv-D+gaS-u+ goS-)N, (2.82)

where S* = %750“” v, denotes the nucleon spin operator.

The second order Lagrangian consists of a piece from Eq. and relativistic 1/my
corrections from Eq. . We find the chiral and non-relativistic expansion the pion nucleon
Lagrangian invariant under C and P including the axion to be

; _ 1
Ly =N {— (D2 —(v-D)* +iga{S-D,v-u} +igo {S~D,v-a})
2mN
+é1 (x+) + %2 (v-u)? +é3(u-u)+ C—;ie’“’p" [ty Uy VpSer (2.83)
+ 65X++%(U-u)(v-a)+ég(u-ﬁ) N,

where some of the constants ¢; include relativistic 1/my corrections,

A A ga A A
€1 =c¢1, C=cC3— , Cg=¢C3, C4=cC4+ —,
dmpy dmpy (2.84)
A 9gA90 A
Cs =C5, Cg=0C— —, 9 = C9
my

It is straight forward but increasingly more tedious to include higher order corrections. All
relevant couplings can now be calculated by expanding the fundamental building blocks,

TaTe 7ra7rb7-a7-b
=1+ — e 2.85
ST AR T A (259
and keeping relevant terms we find
0
Gy = Cuta <“¢> 1+..., (2.86a)
Jo
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o e ¢ a ba ¢ " u
u#——< l}: ) + Cy— d<f¢>T3+CUd <7T27}'¢f§> <7‘b53 — 736 b>+..., (2.86b)
D, = 0, +icy_d <2fﬂ;j> eW3rb 4, (2.86¢)
< _ 9 dmymg (W“¢> u 9 86d
X+ mﬂ((mu—i—md)z) it I (2.86d)

Note that we are neglecting the contribution D, o 7o7?, since it is kinematically suppressed for
the processes we will consider in later chapters.
For later calculations of the density corrections to the axion nucleon coupling Lagrangians

including more than two nucleons are also relevant. One finds these nucleon contact interactions
at LO and NLO to be

LY, =— 1CS(NJ\I)(NJ\I) +2C7(NSN) - (NSN), (2.87a)
£ = (NN) (NS -uN) + 2 (NN)(NS-aN). (2.87b)

2 f?A
They are explicitly constructed in App.

2 f2A

Axion nucleon couplings to leading order

The leading order axion-nucleon coupling, according to Eq. (2.82)), reads

£330 ( }qu) (9acu—at® + gocural) SUN, (2.88)
¢

which leads to the Feynman rule of the tree level (A; = 0, see Eq. (2.81])) axion-nucleon vertex
within the HBChPT approximation,

+pa_ ¢ 1
o e = 7 (9acuam + gocusral) S ps. (2.89)
fs
N N
We define
Diag(cp, ¢q)0 = GACu—qT> + goCural, (2.90)

and with ¢, = (¢ —¢})/2 and ¢, = () +¢})/2 and the constants in Table [2.1|this leads to
(cp)o = — 0.437(37) + 0.847(50)c) — 0.407(34)cY,

. ‘ (2.91)
(cn)o = — 0.002(30) — 0.407(34)c? + 0.847(50)c2,
which for KSVZ axion models (CO = 0) yields
(ep)EVE = —0.437(37),  (ca)i> V2 = —0.002(30), (2.92)
while for the DFSZ axion (¢!, = sin? /3, ¢§ =1 — ¢J) we find
DFSZ _ 2
& —0.573(35) + 0.418(20) sin” j3,
(el (35) + 0.415(20)sin? 3 .

(cn)DFS% = 4 0.280(25) — 0.418(20) sin® 3.

Note, that for the QCD axion the value of ¢, is smaller than expected due to an accidental
cancellation and even compatible with zero. This makes it difficult to constrain KSVZ axion
couplings to neutrons from supernovae, see e.g. [57], and significantly weakens the bound from
neutron star cooling (see e.g. [58,59] or the discussion in [60]).
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’ constant ‘ value(uncertainty) ‘

Au 0.847(50)
Ad —0.407(34)
My 2.27(9) MeV
mg 4.67(9) MeV
Mo 136.10(1.82) MeV
z 0.485(19)
my 872.6(3.1) MeV
CZ16 0.4(1.3) GeV~—2
dig —0.44(24) GeV~2
é1 0.89(6) GeV~!
é3 —5.54(6) GeV~!
¢y 4.17(4) GeV~1
és —0.09(1) GeV !
cp —0.85(2.15) GeV~!

Table 2.1: Numerical values chosen for the constants. The constants d;g and d;g are taken from
Ref. [61]. The constants ¢1, ¢é3, ¢4 are taken from [62], where for é4 we included an additional
term A, /4y (see App. [A.3), é is taken from [63], while the central value of ¢p is taken
from [64].

Axion nucleon couplings at higher orders

Higher order corrections start with a single tree level v = 1 diagram, containing only contribu-
tions from relativistic corrections to the leading order Lagrangian, resulting in

|
a l?Pa 1
p+pa | P 3
I 3 = — ACyu—dT™ + gocC 1
e e 2f¢>mN (g u—d 9oCu+d ) (294)
N N

X (wy — wp) (S -py +25-p),

where we defined w, = —v - p and wy = —v - (p + pg)-
At chiral order v = 2, one loop corrections start contributing and are renormalized by

corresponding tree level terms from ﬁ;gjz, Omitting axion loops, all relevant, i.e. non-zero v = 2

diagrams have been calculated in [61] and are shown in Fig.

The result can be written as

]
a) DPa
l ?
P+pa P 1
—>

_ 1 _
== AT B S (2.95)
N N ’
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a’l?pa | |
| au? Pa au? Pa
/ \
N N N =7 N N ~-" N
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/Lﬂ—'l\\.:\ U v @1
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Figure 2.1: Non-zero corrections to the axion nucleon vertex at chiral order v = 2. Filled dots

(a),...,(c) denote A; = 0 vertices according to Eq. (2.81)). The empty circle (d) denotes tree

3)

level contributions from ﬁﬂ ~ needed to renormalize the previous diagrams, see [61].

with
_ 1
AV = — o (gacu—a7’ + gocural) () — WG + wpws — p°)
my
1 A 2 1
6 (—g9acu—at3 + 3g0Cutal) <4g > |:m72r e
7 fr We — Wp (2.96)
x [wd—w2+2 (m2 — wQ)% arccos Yo _ (m2 — wQ)% arccos “p
P ¢ 4 ¢ My T P Mg
_ My, — My kT My Mg
am2 | d dyp e — 1 4 qurd —(d 2dyg) ——m8—
+4m; K 1673 + 17mu n md) Cu—d + dig “cura — (dig + 2d19) (1w + md)2 ’
and
_ 1
B¥=2) = 2 (94cu—am® + gocu+dl) {2 (wg —wp) + ((p +po)* = p?) ] . (2.97)
N

We are now in the position to go one order higher. While the next order is of course
naively suppressed, it is well known that the low energy constants ¢34 are larger than the naive
power counting expectation. The coupling constants ¢3/4 are enhanced by resonances, mostly
due to the low-lying A(1232) resonance, which lies about ~ 300 MeV above the nucleon mass
(see e.g. [41,48,/49]). Therefore, including the diagrams with enhanced couplings captures the
dominant effects of the next order without calculating all diagrams at v = 3. The relevant
diagrams and corresponding tree-level diagrams that are necessary for their renormalization are
shown in Fig. Note that the analogous isoscalar diagrams, which are generated by ¢g, are
not enhanced by the A resonance and thus dropped. The result can again be written in terms
of a form factor

I
a:?pu
s Iy (P (2.98)
N N
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al?pa |
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Figure 2.2: Non-zero corrections to the axion nucleon vertex at chiral order v = 3. Filled
squares (e) denote A; = 1, filled circles denote A; = 0 vertices according to Eq. (2.81). The
4)

empty square (f) denotes tree level contributions from 27(7 ~ needed to renormalize the previous
diagrams.

where
_ 2
AW=3) — _ % (Cg — 2¢4) CydT> [mzr (W + wp) — (wf; + wg’)
—4(m *w¢)3/2 cos! <n;f§> — 4 (m2 7%2))3/2 cos™! (T’:):ﬂ .
In order to arrive at this result, we properly subtracted the divergent piece
294 (60— 2 BA(N) (6m2 4(w? +w? 2.100
3f2( éa) cy—am A(N) (6m7 (wy +wp) — 4 (Wi +wp)) (2.100)

where A(\) collects the scale dependent and divergent pieces in dimensional regularization. The
isovector divergent parts are renormalized by the appropriate A; = 4 operators found in [65].
Note that divergent isoscalar parts are renormalized analogously by introducing corresponding
operators and couplings. To be precise, in the same notation, they are given by

e117(A\)N ({x+) S -wiv-D +h.c.) N, (2.101a)
e193(\)N (S - ui(v-D)? +hec.) N, (2.101b)

which give rise to the following tree level contributions

42)17 CudT M2 (wy + wp) S - Py, (2.102a)
—?j))cu_d73 (wg’, + wg) S pg. (2.102b)
As one can easily check this renormalizes the loop contribution if the beta functions
i) = &+ AN, (2109)
have the following property
Biir D ga (&3 — 2¢4), (2.104a)
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894 . R
B1ez D % (3 —2¢4), (2.104b)

which exactly agrees with [65]. A priori there are finite pieces which however are zero for
operators that can be eliminated by an appropriate field redefinition (proportional to v - D) as
established in |66]. Therefore, no finite pieces are generated.

Let us now evaluate the axion coupling to protons and neutrons at N3LO in the limit of
small nucleon momenta, p — 0. We take the relevant constants from [11}/61,/67], which are
summarized in Table in App. In analogy to [61], we assume that the undetermined low-
energy constants aff; ¢, di7, and dy9 are natural to consist of a superposition of two normal
distributions of d; = +0.5(5) GeV~2. The model dependent result is

(cp)o = — 0.390(54) + 0.725(73)c2 — 0.280(65)cY,

2.105
(cn)o = — 0.041(50) — 0.280(65)c? 4 0.725(73)cY, ( )

which for the KSVZ axion therefore gives
(cp)eBV% = —0.390(54), (ca)g>"? = —0.041(50). (2.106)

Note that while the coupling of the KSVZ axion to nucleons is still compatible with zero its
central value shifted by one order of magnitude. For the DFSZ axion we find

(¢p)DF5% = — 0.482(55) + 0.355(37) sin? 5,

2.107
(cn)DFSZ = 4 0.201(51) — 0.335(37) sin? 3. (2.107)
Finally we would like to note that the inclusion of the strange quark mass, which is not consistent
if one calculates with Ny = 2 does not change the central value by much in the above calculation.

2.5 Lighter QCD Axions

The QCD axion is extremely predictive as it generically couples to SM particles (minimally to
quarks) with couplings and mass both set by the axion decay constant. As a solution to the
strong CP problem it is extremely sensitive to other sources of U(1)pq breaking since this would
show up in the nEDM measurement, a circumstance known as the axion quality problem, see
e.g. [68-71]. Therefore, in order to relax the relation between the axion mass mg and its decay
constant fy, see Eq. , one has to be careful not to introduce sources of U(1)pq breaking
which would re-introduce the strong CP problem.

While there is a plentitude of models that enhance the axion mass, see Sec. 6.7 in Ref. [29]
and references therein, it is rather hard to find natural models that modify the mg — f, relation
in the opposite direction, i.e. that give rise to lighter than expected QCD axions. Indeed, up
to now there exist very few natural models with lighter than expected QCD axion mass, in fact
there seem to be only two.

In Ref. [72] the QCD axion is placed in the bulk of some large extra dimension, whose com-
pactification scale sets the QCD axion mass thereby decoupling the my — f4 relation. However,
there are strong bounds on the compactification radius such that the mechanism is only viable
for axion decay constants fi < 3 - 10° GeV.

Another symmetry based mechanism was proposed in Ref. [73] (see also Ref. [74] for details
on O(1) numbers and Ref. |75] for phenomenological implications). The mechanism relies on
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a Zy symmetry that links N exact copies of the SM via the non-linear transformation on the

axion field
Zn . SMg — SMy1(mod V)

ok (2.108)
H [
¢ ¢+ N f(]ﬁ?
with £ =0,...,N — 1. One of the N mirror copies describes our SM while the remaining ones

are identical copies except that the 6 angle is shifted by 27 /N w.r.t. the previous copy. Each
copy contributes to the QCD axion potential and one finds that the summed up potential has
the exact same shape as the standard QCD axion Eq. but with decreased amplitude,
which can be parameterized by a small quantity €, such that the axion potential can be written

as
. dmy,myg . 10)
V(¢) = —emif? (\/1 — m51n2 <2f¢) — 1) , (2.109)

The parameter € is related to the number of SM copies, we refer for a detailed discussion to
Ref. |74] and content our selfs here with stating the reduced QCD axion mass in the large N
limit

2 ¢2
1_
m o e JL= 7 s N (2.110)
fs 1+2
where z is again the ratio of the up- and down quark, see Eq. (2.60]), and the simple observation
that e is related to N up to O(1) numbers (in the large N limit)

e~ N3/2;N, (2.111)

We would like to stress that while in these model the QCD axion mass is effectively lighter
depending on the number of copies, all couplings to SM particles are identical to benchmark
QCD axion models. These models can give rise to spectacular phenomenological signatures as
we will show in later chapters.

2.6 Astrophysical limits on the QCD axion

While there exist many ways to search for the QCD axion and variations thereof with terrestrial
experiments, see e.g. Ref. [29] and Ref. [76] for up-to-date bounds, some of the strongest bounds
come from astrophysical systems. In particular, the bound from the Supernova 1987A (SN
1987A) and bounds from NS cooling are among the most restrictive limits on the axion decay
constant and especially its coupling to protons and neutrons. In this section, we review the
current status of these bounds. For bounds from other astrophysical systems, such as the Sun,
WD and Red Giant (RG) cooling, we refer to [77-80] and Refs. [29,]81] for reviews.

The SN 1987A is the only SN that was ever observed with modern instruments. Several
observatories detected a neutrino burst with ~ O(10) neutrinos during a time of ~ O(10)
seconds [82-84]. The duration of the SN process depends on the cooling mechanism which agrees
to very good approximation with the observed neutrinos. In particular, there exist self-consistent
three-dimensional Core Collapse Supernova (CCSN) which agree to good approximation with the
observed signal [85]. Therefore, any additional source of energy depletion, such as light particles
like the QCD axion would modify the neutrino burst duration. A bound can be extracted by
requiring that the new light particle should have a cooling rate that lies below the neutrino
cooling rate which is roughly 2 x 10°2 ergs™!, with a typical SN temperature T' ~ 30 MeV and
baryon energy density € ~ 104 gem ™3 [78]. The axion is emitted during the SN dominantly via
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axion-nucleon bremsstrahlung, first calculated in Ref. [86] at tree-level for the one pion exchange.
Assuming that the pion is massless (and other simplifacations), this yields a bound for a KSVZ-
type QCD axion of my < 16meV or f; > 4 x 10® GeV [87] due to the unobservation of neutrinos
from SN 1987A. The bound has a lower limit since KSVZ-type axions with fy < 2 x 108 GeV
would have a mean free path that lies within the dynamical SN radius, i.e. such axions would
effectively be trapped within the remnant.

More recently, these bounds have been reexamined including corrections beyond the one
pion exchange in Ref. [57]. Specifically, the authors include a non-zero pion mass, two pion
exchanges by means of the inclusion of a rho meson, an effective (density dependent) nucleon
mass, and nucleon multiple scatterings have been considered. The authors find O(1) deviations
in the bound, in particular

9o +0.61g5, + 0.53g4n96p S 8.26 x 10717, (2.112)
where m
N
9pi = (ci)o—— (2.113)
fo

and (¢;)o with ¢ = p,n are here taken to be the leading order axion-nucleon couplings, see
Eq. (2.91)). This corresponds to

~1/2

me < 5.67meV [(cn)g + 0.61(cp)d + 0.53(cn)olcp)o] (2.114)

These bounds are, however, subject to large uncertainties since we have only observed one single
SN, and our present understanding of nuclear matter at large densities as well as the underlying
non-perturbative dynamics of the SN is very poor. Therefore, these bounds can only be trusted
up to O(1)—0(10) factors. Nevertheless, we will present in Chap. 4| a revisited analysis including
improved axion nucleon couplings due to vacuum loop corrections as well as finite density effects
in a systematic fashion.

We would like to note that the above bound on the QCD axion from SNe is model dependent.
It relies on UV couplings from the axial U(1)4 PQ current, see Eq. . In particular, so-
called astrophobic axions [88] can easily avoid these types of bounds. However, as long as one is
interested in solving the strong CP problem, there is a model independent bound arising from
the coupling of the axion to the neutron electric dipole moment [89], which in this scenario only
arises from the topological coupling to gluons, see Eq. . Of course, if one is not interested
in solving the strong CP problem there can be other contributions to the nEDM such that also
this coupling is model dependent. For now we focus on the scenario where we want to solve
the strong CP problem. Following the same reasoning as in the previous section but with the
coupling to the nEDM, see Eq. ,

L _ _i CaN'y
¢,nEDM 9 me¢

¢N~50,, NFH (2.115)

where Cyn~ = 0.0033(15) is taken from Ref. [90], the authors of Ref. [89] find the weaker bound
fs>5.56 x 10°GeV or my < 10.5eV, (2.116)

compared to the model dependent coupling to the nucleon spin.

The observation of NS cooling can provide similar bounds on the QCD axion and ALPs and
provide information on the axion-nucleon couplings, see e.g. [91H95] and [96]. There are roughly
two interesting astrophysical systems that provide bounds on the axion-nucleon coupling. The
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first is the SN remnant Cassiopeia A (Cas A), where an anomalously fast cooling rate has been
detected. This rapid cooling rate could be explained within the SM [97-99], however, Ref. [93]
analyzed the cooling in the presence of the axion and obtained the bound

95, + 1693, <1x107'%, (2.117)
while Refs. [92/95] put the more conservative bound
9op < (1=6) x 107", or f, > (5—7) x 10" GeV. (2.118)

Yet another, more involved process where axions arise during the breaking and re-formation of
neutron triplet Cooper pairs requires a coupling (or mass) [99]

9on < (14£05)107", or (cp)ome = (2.3 +0.4)meV. (2.119)

Alternatively, another young neutron star within the supernova remnant HESS J1731-347 was
examined in Ref. [94], which lead to a limitation of

Gon < T.Tx107%. (2.120)

Note that the bounds from NS cooling depend sensitively on the axion-neutron coupling which
at leading order (and also at higher orders) is compatible with zero within the uncertainty, which
makes it difficult to place robust bounds.

We would like to conclude this section with the comment that astrophysical systems and
phenomena such as SN and NSs provide excellent laboratories to test physics beyond the Stan-
dard Model (SM). In the following chapters, we will study the implications of light new physics
in the context of these systems in more detail.
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Chapter 3

White Dwarfs and Neutron Stars

Astrophysical environments offer great laboratories to test physics beyond the SM. As discussed
in Sec. SNe and NS cooling provide some of the strongest bounds on the QCD axion and
ALPs, but also WDs, RGs and Sun-like stars provide excellent probes of new physics. While the
physics of WDs, RGs and Sun-like stars is mostly understood, which implies that robust bounds
on new physics models can be placed, SNe and NSs are much less understood. In particular, the
explosion mechanism of SNe has only recently been simulated self-consistently and with three
space dimensions [100], while the EOS of NSs is still poorly understood. This is due to large
uncertainties on the experimental side as well as the difficulties that arise when calculating the
EOS of nuclear matter at supra-nuclear densities, see e.g. Ref. [101,102].

In this chapter we briefly review the underlying physics of NSs and WDs without the inclusion
of new physics, whose exciting effects on such systems will be explored later on.

All stars need some source of pressure to prevent gravity from collapsing it to a black hole.
For stars like our Sun, i.e. main sequence stars, this source of pressure comes from the energy
release in nuclear fusion and is therefore thermal. For degenerate stars, such as WDs and NSs,
the source of pressure is instead Fermi degeneracy pressure. The equations that describe the
equilibrium between gravitational and matter pressure were derived by Tolman-Oppenheimer-
Volkoff (TOV), see e.g. Refs. [103-105] for pedagogical introductions,

GMe D 26M 17! 47r3p
= — 1+8 1-==] |1
g [*H J“M’ (3.1)

M' = 4nr3e,

where G = 1/M?2 is Newtons constant, M (r) the enclosed mass and all derivatives are taken with
respect to the radial coordinate. This system of coupled differential equations can be integrated
provided an EOS in some form, e.g. p = p(¢), and the boundary conditions p(0) = pg, p'(r) =
0, M (0) = 0 until the radius that defines the edge of the object defined by p(R) = 0 is reached.
The enclosed gravitational mass is then given by M(R). Varying the initial pressure pg, or
energy density g, we find a family of solutions that can be displayed as a curve in the M — R
diagram of the star, see e.g. Fig. for the M — R curve of WDs for different compositions.
Each point on the M — R curve corresponds to an equilibrium configuration and increasing
the central energy density €y moves points towards smaller and more massive configurations
until a maximum is reached. The maximum can be explained by noticing that an equilibrium
configuration does not imply stability. In fact it can be shown that the criterium of stability
implies OM (eg)/0eg > 0, where we assumed microscopic stabilty i.e. a positive squared sound
speed c2 = dp/0e > 0.
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CHAPTER 3. WHITE DWARFS AND NEUTRON STARS

3.1 White Dwarfs

Main sequence stars use the thermal energy released in nuclear fusion processes, starting with
hydrogen, to counterbalance gravitational collapse. Once most of the burning element is de-
pleted, the star collapses and heats up until the next stable fusion process stops further collapse.
For progenitor stars with masses of ~ 8 Mg and below, this process will stop at relatively light
nuclei. In this scenario, the stellar remnant is called a white dwarf (WD) [104,|105]. Its mass
comes mostly from positively charged nuclei while the pressure to balance gravitational collapse
comes to good approximation from a degenerate gas of electrons.

Before discussing the EOS, numeric solutions from the TOV equations and compatibility
with data, see Fig. we would like to show a very simple naive dimensional analysis (NDA)
estimate to get a feeling about the parametric scaling of WD masses and radii. For this purpose
we compare the energy of a degenerate free Fermi gas of electrons Egermi ~ Nme, where N is the
electron number within the WD, i.e. p. = N/R3,,, to the gravitational energy in collapsing nuclei
Egrav ~ M2, /(M2Ryp). Neglecting signs as well as O(1) numbers and using My, ~ Nmy,
where we implied charge neutrality, and p. ~ m3, we find

M3 M,

MWD ~ 721) ~ O(l) M@, RWD ~
mayy MeMN

~ O(1) 10* km. (3.2)

The estimation for the mass corresponds to the Chandrasekhar limit which is an estimate for
the maximal mass a WD can support. To be precise one finds Mg, ~ 1.4 Mg, [106]. We will now
confirm these rough estimates with the numerical solutions to the free Fermi gas EOS.

We denote the non-relativistic nuclei by 1, with energy density e, = Y.mypy, where Y, =
A/Z is the ratio of the mass number over the atomic number, p, is the number density of
nuclei and mpy the nucleon mass. The pressure is dominated by the electron contribution,
P = De + Py =~ Pe, while the nuclei constitute most of the energy density, € = e + ey ~ €y.
Imposing charge neutrality, p, = p. = p, we can relate the electron Fermi momentum to the
energy density as kr = (312¢,/Yemy)'/3, and find the EOS to be

2 [k @Bk g2
o= 3 [ : . (3.3)

3 2m) /K2 + m2

We work in the limit 7 — 0, which is justified since T/u. < 1 for typical WDs, where
te is the electron chemical potential. Temperature shifts the M — R relation up to higher
masses [112,[114H116], an effect most relevant for the largest and most dilute WDs. This can
be understood as an additional thermal pressure source, effectively stiffening the EOS. Due
to the high electron degeneracy and the small luminosity given by WDs relatively small radii
the interior is is thermally highly conductive which allows to approximate the temperature as
constant in the bulk of the star. In the dilute outer layers where electrons become less degenerate,
conductivity is lost and temperature transport equations have to be solved [117]. This is left as a
future exercise. The ratio Y, = A/Z is set by the composition of the star, which for light nuclei,
ranging from helium *He to magnesium ?*Mg, is well-approximated by Y, ~ 2. Note however
that a ~ 10% change in the ratio (Y, ~ 2.15 for 5°Fe) changes the maximal mass appreciably since
it softens the EOS, see Fig. With the EOS at hand we can solve the set of equations that
describes the balance between the electron degeneracy pressure and gravity, the TOV equations,
see Eq. . In Fig. m we show the M — R curve, i.e. the enclosed gravitational mass of the
star as function of its radius R. The upper black line corresponds to a composition of Y, = 2,
which is realized for “He, while the lower line corresponds to Y, = 2.15, which would roughly
correspond to a *°Fe dominated composition. Each point on the black lines and within the gray
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Figure 3.1: Stellar equilibrium configurations for the 7" — 0 WD EOS, see Eq. . Top
black line corresponds to the composition Y, = 2 common for light elements such as “He, while
the bottom line corresponds to Y, = 2.15 which would correspond to °°Fe. Configurations
with intermediate Y, are shaded in gray. Data points are taken from [107] (turquoise), [108]
(blue), [109] (pink), [L110L{111] (red), [112] (green) and [113] (gray).

shaded region corresponds to an equilibrium solution to the TOV equations in the T' — 0 limit.
Configurations that lie on a branch with dM/OR > 0 are instable, see Refs. [103105]. There
are large data sets available containing masses and radii of WDs (see e.g. [107-113}/118-124]).
However, not all of these data-sets can be used to probe the M - R relation. In some catalogs,
(see |118-122]), the M - R relation is used as an input to significantly reduce observational error.
On the other hand, there are sets (e.g. [107-113,|123}|124]) that systematically test the M- R
relation using observational data. While in [112] the determination of the mass and radius is
completely independent of WD models, most other works depend on an atmospheric model to
determine the radius. Nevertheless we show them in Fig. 3.1

The data of measured WD masses and radii is scattered broadly between radii of (5000 —
40000 km), which matches reasonably well with the free Fermi gas description. The notable
deviation in mass found at large radii in Fig. is due to finite temperature effects; p. (elec-
tron chemical potential) in these dilute stars is typically smaller, increasing the relevance of
T/pe corrections. Finite temperature effects lead to modifications of the EOS and to a slight
modification of masses and radii, but importantly they predict a continuous M - R curve.

Finally we would like to mention that the EOS of WDs can be furhter enhanced by taking
into account crystallization, pyconuclear reactions and other nuclear reactions [104}(105,/117].
They are however subdominant compared to the simple electron degeneracy picture and can
safely be neglected.

3.2 Neutron Stars

We have seen that an instability occurs for the smallest and heaviest WDs. However, there exists
a stable branch of even smaller objects with roughly the same mass, so-called neutron stars
(NSs). NSs are the densest astrophysical objects that are not yet black holes, (see e.g. [101}{102]
for recent reviews). While WDs consist of nuclei, the densities in NSs are so large that nuclei
effectively dissolve into nucleons, i.e. neutrons and protons. The precise constitution of NSs is
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CHAPTER 3. WHITE DWARFS AND NEUTRON STARS

still subject to active research since theoretical predictions for the EOS of NSs are hampered by
the fact that QCD becomes strongly coupled at typical NS densities, roughly p ~ 0.16 fm~3, and
numerical modelling on the lattice is not possible due to the infamous fermion sign problem [125].
This implies that O(1) uncertainties are unavoidable when dealing with systems at these large
densities.

The name neutron star historically came about because it was believed that the system
minimizes its energy by the inverse S-decay, p + e~ — n + v, with the neutrinos escaping the
object such that energy density and pressure is given by neutrons. Indeed, we can perform a
similar NDA estimate as for WDs, but with Fy.. ~ Nmy and p ~ m‘?\,, to find

M3 M,
Mys ~ 7; ~O(1) Mg, Rys~ e Ryp ~ 7; ~ O(1) 10 km, (3.4)
ma my may

which indeed gives the right idea: NSs are solar mass objects with a radii of about R ~ 10km.
We can easily calculate the Schwarzschild radius for such an object 2GM ~ 3 km, which shows
that these objects are extremely compact.

Therefore, a rough approximation for the EOS of a neutron star is to consider a free Fermi
gas of degenerate neutrons. The derivation of the EOS is even simpler as in the case for WDs
since there is only one neutral constituents and it does not have an analog for the varying nuclear
composition Y,. The energy density and pressure are given by

kr(p) 3k
e(p) = 2/ (271')3 \V/ k? + m?\h (3'53)

2 /’fﬂp) 4’k k>
< - 7
3 (277) /k2+m?v

with the one-to-one relation between Fermi momentum and number density kr = (372p)
The EOS p(e) can now numerically be found for all densities. Before discussing the solutions
to the TOV equations there are two limits in which the EOS takes a simple analytical form,
namely the non-relativistic (NR) kp < my and the ultra-relativistic (UR) limit kp > my with
EOSs respectively

p(p) = (3.5b)

1/3

372)2/3 25/3 £2/3
PM(e) = (”5) ol Sg)l ke = (rle/my)” (3.6a)
my my
2
P (e) = ée [1 +0 (”\g)] ke = (4n2)". (3.6b)

As for WDs, we find the M — R curve of equilibrium configurations by solving the TOV equations
Eq. with the full free Fermi EOS Eq. for different central energy densities e(r = 0)
or equivalently pressures p(r = 0). The result is also shown as the left branch in Fig. 3.2

We want to stress that the free Fermi gas EOS is a very simplistic model for a neutron
star and cannot explain most of its observed properties. Maybe most prominantly, it cannot
account for measured maximal masses of NSs i.e. the maximal mass of the free Fermi gas EOS is
Mo ~ 0.TMg, clearly in contradiction with observations of neutrons stars with masses above
2M¢ [126]. The free Fermi gas EOS should therefore be seen as a substantial simplification
which however captures the main properties up to O(1) factors. However, similar arguments
can also be brought up for more sophisticated EOSs. In particular, other baryonic components
other than neutrons may be present within NSs such as pions, kaons, meson condensates |127]
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Figure 3.2: Equilibrium configurations of stellar remnants: the stellar landscape. Right branch:
Same as Fig. Left branch: Free Fermi gas of neutrons in the 7' — 0 limit.

(also see [128] for a recent review) and hyperons [129] which would not be surprising as they are
the right degrees of freedom to describe nuclear physics at the relevant energies |104]. However,
the inclusion of these degrees of freedom within the SM usually leads to softer EOSs supporting
less massive objects and therefore seems to be ruled out, a question referred to as the hyperon
puzzle, see e.g. Ref. [130]. Furthermore, NSs are believed to exhibit phases of superfluidity [131],
crystalline structures [132], strong first order phase transitions to deconfined phases of quark
gluon matter within the star [133}/134]. It is important to note that all the effects mentioned
above tend to soften the EOS, leading to less massive objects which seems to be disfavoured by
data.

Indeed, existing catalogs feature many measured NS masses from binary pulsar systems,
using data obtained from X-ray emissions on their surfaces, i.e. Shapiro delay [135]. The key
finding is that neutron stars can have masses of at least two solar masses and excitingly even
higher than that. The most prominent instance of this fact is the binary NS merger GW170817
detected in GWs by LIGO and Virgo [136] along with an electromagnetic counterpart (GRB
170817A) detected by Fermi gamma-ray telescope [137] which, among many other physics results,
led to constraints on NS radii, maximal mass, and EOS, see e.g. [138{141]. This is promising in
light of the many more NS-NS as well as NS-BH (black hole) mergers that the current network of
GW detectors is expected to detect [142]. The current stellar remnant catalog [143-{145] will also
be significantly expanded by third-generation GW observatories [146,[147]. Another interesting
result is the merger event GW190814 [148|, which measured one of the progenitors to be a stellar
remnant with a mass of approximately 2.6 M. This could be the heaviest NS or the lightest BH
discovered to date. While a distinction between NSs and BHs from GW data alone is non-trivial,
see e.g. [149,150], this event poses a challenge to the expected lower mass gap between NSs and
BHs [151-158]. Furthermore, pulsars like PSR J0348+-0432 have a mass of (2.01£0.04) M, [159],
while PSR J1614-2230 has a mass of (1.97 & 0.04) Mg [160]. Excitingly, there are hints of even
more massive neutron stars, as seen in PSR J2215+5135 with a mass of (2.27+0.17—0.15) M,
[161] and MSP J0740+6620 with a mass of (2.17+0.10—0.09) Mg, [126]. These recent discoveries
push the boundaries of our understanding of NS EOSs and are particularly hard to explain with
SM physics alone.

Determining the radii of neutron stars through observations has proven to be a challenging
task due to various factors, such as uncertainties in crust modelling [162], interstellar medium

37



CHAPTER 3. WHITE DWARFS AND NEUTRON STARS

absorption, and stellar distance [163]. To address this, new generations of X-ray missions, in
particular NICER [164], are focused on measuring neutron star radii, leading to constraints in
the range of approximately R ~ (9.9 — 11.3) km for more than a dozen neutron stars.

Simultaneously measuring both the mass and radius of the same neutron star is difficult,
yet it can be important for constraining the EOS and gravity theories [165-167]. However,
alternative observational approaches can also provide valuable insights such as neutron star
moment of inertia measurements [168] and the analysis of gravitational wave and gamma-ray
burst data from binary neutron star mergers e.g. LIGO [138] (see also [169,170]) offer possibilities
to infer constrains on tidal deformability and eventually the EOS [171,(172].

As should be clear from the above discussion, the precise composition of NSs is still an open
question. However, the simple EOS obtained by a free Fermi gas of degenerate neutrons captures
main features of NSs while it is safe to say that it is not describing the entire story. Nevertheless
we will use this simple EOS to study effects of beyond the Standard Model (BSM) physics on
the stellar structure of WDs and NSs in following chapters.

Lastly, we would like to comment on other approaches for more realistic NS EOSs that are
slightly more involved and allow to capture effects of interactions in the dense nuclear medium.
We know that at sufficiently low energies or equivalently densities ChPT is perturbative. It is
indeed possible to derive the properties of nuclear matter, i.e. symmetric nuclear matter, mixed
matter as well as pure neutron matter, which even reproduces non-trivial results such as the
correct binding energy of symmetric nuclear matter and compressibility [173],174]. In addition
to the non-interacting pressure and energy density, interacting contributions can be calculated
systematically by summing over Hartree and Fock diagrams ordered in powers of kr /m,, making
use of QFT at finite chemical potential and temperature in the real-time formalism [175]. In
the chiral limit, saturation simply arises due to two-pion exchange with the interplay of an
attractive k‘%—term and a repulsive k}—term. Another, more empirical approach is relativistic
mean field (RMF) theory, see [105] for a pedagogical introduction. Relativistic nucleon fields
interact via exchange of scalar, pseudo-scalar and vector mesons, which are set to their mean
values determined by minimizing the energy of the system. Couplings and masses of the meson
fields are then fitted to reproduce measured properties of bulk nuclear matter. There are many
more empirical approaches to NS EOSs such as many body approaches or skyrme models, which
will not be covered in this thesis. For recent review about these topics see e.g. Ref. [154].
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Chapter 4

Couplings of the QCD Axion to
Nucleons at Finite Density

As discussed in Sec. astrophysical environments provide great testbeds for new physics,
especially in the context of the QCD axion and ALPs. In particular some of the most stringent
bounds come from core-collapse supernovae [57,87,[89] and neutron star cooling [91-94]. While
the derived bounds make use of the vacuum couplings of the QCD axion to nuclear matter at
all densities, it is well known that couplings generally become density dependent within the
medium. For example, it has been shown that the axial pion nucleon coupling g4 is quenched
as a function of the baryon density in Gamov-Teller transitions [176]. The density dependence
of the axion coupling to nucleon spin has been estimated for the first time in [11], where an
order O(10) modification of the axion neutron coupling has been found at around saturation
density due to an accidental cancellation of this coupling in vacuum. The coupling to the proton
changes by O(1) at saturation density. In this Chapter, we systematically calculate the axion
coupling at finite baryon density in HBChPT and use the obtained density dependent couplings
in the calculation of the emitted energy during supernovae leading to a weaker bound.

We start this Chapter by extending the discussion on HBChPT from Sec. to finite
density. In particular, we review the basics of real-time thermal field theory in Sec. and
derive the nucleon propagator at finite density. Using the power counting scheme mentioned
in Sec. and reviewed in detail in App. we systematically calculate finite density
corrections to the axion-nucleon vertex up to N2LO and even include contributions that are
enhanced due to the low-lying A-resonance from N3LO in Sec. An explicit construction
of the N2LO Lagrangian including the axion can be found in App. Eventually, we discuss
the effect of moderate temperatures, relevant in supernovae. In Sec. [4.3] we comment on the
relevance of the deformations of the couplings on astrophysical bounds on the QCD axion.

The content of this chapter is based on work in progress [16].

4.1 Heavy Baryon Chiral Perturbation Theory at Finite Density

We have introduced HBChPT in vacuum already in Sec. 2.4.3] We review some basics about
field theory at finite temperature and chemical potential in the real time formalism closely
following Ref. [175,(177] in order to derive the nucleon propagator at finite temperature and
chemical potential. In the limit of zero temperature the propagator takes a particularly simple
form. These techniques have also been applied within ChPT, e.g. in the context of the nucleon
potential [178] or as already mentioned in the context of the EOS of nuclear matter [173,174].
For a general introduction to finite temperature quantum field theory we refer to e.g. [179].
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4.1.1 Propagators in Real-Time Thermal Field Theory

We summarize the derivation of propagators in thermal field theory for bosons and fermions in
real-time thermal field theory following closely [175L[177]. The grand canonical potential density
is related to the pressure density and partition function as

1
Q=-P=—InZ[0 4.1
where Z[0] = exp(—pVQ), B = T~!. At finite temperature and/or chemical potential the
partition function can be constructed as a path integral by extending the time integration to the
imaginary plane from [ty, to — i3] with tgp € R. This can easily be understood as one is generally
interested in calculating expectation values of the form

Ty [e=BUE-18) T oy <z /_ t:O dt / B2 j(a:)gb(:r))] , (4.2)

where T is the ordinary time ordering operator. Note that even though for a real scalar there
is a conserved charge in the non-relativistic limit or in the free case, in the following we take
@ = 0 for simplicity. Importantly, the contour in the complex plane that reaches from ty to
to — i is to some extent arbitrary, which, depending on the chosen contour, allows to calculate
real-time Green’s functions or time independent quantities. Let us for simplicity consider the
path integral representation of the partition function of a scalar field ¢ depending on the contour

C,
ZU]—Aﬁ/D¢@m(ﬁéd%%£0+£1+¢ﬁ)

= zoep{i [[atots (Y bew{=5 [y [tz jwaf - 250},

where Ly and L are the free Lagrangian and some self-interaction Lagrangian and j a source
current. We imposed the periodic boundary conditions ¢(tg) = ¢(tg — i5) and the contour

independent normalization
%:N/Dmmo/fﬂo, (4.4)
C

is subject to the same boundary conditions. This so far resembles the usual vacuum QFT
expression, except for the free contour dependent propagator

(4.3)

(e Ak (e
zA(() )(a: —a) = / (27r)4e F@=2") po (k) [0c(t — ') + np(ko)] (4.5)
where 6. imposes contour ordering, the Bose-Einstein distribution
(B,w) = ! (4.6)
np(fw) = 55— .

and the spectral density is
po(k) = 27 [0(ko) — 0(—ko)] 6(k* —m?) = i [0(ko) — O(—ko)] [AOF(k) - AOF(W] ;@
with 1

Borh) = e

40



4.1. HEAVY BARYON CHIRAL PERTURBATION THEORY AT FINITE DENSITY

We now consider a contour C = C; N Cy N C3, where C; lies on the real axis from ty to ¢y, then
C3 going from t; to ty — i and then Cy from £y — i3 to o — i3, with 5 < t; € R and in the
limit g — —oo and ¢ty — +o00. In this case the generating functional it can be shown that the
generating functional factorizes into two pieces, the contour C; N Cy, i.e. the union of the two
horizontal lines, and the vertical Matsubara contour [[]
li lim Z[j] = Z12[j1Zm[J] 4.

pim_ Jim Z[5) = 212|712 5] (4.9)

Note that in the j — 0 limit Zj; has to contain the normalization factor Zy in order to reproduce

the usual partition function and therefore Z12[0] = 1.
Now we can focus on Z15 and derive explicitly the free propagator. We start by writing

exp {i/clcg dz L; (Zé‘f@)l}
ol oo ) )]

where the minus in the second term comes from the time flowing in the opposite direction and
where

(4.10)

We can then write the real-time propagator as
. TS d4k —ik(x—2") - TS
iA (- a) = / i B2 Al (1), (4.12)

which we can write in matrix form as
Ao(/{?) = AOF(k) + AQT(]C)
<A0F(k‘)

) — 2mi (k> — m?) sinh O (k) (Smh@(k) cosh 9(kr)) (13

—A(T)F(k) cosh©(k) sinh O(k)
where sinh ©(k) = \/np(ko) = (exp(Bko) — 1)~*/2. Importantly, in the limit 3 — oo, we find
Ay (k) = Agr(k), (4.14)

which implies that we recover the usual vacuum propagator on the real time axis C; which
corresponds to the 11-component of Ag(k). Additionally, we note that type-1 and type-2 fields
decouple.

We can formally solve the generating functional and find

zii=eofi [~ [ e (550 ) - o ()}
cexp{ =4 [ty [ a= 5.af - 20} (4.15)
= [ DoiDsaens { [ e [or @57 6+ L1én) — £1(02) + v } ,

where the second line is the path integral interpretation of the generating functional and 7, s =
1,2 is summed over. With that, we can calculate real-time Green’s functions using the usual

Tt can be shown that the imaginary time formalism is independent on the origin from the contour.
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Feynman rules with slight modifications. Vertices have the same rules as in vacuum on C; and
a relative minus on Cs. Propagators are either purely on Cj», i.e. the diagonal components of
Eq. while the off-diagonal elements mix the two.

For fermions the picture is analogous and can be generalized to include a finite chemical
potential p (see also Sec. such that the thermal propagator is [175.|177]

Go(k) = Gor(k) + Gor(k)
(Ggp(k)

cos©(k) sin©(k)
(4.16)

2 (- M) 0(k2 — M2)sin @ (k) (S O) cos Ok}
) ( )

~Glp(k)

where
(k¥ + M)

Gorth) =7 3 1e

(4.17)

and sin ©(k) = \/np(3, ko) = (exp(B(ko — 1)) + 1)~ /2. As for the bosonic case, in the 3 — oo
and g — 0 the propagator becomes

Go(k) = Gor, (4.18)

while in the § — oo but u # 0 we find the propagator

_ (Gor(k) i 2 a2 (Okr — [K])
Go(k) = ( _GgF(k)) Fomi (f+ M)S(K— M )( otn ’k)>, (4.19)

with the Fermi momentum k% = M? — 12

completely decoupled.

Importantly, type-1 and type-2 fields are again

Therefore, considering the 11-component only (G[l)1 = (o) and taking heavy baryon limit
at leading order we find the non-relativistic nucleon propagator for symmetric nuclear matter
(pp = pn, = ) at finite temperature to beﬂ

. k2
iGo(k, B) = e 2w S(K® — I

V0(w)np(B,w) + d(w+ M)O(—w)np(—p,w)|, (4.20)
where w ~ M + k°. Note that it is straight forward to extend this result to asymmetric nuclear
matter, as is needed in order to describe neutron star matter. Also note that the momentum
k, is the residual momentum defined in Eq. . The first term in equation is the free
vacuum propagator, while the second term accounts for the filled Fermi sea of nucleons and is
sometimes called medium insertion. In the zero temperature limit, this simplifies to

1

T 2m6(k%)0(p")0(kr — |K|). (4.21)

iG(p)

It is the medium insertion of this propagator that gives rise to a systematic expansion in kr /A, ~
pl/3 /A, which allows to calculate the effective density dependence of axion couplings. Using
the power counting scheme derived in App. we proceed with the calculation of density
corrections to the axion-nucleon vertex.

2Note that at finite temperature there could in principle be a contribution due to thermal ghosts, i.e. loop
contributions involving type-2 fields. However for all calculations done in this work they do not play a role.
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4.2 The Axion-Nucleon Vertex at Finite Density

With the nucleon propagator at finite density at hand (Eq. (4.21))) we are in the position to
construct the density corrections to the axion-nucleon vertex. For each usual vacuum loop
diagram we investigated in Sec. there is a corresponding diagram with a density insertion
for the nucleon in the loop [178]. This implies that density corrections start contributing at
chiral order v = 2, according to Eq. .

As in Sec. we omit axion loops as they are suppressed by at least 1/fg and only show
diagrams that are non-zero. In Fig. we show the non-trivial leading order (v = 2) corrections
to the nucleon axion vertex with a density insertion respectively. The density insertion is marked
by the double-dashed nucleon line. The vertices at this order come from the LO Lagrangian
Eq. while the loop with including one density insertion raises the chiral order of the
diagram to v = 2. Note that one can draw diagrams involving contact interactions from the LO
Lagrangian Eq. (2.87al) which however evaluate to zero, as shown in App. The result can

ai?pa

(Z:fpa n a:ﬁpa
| a |
~N_~ N
N N N T N N 7T N
(91) (92)
| |
A\ 4p, A\ 4p,
't

/
+ N \ T / N + N \ s / N

(h1) (h2)

Figure 4.1: (a = ¢) Non-zero corrections to the axion nucleon vertex at finite density at chiral
order v = 2. Filled dotes denote A = 0 vertices according to Eq. (2.81)). The nucleon propagator
marked by the double dash implies a density insertion, i.e. second term in Eq. (4.21)).

be written though of as form factors in analogy to the vacuum results

|
a a
i
+Pa 1 _ 1 _
g r, = A= py— —BE=IS (4.22)
e N fo fe
where the form factors are given by
AP = Fip, k" po)7® + Falp, K" py)1, (423)
and
B2 = Fy(p, k" py)7® + Fa(p, k", 1)1, (4.24)

where the functions Fj(p, k%/ " Pg) are given in App.

At next to leading order the relevant diagrams are shown in Fig. We find all diagrams
at this order by keeping one loop and switching one vertex to a A = 1 vertex from the NLO
Lagrangian Eq. (2.82). Here it is important to note that only the constants ¢/, are dom-
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Figure 4.2: (a = ¢) Non-zero corrections to the axion nucleon vertex at finite density at chiral
order v = 3. Filled squares denote A = 1, filled circles denote A = 0 vertices according to
Eq. (2.81)). The nucleon propagator marked by the double dash implies a density insertion, i.e.

the second term in Eq. (4.21]).

inant compared to the remaining LECs since they are effectively enhanced by the low-lying
A-resonance. While the constants ¢;/5/9 are order one (but not enhanced) the LECs ¢, /8 are
even kinematically suppressed since they scale as v - k ~ k2/my, see App. Here we neglect
all LECs that are not enhanced. The explicit calculation of the relevant diagrams at v = 3 is
shown in App. Again written as form factors they evaluate to

|
a/ a
e
+Pa 1 — 1 -
PPy L = - AV=38 .y — ]TB;V,:))S, D, (4.25)
N N ’ ’
with
A=) = gacy—a [<53F5(p, k" D) + E4Fs(p, k%/n’i%))Tg
(4.26)

+ <é3F7(p7 k?‘/naz)(ﬁ) + éZl-FWS(p7 k%/n)p(b)) 1:| y
and

BY=%) = gacu_q |:<63F9(p, k%/",p@ + 4 F1o(p, k%/nv%)) 7’
(4.27)

+ (63F11(P, kfv/n’]?(ﬁ) + eaF12(p, k%/n7p¢)) 1] )

where again the functions F;(p, k%/ ", py) can be found in App.

We perform the calculation for the vertices (hi) and (h2) in isospin symmetric matter ex-
plicitly here to give some intuition and refer to App. for the details of the remaining
calculations. Upon defining

ey = Diag (¢p, ¢n) = gacy—at + gocural, (4.28a)

eN = —gACu—dT3 + 3g0Cu+al, (4.28b)
the ansatz for the loop integral for (h1) and (hg) reads

[ e [ -] [ = 2w - )] [ 520 ]
_igab }

(4.29)
S 6o [y

i 0
X [M%(S(k +p)0(kr — |k + pg)
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Taking care of the spin as well as the isospin structures and only keeping the density depen-
dent part (we already calculated the vacuum loop in Sec. [2.4.3)) leaves us after simplifying and
evaluating the k° integrals with

(dhen\ 1 [P Bk [[20-(k—p)ps- (k—p) — o ps(k—p)*
<h1)+(h2)‘<8?,%f¢)pg/o a1l 72+ (k—p) ]

B [20-(k—p—p¢)p¢-(k—p—m)—o-pqﬁ(k—p—p(p)w}
m2 + (k —p —py)? ’

(4.30)

where we used that m2 — (k — pg)? = m2 — (k3 + 2k:0p2) +p3§0) + (k —py)? = m2 + (k — py)?,
since ko ~ k?/2my < |k| and defined m2 = m2 — (pg)z. With the help of the standard integrals
defined in App. [A.9] we can write the result as

2eé 1 8

— 0 - py (Io(Mr,p + py) — In(my,p)) |-

In the same manner we can calculate all density loops of the diagrams shown in Figs. [{.1]and £.2]
for arbitrary matter configurations. We do so in appendix [A-8:2] where we calculate the relevant
quantities to evaluate the density corrections in arbitrary mixed matter. We calculate the loops
using the propagator Eq. as well as with the replacement of the density insertion

— 276 (ko) 0 (kp — |k|) — —276 (ko) 0 (kp — |K|) 72, (4.32)
since arbitrarily mixed matter is suitably described by the propagator

1477 1—73

2

B 7
kO 4 e

iG(p) —2m5(K9)0(p°) 0 (kb — |k|) + 0 (kE— k)| (4.33)
With that we conclude the section of the density corrections to the axion-nucleon vertex and

continue discussing the reuslts for the effective couplings.

4.2.1 Density Dependence

We can summarize the results from the previous sections in the following equation

ahpa

P+pa P 1 n L n
- - = 77¢A(”53)(p,k]}/ ,p¢)5-p¢*f*¢8( ), K" ps) S-py (4:34)

where the effective axion nucleon vertex is written in terms of form factors A and B which consist
of isovector and isoscalar contributions and include renormalized vacuum loops and contributions
due to loops with density insertions up to v = 3.

At this point, we would like to note that the above result obviously is model dependent since
it explicitly depends on the PQ charges in the UV. Furthermore, for the benchmark QCD axion
models considered in this thesis, namely KSVZ and DSFZ we found at leading order in Sec.
that A¥=9 = ¢y and B#=% = 0. Similarly, for the full result, we find that the contribution
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due to B#"=3) is basically negligible compared to A®*=3) for all models under consideration. For
bulk nuclear matter the magnitude of nucleon momenta are expected to be close to the Fermi
momentum |p| ~ kr. To good approximation, the momentum of the axion is small compared to
the momenta of the nucleons i.e. |py| < kr ~ p. Neglecting the contribution due to BW=3)
can write the density dependent axion-nucleon coupling as a matrix in isospin space in analogy
to the LO tree level coupling (see Eq. (2.90))

we

Dla'g (Cpa Cn) A(pn7 pp) (435)

PrsPp
where py = (k:g )3 /372 with N = n, p is the number density of proton and neutron respectively
such that the total baryon density is p = p, + pp.

Before discussing the density dependence as well as the higher order vacuum loop contribu-
tions of the axion-nucleon coupling for the benchmark QCD axion models namely the KSVZ
and the DFSZ axion, we would like to mention that we treat all unknown LECs, mostly isoscalar
couplings, as in Sec. as the superposition of two normal distributions. In addition, we take
into account the error due to the uncertainty of the ChPT expansion. We explicitly checked
that the difference between the density corrections at ¥ = 2 and the next higher order is given

by the constant 4 ¢ x W with ¢ ~ 5, neglecting its kr dependence. We then extrapolate
this difference to higher orders such that the ChPT uncertainty is roughly given by
ki+3

2 AT (4.36)

KSVZ axion

For the KSVZ axion the UV couplings to the PQ current are set to zero, cgfd = cngd = 0.
We show the axion-proton and axion-neutron coupling in for isospin symmetric nuclear matter
(pn = pp = p/2) in Fig. |4 and Fig.4 rebpectively The left panel in both Figures shows the full
contribution, dominated by the form factor AW=3) while the right panel shows the contribution
due to (B( ”<3 )1p])/(Ipy|) which in both cases is at least one order of magnitude suppressed.
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Figure 4.3: Density dependence of the KSVZ axion-proton couplings in isospin symmetric
nuclear matter as a function of density in units of nuclear saturation density py (p = n in the
plot). (Left panel) Full contribution. (Right panel) Contribution due to the subleading form
factor B“<3), The shaded region represents the error bars resulting from the uncertainties of
the constants given in Table as well as the error emerging from higher order terms in the
chiral expansion.
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Figure 4.4: Density dependence of the KSVZ axion-neutron couplings in isospin symmetric
nuclear matter as a function of density in units of nuclear saturation density py (p = n in the
plot). (Left panel) Full contribution. (Right panel) Contribution due to the subleading form
factor B“=3). The shaded region represents the error bars resulting from the uncertainties of
the constants given in Table as well as the error emerging from higher order terms in the
chiral expansion.

For densities around nuclear saturation density pg ~ 0.16 fm =3, we find

(cp)p V= —0.283(64), (ca)p " ? = —0.141(63). (4.37)

Let us compare this result to the LO tree level coupling we found previously (see Eq. )
While for the proton there is an order one difference in the mean-value, the coupling of the
neutron changes by two orders of magnitude at nuclear saturation density. This is one of the
main results of this part of the thesis and confirms the first estimate of [11] who found that
neutron-axion coupling is suppressed by an accidental cancellation between z = m,, /mg ~ 1/2
and the ratio of matrix elements in vacuum Au/Ad = (g8 + ga)/(g4? — ga) = —2,

<%>KSVZ o L 2AWAd) 06 g2 (4.38)
e/ (Au/Ad)y + 2

neglecting RGE and other subleading effects such as m, q/m, corrections. We would like to
stress here however that the value of ¢, at LO tree-level depends sensitively on the constants
chosen which is why the effect found here is even more severe i.e. a change by two orders of
magnitude.

For pure neutron matter (p, = p) we show the density dependence of the axion-proton
and axion-neutron coupling in Fig. and Fig. up po because Fermi momenta of pure
neutron matter at these densities correspond to Fermi momenta of symmetric matter at p = 2pg.
Similarly as to symmetric nuclear matter the contribution from B*<=3) is negligible as can be
seen in the left panels of Fig. and Fig. At nuclear saturation density we find the
axion-nucleon couplings to be

(cp)h2V% = —0.258(66), (ca)p '~ = —0.143(73), (4.39)

where a similar trend for axion-proton and axion-neutron coupling is found. This just shows that
our result does not depend much on isospin asymmetry which would be important for e.g. NS
cooling.
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Figure 4.5: Density dependence of the KSVZ axion-proton couplings in pure neutron matter
as a function of density in units of nuclear saturation density po (p = n in the plot). (Left panel)
Full contribution. (Right panel) Contribution due to the subleading form factor B*#<3). The
shaded region represents the error bars resulting from the uncertainties of the constants given
in Table as well as the error emerging from higher order terms in the chiral expansion.
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Figure 4.6: Density dependence of the KSVZ axion-proton couplings in isospin symmetric
nuclear matter as a function of density in units of nuclear saturation density py (p = n in the
plot). (Left panel) Full contribution. (Right panel) Contribution due to the subleading form
factor B“=3). The shaded region represents the error bars resulting from the uncertainties of
the constants given in Table [2.1] as well as the error emerging from higher order terms in the
chiral expansion.

DFSZ axion

Next we consider the DFSZ axion model with 2 = sin? 3/3, cg =1-cY, where 3 is related
to the vevs of the Higgs fields in the UV theory. We consider the case of symmetric nuclear
matter for three benchmark points sin? § = {0,1/2,1} and show the density dependence of the
axion-proton (left panel) and axion-neutron (right panel) couplings in Fig. [4.7] Fig. and
Fig. Evaluating the couplings for each of them at nuclear saturation density we find

sin2B=0: (¢,)2"% = -0.279(68), (cn)2F* =0.001(66),

Po PO
sin B=1/2: () 7 =—=0210(51), (cn)py 7 = —0.068(50), (4.40)
sinB=1: (cp) > = —0.142(43), (ca)pn 7 = —0.136(43).

We want to note that we again find a strong dependence on the axion-neutron coupling for
DSFZ-type models, except for the case in which sin? 3 = 1.
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Figure 4.7: Density dependence of the DFSZ axion-nucleon couplings with sin? 3 = 0 in
symmetric nuclear matter as a function of density in units of nuclear saturation density pg. The
shaded region represents the error bars resulting from the uncertainties of the constants given
in as well as the error emerging from higher order terms in the chiral expansion.
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Figure 4.8: Density dependence of the DFSZ axion-nucleon couplings with sin? 3 = 1/2 in
symmetric nuclear matter as a function of density in units of nuclear saturation density pg. The
shaded region represents the error bars resulting from the uncertainties of the constants given
in as well as the error emerging from higher order terms in the chiral expansion.
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Figure 4.9: Density dependence of the DFSZ axion-nucleon couplings with sin? 3 = 1 in
symmetric nuclear matter as a function of density in units of nuclear saturation density pg. The
shaded region represents the error bars resulting from the uncertainties of the constants given
in as well as the error emerging from higher order terms in the chiral expansion.

49



CHAPTER 4. COUPLINGS OF THE QCD AXION TO NUCLEONS AT FINITE DENSITY

4.3 Implications on Stellar Bounds on Axions

As we have seen, finite density effects significantly affect the QCD axion-nucleon coupling in
typical conditions of supernovae and neutron stars. With these at hand, we re-evaluate the
bounds on a KSVZ-type QCD axion and an astrophobic QCD axion from supernova and neutron
star cooling. While we find an order one change in the total emitted energy due to axions during
the SN for KSVZ-type QCD axion, we find for astrophobic axions that the model-independent
couplings originating from the topological term, see Eq. , allows to probe unexplored axion
parameter space.

Figure 4.10: (a = ¢) The one-pion-exchange diagram with an external axion at leading order.

The dominant process for axion production in these environments is the nucleon Bremsstrahlung
process |57,/86,87], but also see |[180-182] for the alternative process pm~ — n ¢ that since re-
cently is believed to play a significant role [183]. At leading order, the Bremsstrahlung process
is given by the one-pion exchange, shown in Fig. The total process includes eight diagrams
which are generated by attaching the axion to different legs and by considering ¢- and u-channels.
A systematic calculation of the nucleon Bremsstrahlung should go beyond the naive one-pion
exchange since at the relevant densities within SNe and NSs higher order terms, i.e. two-pion
exchange contributions, nucleon re-scatterings and other nuclear physics effects become impor-
tant [57]. In the literature, one can find many empirical approaches to this problem, but what is,
however, lacking so far is a systematic calculation of relevant nuclear physics effects. While such
a systematic calculation at finite density keeping all errors under control is a long-term goal, we
want to systematically calculate the emissivity from the one-pion-exchange diagram with the
density dependent vertex, as shown in Fig. which takes the first step towards such a sys-
tematic analysis. The axion emissivity ¢, is the amount of energy emitted by axions per volume

N,

Ny

Figure 4.11: (a = ¢) The one-pion-exchange diagram with an external axion.
of a stellar object (in our case, the SN) and time. It is given in units of Energy/(Volume x Time)
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4.3. IMPLICATIONS ON STELLAR BOUNDS ON AXIONS

and is defined as [86]
i = /dHldHQdﬂgdH4dH¢(27r)4S\M|25(4) (Zm) Esfifa (1= fz) (1= fa), (4.41)

with dIl; = d®p;/(2m)32E; and fi = np(B8,E;). E; = \/m% + p? is the energy of the particle,
which we can take in the non-relativistic limit to be

_ _1 1 pz 1 p?
E-Y — (m2 2\=3 ~ 1—- -2 )= 10 = 4.42
v (my +p;) "2 my 2mpy my + my; )’ ( )

to rewrite dIl; ~ d®p;/((27)32my) for the nucleons. |M|? is the amplitude of the Bremsstrahlungs
process under consideration, which at LO is straightforward to evaluate [86].

We show the axion-nucleon Bremsstrahlung process with the density dependent vertex from
the previous section in Fig. The evaluation of the amplitude squared is done in analogy
to the LO result, see Ref. [86]. For a systematic expansion of the emissivity, we expand |M|? to
O(k:%) With the density dependence of the axion-nucleon coupling at hand, we can see that the
finite density contribution lifts the cancellation of the axion-neutron coupling in vacuum. As
discussed previously, the change in the axion-proton coupling is not as dramatic but still O(1).
We have no reason to believe that including higher order terms will re-introduce this accidental
cancellation which would correspond to a huge amount of tuning. Therefore, to get an idea of
the typical size we expect at finite density, we also keep the terms that are formally higher order.

Making use of the core-collapse SN profiles assuming an 18.6 Mg, progenitor mass from [184],
also used in [185], we perform the integration of the emissivity Eq. over the density-
dependent amplitude squared for a KSVZ axion as well as for astrophysics axions.

KSVZ Axion

For the emissivity, we include the statistics due to the uncertainty of the LECs. Drawing the
values from the superposition of two normal distributions with mean value +0.5GeV~! and
standard deviation 0.5GeV ™!, as explained Sec. we integrated the emissivity 10% times
which led to sufficient convergence. It is ongoing work to include the uncertainties due to the
expansion in ChPT. Naively, due to the large densities found during the SN, this should be
the main source of uncertainty. The result, with the axion decay constant, factored out and
evaluated at different time steps can be seen in Fig. The shaded bands come from the 1o
uncertainties due to the LECs. We would like to note that for the tree-level vacuum couplings,
we recover a similar result as [57], at ¢ = 1s and » = 1km we find

9 2
10 Gev) . (4.43)

fo
We observe that while there is half an order of magnitude difference at early times, this difference

decreases with later times.
Integrating over the volume gives the luminosity

€ 3 X 10%3 erg s 1 cm ™3 <

Ly =4dn / drr?éy(r,t). (4.44)

The result for a KSVZ axion with tree-level coupling (black) and loop- plus density-corrected
coupling (red) is shown in Fig. together with the error bars originating from the uncertainties

51



CHAPTER 4. COUPLINGS OF THE QCD AXION TO NUCLEONS AT FINITE DENSITY
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Figure 4.12: Emissivity due to the QCD axion for tree-level vacuum vertex (black) and density-
dependent vertex including vacuum loops up to N>LO. We take into account the uncertainties
due to low-energy constants. The solid line corresponds to the mean value, while dotted lines
and shaded areas correspond to 1o uncertainties. The left panel is evaluated for ¢ = 0.1 s while
the right panel shows the emissivities at ¢ = 1s.
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Figure 4.13: Luminosity for the KSVZ axion for tree-level vacuum vertex (black) and density-
dependent vertex including dominant (i.e. resonance enhanced) vacuum loops up to N*LO. We
take into account the uncertainties due to low-energy constants. The solid line corresponds to
the mean value, while dotted lines and shaded areas correspond to 1o uncertainties.

in the LECs. As can be seen, the difference is not dramatic. While the luminosity, evaluated
with the tree-level vacuum couplings, dominates at early times (¢ < 3.3s), the luminosity with
the full density- and loop-corrected vertex dominates at later times. This seems to be due to an
interplay of the opposite behavior of proton and neutron couplings with density. Eventually, we
are interested in the total energy released in axions during the SN, which is given by integrating
the luminosity over time. We find a ~ 10% reduction in the total energy when integrating the
luminosity over ¢t = 6

Eeonrecrea = 0.9 By, (4.45)

While this is certainly not a dramatic effect, it changes the axion SN bound by an order one
factor and should be included in state-of-the-art calculations. Furthermore it is important to
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4.3. IMPLICATIONS ON STELLAR BOUNDS ON AXIONS

quantify the uncertainty in the luminosity since this directly translates to the uncertainty in
the axion SN bound. It is ongoing work to calculate the luminosity for later times, including
the error due to ChPT uncertainty and different SN EOSs, and re-do the entire analysis for
DSFZ-type QCD axions.

Astrophobic Axions

As discussed in Sec. astrophobic axions [88] avoid bounds as the one due to the model-
dependent coupling to spin by tuning the relevant coupling. Therefore, in order to probe these
models, one has to rely on model-independent couplings in the sense that they arise from the
topological term in the UV alone, see Eq. . This line of reasoning has been pursued in
light of the effect of the model-independent nEDM portal on SN [89], as discussed in Sec.

In this subsection, we are going to show that a stronger bound can be obtained by consider-
ing higher-order couplings in the chiral expansion. As expected and explicitly seen in Eq. ,
the model dependence of the PQ current is inherited by all shift-symmetric couplings i.e. pro-
portional to the axion gradient, while shift-symmetry breaking couplings are completely generic
and come from ¢GG alone. In terms of IR constants, at v = 3 these are ¢ and ¢é5. The larger
¢1 gives rise to the isospin symmetric part of the nucleon sigma term and is proportional to the
external scalar source s ~ cos ¢, see Eq. . This implies that ¢ always comes with a 1/ f(?)
suppression and can therefore be safely neglected. However, the smaller ¢5, which gives rise to
the isospin-breaking coupling, is proportional to the pseudo-scalar source p ~ sin ¢.

We repeat the same SN integration as for the KSVZ-type axion but now set all couplings
to zero except the model-independent ¢5 coupling. The luminosity for this scenario (red curve)
compared to the tree-level result for a KSVZ axion from before (black) is shown in Fig. |4.14

Ld,f; lerg/s MeVQ]

Figure 4.14: Luminosity for the KSVZ axion for tree-level vacuum vertex (black) and density-
dependent vertex for astrophobic axions including only the coupling é;. We take into account
the uncertainties due to low-energy constants. The solid line corresponds to the mean value,
while dotted lines and shaded areas correspond to 1o uncertainties.

While the shape changes only slightly, a decrease in the overall luminosity by three orders
of magnitude is clearly visible. Following the rationale of [57], that is, to evaluate the the
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CHAPTER 4. COUPLINGS OF THE QCD AXION TO NUCLEONS AT FINITE DENSITY

luminosity at ¢ = 1s, which has to be smaller than Ls(t = 1s) < L, ~ 2 x 10°? ergs™! we find
fs> (8.5 —5.7) x 10" GeV, (4.46)

which is about two orders of magnitude stronger than the bound found by [89], see also
Eq. . It is work in progress to include the errors due to ChPT uncertainty and check
whether axion-nucleon spin couplings due to higher numbers of flavors for astrophobic ax-
ions strengthen this bound. As explained previously though, this is the conservative model-
independent contribution that automatically arises for a QCD axion and cannot be tuned away
without re-introducing the strong CP problem.
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Chapter 5

The QCD Axion at Finite Density

In this chapter we show how the properties of the QCD axion change in systems at finite baryonic
density, such as neutron stars and supernovae. At densities moderately higher than nuclear
saturation density, if realized, meson (kaon) condensation can lead to axion condensation. We
also study the axion potential at asymptotically large densities, where we find that the color-
superconducting phase of QCD can lead to axion condensation and that the mass of the axion is
generically several orders of magnitude smaller than in vacuum due to the suppressed instantons.
QCD Axion condensation could therefore occur within the densest objects in our universe i.e.
neutron stars. If the star is large enough, formation of an axion condensate can be thought
of as an axion bubble that stays confined to or within the star depending on the scalar mass.
Equivalently, the star can be thought of as sourcing the QCD axion. Several phenomenological
consequences of the axion being sourced by neutron stars are discussed, such as its contribution
to their total mass or axion-photon conversion in the magnetosphere. We would like to highlight
that such a possibility was first considered in [186] for a exceptionally light QCD axion whose
mass is below the expected value of ~ A2,/ fs (cf. Sec. .

The chapter is organized as follows. We start by review the effects of chemical potentials in
quantum field theory in Sec. where we discuss a toy model of meson condensation as well
as a the implications of meson condensation on the QCD axion potential for Ny = 2 flavors. In
Sec. we show how general properties of the QCD axion potential change at finite baryonic
densities with the focus of densities around saturation and extend the discussion of Sec. B.1l to
Ny = 3. In Sec. we discuss QCD at asymptotic densities in the color-flavor-locked phase
and its implications on the QCD axion potential and end the chapter with a discussion on the
phenomenology of an axion condensate in the context of NSs in Sec.

All figures and large parts of the text of this chapter are taken from [11].

5.1 Chemical potential in quantum field theory

Introducing a chemical potential in quantum field theory is a generalization of the procedure in
statistical mechanics. One defines a new operator corresponding to the thermodynamic Landau
free energy, the grand thermodynamic potential density, as we have seen in Sec. [£.1.1]

with H the Hamiltonian density, j the conserved charge density associated with a given global
symmetry of the system (i.e. the temporal component of the conserved current), and p; the
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CHAPTER 5. THE QCD AXION AT FINITE DENSITY

corresponding chemical potential. E| From the path integral representation of the partition
function (see Eq. for a real scalar field or Ref. [187] for a pedagogical introduction), one
arrives at the following prescription: the temporal derivative of each field transforming under
the global symmetry in question is shifted by

i

with TZR the generator of the global symmetry in the appropriate representation R. Chemical
potential therefore acts as a source for the temporal component of the corresponding conserved
current, much like a background gauge field potential. Since it singles out the time direction, the
chemical potential breaks the Lorentz symmetry down to its SO(3) subgroup of spatial rotations.
Charge conjugation symmetry (C), under which j? — —39, is also broken, while parity (P) and
time-reserval (T) are preserved — CP and CPT are thus broken. If part of a non-abelian group,
a chemical potential also breaks the global symmetry by singling out a specific direction in
generator space, namely p;T;, which defines an unbroken U (1) subgroup.

5.1.1 U(1) toy model

A simple toy model that illustrates the main effect of the chemical potential is a complex scalar
theory with a global U(1) symmetry [188,/189]. After using the prescription of Eq. (5.2), one
finds the following Lagrangian

L(p) = 0,¢* 0" ¢ + ip(d0od™ — ¢*0od) — (m? — 1i?)|¢> — N|o[* . (5.3)

For m? > p?, the field expectation value is trivial, (¢) = 0, and respects the global U(1)

symmetry. The two propagating degrees of freedom have different dispersion relations

we(k) =VE24+m? —p, we(k)=VE2+m?+pu. (5.4)

The appearance of the chemical potential breaks C symmetry, which appears as a ¢ < ¢*
exchange symmetry in the p = 0 theory — therefore p can be treated as a spurion transforming
as b — —p.

Above the threshold |u| > m, the global U(1) is spontaneously broken by the expectation
value and the theory describes a Bose-Einstein condensate (BEC) phase. In contrast to the ideal
(A = 0) ultra-relativisitic Bose gas [188], in the interacting theory (with A > 0) the chemical
potential can be larger than m [189], without leading to any inconsistencies. Note, that our
fundamental potential being the Landau free energy {2, the fixed thermodynamical parameter
is u, which sets the effective energies of the particles in the system due to a coupling to the
“particle bath”. This allows the flow of particles in and out of the system, implying that the
charge density, py — py+, is a derived quantity set by ME| As we show below, for |u| > m, the
T = 0 system contains non vanishing charge density in the form of the BEC. One can interpret

!We recall that the grand-canonical density matrix is given by p = exp [-S(H — 1:Q;)], with 8 = 1/T (T is
the temperature), H the Hamiltonian, and Q; the conserved charge. The partition function is then Z(V,T, u;) =
Trp, where V is the volume, eventually taken to infinity. The thermodynamic potential density is Q(T,u) =
—(T/V)InZ =€ — pu;p; = —p, with ¢ the energy density, p; the number density, and p the pressure. The grand-
canonical average of an operator O is then (O)r,,, = Tr[Op]/Z (with a slight abuse of notation, when clear we
will denote ensemble averages simply by (O)). Then p; = (j2) = —(89Q/0u)r, while the entropy density is given
by s = —(02/0T) ..

This is in complete analogy to temperature T', with sets the effective energy of particles in the system due to
a coupling to a “heat bath”. This allows the flow of heat in and out of the system, implying that the entropy of
the system is a derived quantity set by 7.
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5.1. CHEMICAL POTENTIAL IN QUANTUM FIELD THEORY

this appearance of charge as particles from the “particle bath” being inserted in the ground
state of the system.
In the BEC phase, the following parameterization is useful

1 ix(x)/v
o(z) = 7° X@/(y + o(z)) . (5.5)
The classical potential is minimized for v? = “2;\7"2, and we find the following Lagrangian
1 2 o\ 2 9 o\ 2
L) = B (Oux) (1 + ;) + (0uo)7| + v <1 + E> dox — V), (5.6a)
1 1 1
V(i) = 5mgo’® + vo® + a0t — 2wt (5.6b)

with m2 = 2X\v? = 2(u? — m?). The charge density in the condensed phase is non-vanishing in
the limit of zero temperature § = 1/T — oo and infinite volume V — oo,

L 1 olnZz B ov _,u3 m?
vomseeo= oo (550), == (Gl =5 (-3) e

where we used the classical (b — 0) result for the generating functional InZ = —gVV (u) for
a homogeneous classical configuration (o). By diagonalizing the quadratic field operators in
momentum space one finds the dispersion relations for the two propagating degrees of freedom

Wwi(k) = Bp*—m? |1 k2i¢u(mmf : (5.8)

+3M2_m2 302 — m?

which at zero momentum are

w_(0) =0, wy(0)=+/6u2—2m2. (5.9)
As expected, there is one massless excitation, corresponding to the NGB of the spontaneously
broken U(1), and one massive excitation, the radial (or Higgs) mode.

5.1.2 Meson condensation

We review now the importance of a chemical potential in the context of meson condensation in
QCD, in particular for the case of two flavors [128}/190-192], and discuss for the first time its
effects on the axion potential. This is a simplified version of the more complicated, but plausibly
more realistic, scenario of kaon condensation (Ny = 3), to be discussed in Sec.

For Ny = 2, the chiral condensate breaking SU(2)r, x SU(2)r xU(1)p x U (1) o spontaneously
to SU(2) x U(1)p can be parameterized, in full generality, as

(Grar) = (qraw)o e Uo,
Up=cosfly+isinfn-U, n = (sinecosy,sinysiny,cos)), (5.10)

where —7/2 < 0 < 77/2E| and with the U field transforming as (see also Eq. (A.4))

Uo — VaUoV; . (5.11)

3The shift § — 6 + 7 can be compensated by shifting & — o + .
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CHAPTER 5. THE QCD AXION AT FINITE DENSITY

In Eq. (5.10)), we used the fact that a field transforming as a bi-fundamental under SU(2)y, x
SU(2)r can be written as a radial mode, here frozen to some constant value (Grqr)o, times a
2-by-2 unitary matrix Uy, which parameterizes the orientation of the ensemble average in the
presence of finite u, which we call the orientation of the expectation value here. ﬁ

The phase factor ’® is identified with the direction in field space associated with the anoma-
lous axial U(1). A potential for « is generated by non-perturbative effects, whose minimum is
at a = 0, which we take from this point on. The angles defined in Eq. (5.10) can be related to
expectation values of the usual pion fields (at vanishing chemical potential)

Ei{), \}Qsind}eﬁx:tﬁr;, cosq/):<<7§>>, (5.12)
where we defined +/(m;m;) = (II). In Dirac notation
(d4) = 5{aa)o(Uo + UY). {airsa) = o (aaho(Uo — U)). (513)

where we denoted (Grqr)o = (Grqr)o = (qq)0/2. Therefore CP is broken in the ground state if
Up # U], that is if 6 # 0.
We wish to study this system at a non-vanishing chemical potential for isospin

= u(T3+T3), (5.14)

and we shall neglect for the remainder of this section isospin breaking due to the quark masses
and electromagnetic interactions, making the choice in Eq. (5.14) completely generic. Such a
chemical potential is associated with the Us rotation of the vector SU(2)r+r subgroup. There-
fore, according to Eqs. (5.2, (5.11]), we promote the temporal derivative of Uy to
i

OoUy — Uy + Z'/LTISIU(] - Z'/LU()T]% = §M[U3, U()] . (5.15)
Note that changing i — [ + %12 in Eq. |i has no effect on Eq. 1D and on the following
derivation, therefore in this context the isospin chemical potential can be equivalently associated
with the chemical potential for electric chargeﬂ The resulting potential for the pions and the

axion, the latter entering via the quark mass matrix, M, = mly (m, = mgq = m), as in
Eq. (2.59¢) (with Q4 = 12/2), is given by
2,2 _ i -
V= f;g TTHUSaUOHUSaU(J)rH + <q(2]>OTr[UOqu 2y UquQqua]’ (5.16)

at leading order in m/A, and p/A,, Ay being the cutoff of the chiral Lagrangian, see the
discussion in Sec. Here we have used that the QCD axion potential in vacuum depends
on the quark condensate since we can write using Eq. (2.70b]

2
Vo = %’T(mUTBM¢] +h.c.), (5.17)
and realizing that
m; (@9)o
B=—"_=— ) 5.18
Q(mu + md) 2f7r ( )

*SU(2) and SU(2)r are generated by Tf = 1U® and Tf = 1U*, respectively, where as usual it should be
understood that the L and R operators act on different indices and therefore commute.
®One can then think of i as a non-vanishing averaged value for the zero component of the photon field p = (Ay),

which can be intuitively understood as a classical background electric charge density.
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5.1. CHEMICAL POTENTIAL IN QUANTUM FIELD THEORY

where we used the GOR relation (see Eq. (5.20))) in the last step. We note that the first
term arises from the usual kinetic term, % f?rTr[ﬁnga"Ug |, after the replacement 1) Using

Eq. (5.10) we find

1
V = ——u?f2sin? 0sin® ¢ — m2 f2 cos § cos A , (5.19)
2 2f,

where m, here is the neutral pion mass in vacuum, which is related to the condensate b; the
Gell-Mann-Oakes-Renner (GOR) relation

mzfz = —2m(gq)o. (5.20)

We see that the isospin chemical potential introduces an additional source of explicit symmetry
breaking while leaving unbroken the U(1)74r symmetry defined by the generator in Eq. .
fi explicitly breaks the shift symmetries associated with the would-be NGBs charged under
U(1)L+R, i.e. the charged pions. Indeed, as discussed above, U (1)1 g is equivalent to the electric
charge. Consequently, the first term in Eq. is proportional to the expectation value of
the charged pions, sin? §sin? 1) oc (7t77~). Since /i commutes with the U(1)7_r associated with
the neutral pion, the neutral NGBs are unaffected by the chemical potential and the potential
Eq. is minimized at (73) =0 (¢v» = 7/2) and (¢) = 0 as in the p = 0 vacuum.
The minimum of the potential for any value of y is then found at

2
cos = Min |1, 2= | . (5.21)
12

For |u| < mg, the ground state is the trivial one, Up = 1, thus its orientation is the same as
for p = 0. For |u| > my, pion condensation takes place and the orientation of the expectation
value is no longer trivial. We note that in this case x constitutes a flat direction which, as we
confirm later, corresponds to a NGB from the spontaneous breaking of electric charge, U(1) 14 g.
Setting, without loss of generality, x = 0, we can write the QCD orientation for |u| > m, as

Uy = <cos0 zs1n0> . (5.22)

isinf cos6

At this point we recall that since 6 # 0, CP is broken by the expectation value, a result of a
sufficiently large explicit breaking of CP by the chemical potential in the charged pion sector.
Instead, CP-invariance in the neutral sector is preserved by the charge chemical potential, which
leaves the expectation values in that sector untouched. We see now that only if (m3) # 0
(1 # m/2) could the axion condense, which requires additionally explicit breaking of isospin, i.e.
My, # My.

Having established the Goldstone boson expectation values at finite-density, let us turn our
attention to their fluctuations. Since these are associated with the SU(2)y, x SU(2)r generators
broken by Up, we define the following rotated generators

(Tf)o = uo(T{)ul, (Th)s = ub(T)uo, (5.23)
where again uy = /Uy, cf. Eq. (2.75)). The broken and unbroken generators are then given by
X*=(Tg)e— (Tr)e, T =(Tr)e+ (Th)a, (5.24)

respectively. The fluctuations around the Uy ground state can be parameterized as

gy Ta -y Ta gy a
U= uLUouJI[2 = exp [W;L)a] Uy exp [W] = ug exp [me ] ug , (5.25)
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CHAPTER 5. THE QCD AXION AT FINITE DENSITY

where, abusing notation, we have written the (pseudo-)NGBs as 7%, like the standard 6 = 0
pions.

The dispersion relations for the neutral degrees of freedom, 7y and the axion, are the same
as for vanishing chemical potential. Their masses can be obtained from Eq. (with the
substitution of Uy by U),

(m3,)g = m2/ cost, (mé)e = (mi)o cosf, (5.26)

with (mé)o the mass of the axion in vacuum, Eq. 1' and where we note that for |u| > m,
(mfm)@ = 1%, The change of the axion mass for 6 # 0 follows from the fact that, once the mixing

with 73 is eliminated, it has to be proportional to the CP-even combination Tr[Uj + Ug | o cos 8.
The increase in the neutral pion mass can be understood as a result of its repulsive interaction
with the charged pions. The dispersion relation for the charged pions is very similar to the U(1)
toy model of Sec. In the uncondensed phase |u| < mg, their dispersion relations are

wry (k) = vVm2+k2Fp. (5.27)

Indeed, for the charged states my = %(m F imy) we recognize the same mass splitting we

found in Eq. (5.4). In the condensed phase |u| > my, the remaining U(1)p+p symmetry is
spontaneously broken. The effective masses of the charged pions are

3 4
W, (0) =0, we (0) =y [1+ Zii (5.28)

As in the U(1) toy model, the condensed phase contains one massless Goldstone mode and one
massive radial mode. In this phase, the system has a non-vanishing charge density

., (%
Pry — Prn_ = N

The effective masses of the pions and the axion are plotted in Fig. [5.1

4

= f2u <1 - Zif) . (5.29)

T =a=0

5.2 Nuclear phase

In this section we study how the properties of the axion, mainly its potential and coupling
to nucleons, change in systems at finite baryon density, p. In particular, our focus here is on
densities around nuclear saturation, p ~ pg, where a description of QCD in terms of hadrons is
still meaningful.

For the axion potential, we identify two main effects: 1) the change in the size and, to
some degree, flavor orientation of the quark condensates, as measured by the mass of the pions
(Sec. , and 2) kaon condensation (Sec. , similar to meson condensation, introduced
in Sec. 5.1.2] Both of these effects can be taken into account by a generalization of the axion
potential in vacuum.

We therefore generalize the axion potential in vacuum to the density dependent expression

1L .
V(p) = 3Tel@)pMy +hc], My = ubu) Myupub (5.30)

SWe note that, given Eq. (5.23) and T¢ = %U“, T = %U“, it follows that ur = wuoexp [”;}Ua] u(‘; and

. a a
up = u;f) exp [—”;fi{ } uUQ.
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Figure 5.1: Mass spectrum of the vacuum excitations as a function of x/m,. The masses are
normalized to their respective y = 0 value. The charged 74 and 7m_ modes (orange and blue
curves respectively) evolve similarly as the complex ¢ and ¢* modes in the U(1) toy model:
a linear split in masses in the uncondensed phase, continuously transitioning to a massless
Goldstone mode and a massive radial mode in the condensed phase. The masses of the neutral
modes, the neutral pion 7y and the axion a = ¢ (green and red curve respectively) are unaffected
by the chemical potential in the uncondensed phase. In the condensed phase, my, increase
linearly with p, while the axion becomes lighter as p increases.

with My encoding the dependence on the axion as in Eq. (i Uy = u% parametrizes the
orientation of the QCD ground state that spontaneously breaks SU(3)r, x SU(3)r to SU(3) and
therefore includes effects of kaon condensation. In vacuum, we have ug = 13 and the unbroken
subgroup is the usual SU(3)r+r, while in the kaon-condensed phase, we have uy = up(6), with
0 controlling the size of the kaon condensate which, as explained below, ultimately depends on
the baryon density. uy g are the Goldstone matrices, given by

ﬂ a o (lAa _i a o CL)\CL
up, = e 2fx (T)e = ug exp |:W:| ug , UR=e¢€ "2fx (Tg)e = U(T) exp |:— il :| Uug , (531)
2fx 2fx
a generalization to SU(3)r x SU(3)g of those in Eq. (5.25). Finally, the quark condensate (gq),
at finite density becomes a matrix in flavor space,

(qq), = Diag[(uu),, (dd) ,, (55),] , (5.32)

The detailed derivation of Eq. is given in App. The result can also be understood in
terms of symmetries: My is a spurion that has been dressed by the Goldstones and projected into
the SU(3)r+r subgroup. Therefore, it transforms as M¢ — VM¢VT, where V' is an SU(3) 4R
transformation. (gq), transforms in the same way, since it is the result of a non-vanishing
expectation value of the temporal component of the baryonic current, p = (j%>. |Z|

Before going into the details, several general comments about our treatment of the nuclear
medium are in order. To describe the state of the system, we will work directly in terms of
baryon densities, p, and p,, considering only protons and neutrons, respectively. In practice, our
independent parameters are the total baryonic density, p = p, + pn, and the proton fraction,

"When the quark condensate is trivial, (Gq), o« 1z, we recover V(p) ox Tr[UTMy + h.c.]. Instead, when the
ground state is trivial, Up = 13, the change in condensates effectively amounts to mq — mq(qq),/{(Gq)o-
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CHAPTER 5. THE QCD AXION AT FINITE DENSITY

pp/p- This will be more convenient than introducing the corresponding chemical potentials,
because our analysis is limited to linear order in p, i.e. we work in the mean-field or Hartree
approximation, where e.g. p, = (pyop)1,; (and in fact p, ~ (pp)7 ,, in the non-relativistic limit)
— higher-order corrections generically being beyond perturbative control when relevant. Besides,
the relative fraction of protons and neutrons is, as shown below, relevant only in our discussion
of kaon condensation. There, the chemical potential for electric charge, u, will also be required
to properly describe the system, along with the condition of charge neutrality.

5.2.1 Quark condensates

We first discuss how the quark condensate changes at finite baryonic density, since this is the
most robust effect from the point of view of perturbative control. We derive the implications
for the axion mass, which were first noted in [186]. The change with density of the quark
condensates can be calculated utilizing the Hellmann-Feynman theorem [193]

{q9)p 1 0AE(p)

Caq(p) = Qa0 1+ o o 9= u,d, s . (5.33)

AFE(p) is the energy shift of the QCD ground state due to the finite density background, such
that AE(0) = 0. It can be decomposed as

AE = Efre 4 gt (5.34)

where the first term represents the energy shift due to the presence of a non-interacting Fermi
gas, while the second term encodes the energy shift due to nuclear interactions. Neglecting these
interactions as well as relativistic corrections, we have AE = Zw:n,p,... My Py, and we arrive at
the so-called linear approximation for the in-medium condensate

1 omy
_ =1 - , = u, d7 . 5.35
qu(p) = <q_q>0 % P amq q=1u,a,s ( )

The derivatives Omg/0mg describe the shift in the nucleon mass due to the non-vanishing quark
masses. For two nucleons {n,p} and three quarks {u,d, s}, one naively counts six independent
shifts. However, due to the {p,u} <> {n,d} exchange symmetry, only three shifts are indepen-
dent. Working in the isospin basis for the quark masses, m = 1 (m,+mq) and Am = 1(m,—ma),
the following sigma terms are identified and defined

__ [ 0Om, o omy,

o om, \ omy

OGN = Am <8Am> =—-Am <8Am> , (5.37)
- omp\ omy,

Os = Mg <8m8> = Mg <87ns> s (538)
such that

My = MN + 0xN + TxN + 0, (539)
mp:frlN—i-Uﬂ-N—(}ﬂN—i-O's. (540)

with iy the baryon mass in the chiral limit given in Table mg — 0. We note that the
sigma terms can be expressed in terms of the parameters of the Ny = 3 chiral Lagrangian
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for baryons, see Eq. in App. The o,y and os terms have been extracted from
pion-nucleon and kaon-nucleon scattering experiments, as well as from lattice simulations by
calculating the mass shifts of the nucleons. There are ongoing efforts aimed at the determination
of the precise values of these sigma terms. A summary of latest results [194] shows that their
current values are scattered over a fairly wide range, with some tension between experimental
and lattice results. In this work we use the conservative estimates o,y = 45 4+ 15MeV and
os = 30MeV . The other sigma term is extracted from the p — n non-electromagnetic mass
splitting 26,n = (my, — my) " EM = 2 4 0.3MeV [39]. Using the GOR relation in Eq. ,
we rewrite the ratios (qq),/(qq)o as

Coulp) =1 — b1 2 4+ by [2@ - 1] L (5.41a)
Po n Po
p Pp p
() =1-b 2 b [27_1]77 5.41b
Caa(p) 1[)0 2|45, 2 ( )
Gss(p) =1 — b3£ ; (5.41c¢)
PO
with
_ OaNPO _ -1 ( OnN )
by = —35x107! (2N _ 42
1=z =3 ey ) (5.42a)
_ OzNpo M o 0N
b= R = 22X 10 (1 MeV) , (5.42b)
_ 0spo 2m 9 ( O >
by = M qrx1072 () 5.42
3= m2f2m, . 30 MeV (5.42¢)

Clearly the (5s), condensate is only weakly affected by the nucleonic background. Therefore, as
in vacuum, its contribution to the axion mass will be subleading, being suppressed by 1, 4/m.
Additionally, (tu), ~ (dd), up to the small isospin breaking correction [195], which we neglect.
From Eq. with ug = 13 and after taking care of axion-pion mixing we reproduce the axion
mass at finite density found in [186]

<ww»%=<nw»auuxam<nw»3(1—wn;2), (5.43)

where m, here is the neutral pion mass in vacuum, Eq. . In this regard, we note that
at the linear order in density the same correction as the axion enters the neutral pion mass in
medium, i.e. (mﬂ)% = m2(tu),. This is why for the remainder of this section, we shall only
consider p < p. = po/b1 =~ 2.8 pg (45 MeV /o,n), with p. being the critical density at which one
naively expects chiral symmetry restoration in the linear approximation.

At this point, let us turn our attention to the corrections to the linear, non-relativistic
approximation we have considered. This will allow us to estimate the densities up to which our
leading result is under perturbative control and can therefore be trusted. First, the energy of
a degenerate (zero temperature) ideal Fermi gas receives relativistic corrections. In the fully

relativistic limit, the free part of the energy for a fermion x is given by

free k% dgk 2 2 T
E}*¢ =2 V k2 +m2 =myp F(ki/myg) , (5.44)

(2m)3
3¢7/q2 +1(2¢%> + 1) — 3sinh~1(q) 3q¢2
P = VLAY 13 o, (5.45
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where k7. is the Fermi momentum, k% = \/m2 — p2, which determines the number density,

|k|<k% d3k (kx )3
. =2 —=1F 5.46
P / (2m)3 32 (5.46)

Therefore, relativistic corrections, of O((k%/my)?), become important at large densities. When
this happens, corrections to the QCD ground state energy Eq. from nucleon interactions
become important as well. These are predominantly due to pion exchange, but also from four-
baryon contact interactions. It is clear that the latter become important when p, /A, f? becomes
order one. Given Eq. , this is also the place where ChPT is beyond control, k% ~ A,
e.g. the pion-exchange contribution to the energy is not predictable. In addition, since the
cutoff of ChPT A, is numerically close to m, ~ m,, relativistic corrections are approximately
controlled by the same expansion parameter,

k2L (3m2p/2)%/3 p \¥3 (700 MeV 2
Moo Brp/2)7" A/ o (15%) () (A ) , (5.47)
X X £0 X

where we took kp = k. ~ k. Ultimately the best way to asses the validity of our linear
approximation is to explicitly compute the relevant NLO corrections. The interaction energy
E™ has been calculated by summing the so-called Hugenholtz diagrams, which are connected
bubble diagrams describing ground-state to ground-state transitions [173]. The resulting higher-
order finite density effects on the quark condensates have been obtained in ChPT for symmetric
nuclear matter [196,197] and pure neutron matter [198|199]. These authors have indeed found
O(1) deviations from the linear approximation for densities somewhat above nuclear saturation.
Specifically, nucleon interactions seem to ameliorate the linear decrease of (iu), ~ (dd), in
Eq. , such that already at p = 2pg, the condensates are only at approximately 60 % of
their vacuum value, as opposed to the 15 % predicted by the linear approximation, and in fact
start increasing with density [196]. This then implies that a more realistic prediction of the
axion mass in dense symmetric nuclear matter is

(Mg)p<ap 2 0.6 (mg)g . (5.48)

while for larger densities p 2 2¢ ~ p. it becomes difficult to trust the results of ChPT.

Therefore, the determination of the quark condensates and the axion mass at densities signifi-
cantly beyond nuclear saturation remains an open and difficult theoretical problem. Importantly,
realistic lattice simulations at finite density are currently not feasible due to so-called sign prob-
lem. In addition, at such high densities other issues arise (ultimately related to the problem of
perturbativity), such as the “hyperon puzzle”, which concerns the appearance, or absence, of
hyperons, see e.g. [200] and references therein. In the next section we will focus our attention
instead on another effect of strangeness, potentially much more relevant for the fate of the axion
at finite density.

5.2.2 Kaon condensation

In the previous section we assumed that the vacuum of QCD is trivially oriented and CP-
preserving, or equivalently that none of the mesons acquire a non-trivial expectation value.
This might, however, not be the case in dense matter. It has been hypothesized [201] that above
certain baryonic densities it becomes energetically possible for the strangeness changing process
of a neutron splitting into a proton and a scalar K~ meson, and vice versa, to take place

nept K, (5.49)
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The reason being the low in-medium kaon mass, which eventually leads to the formation of a
K~ condensate. This process takes place along with, and even becomes favored over, the usual
neutron B-decay, n — p*t + e~ + ., and inverse S-decay, pT + e~ — n + v., because of the
high price of occupying the increasingly energetic Fermi surface of the electrons. Because of
this fact, also the processes e™ <+ K~ + 1, and €™ < p~ + Uy + Ve, = <> € + v, + Ve reach
B-equilibrium [202]. On the other hand, the formation of a pion (77) condensate (n +» p™+77)
seems to be disfavored, as we shall discuss below.

Motivated by these arguments, we shall now entertain the possibility of kaon condensation
and derive its effects on the axion potential. Several important comments and some caveats
are however in order. We consider this scenario because of the thrilling possibility of leading
to axion condensation, even though it takes place — if it takes place at all — at densities where
a perturbative expansion is questionable, p = 2pg. Because of the inherent uncertainties at
such densities, our conclusions will be qualitative rather than quantitive. Indeed, similar to our
discussion at the end of the previous section on the quark condensates and their finite density
corrections beyond the linear approximation, kaon condensation cannot be simply described by
the leading order terms in ChPT. In particular, nucleon self-interactions and interactions with
pions need to be considered in order to capture the full complexity of this strongly interacting
system [203] — for instance, the latter are the reason behind the fact that K~ condensation
is more likely than 7~ condensation. Our working assumption is that all the processes above
(neglecting the pions) are in equilibrium, which implies a set of equations relating the chemical
potentials of the particle species involved,

P = He = fig— = [y Hp — fin = W, (5.50)

where p is the chemical potential associated with (positive) electric charge. For convenience,
we work directly with muon and electron densities, p, and p. respectively, both of which are
determined by u as they follow from an ideal Fermi gas. The size of the kaon condensate, 0, is
determined, as in the simple example of meson condensation discussed in Sec. by the min-
imization of the scalar potential, which of course also determines if the axion condenses or not.
Finally, due to the importance of nuclear interactions, the densities of protons and neutrons, or
equivalently the total baryon density p and the proton fraction p,/p, are not determined by .
Instead, we enforce the condition of (electric) charge neutrality pgy = 0, and present our results
in terms of p and p,/p.

An additional important final comment regards the implications of kaon condensation on
the NS equation of state (EOS), see also the discussion in Sec. It has been argued that
the inclusion of kaon condensation generically leads to a softer EOS [202,204], which usually
cannot sustain a large NS mass. This is in conflict with the most massive NSs observed, with
masses around 2Mg [159,/205]. This is the main reason why kaon condensation is currently
considered an “exotic” possibility. However, axion effects can in fact harden the EOS |15] and
reopen this window. Also, kaon condensation is in fact related to another issue, namely the
hyperon puzzle [206]. The appearance of hyperons also tends to soften the EOS, resulting in a
similar apparent conflict with the observation of massive NSs. Therefore, although the appear-
ance of strangeness seems to be in tension with observations, we think it would be premature to
definitively exclude the possibility of kaon condensation at this point, especially in the presence
of new physics.

Let us consider then the possibility that kaon condensation occurs in nuclear matter and
qualitatively examine its effects on the axion potential. Once the chemical potential for electric
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charge p is introduced, the dispersion relations for the K* modes are given by

wr=(k) = ,/(m%i)p—i—k?iu, (5.51)

with the kaon effective in-medium mass

(mis), = ]}2 (—Wm - %(p + pp) u) : (5.52)

The first term in Eq. (5.52)) is the usual kaon mass to leading order in mg, with the inclusion of
the finite density corrections to the relevant quark condensate, which in the linear approximation
are given by

(uu 4 5s)p 2 1 2pp P
———Fmy = 1——|bi—ba| — —1 b3| — 5.53
22 ms = Mk 5 |01 02 P + 03 ) ( )
where m%, = —ms(gq)o/f2, the neutral kaon mass in vacuum, neglecting O(m,, 4/ms) terms.

The second term in Eq. (5.52) is a mass correction induced by the baryonic background, due
to the model-independent s-wave interactions of the baryons with the mesons, arising from the
baryon kinetic term,

(£5)y = Te[ By D, B] > —pTe{ B [Qe, BI], Qe = § (whul Quurg + uouhQeuruf)  (5.54)

as it follows from the covariant derivative of ChPT, D,B = 0,B + [e,, B] with the chiral
connection e, = %(uguTLE)NuLuo + uoukauuRu(T)) (see App. for the Ny = 2 case), upon
introducing the charge chemical potential, dy — 9y + iuQ. with Q. = Diag[2/3,—1/3,—1.3],
see App. B.2] for the details. Note that since by < by, the effective kaon mass decreases with
density, and condensation is expected to occur when |§|

wi=(0) = (mes), = =0 (5.56)

Kaon condensation is introduced by allowing the kaon field to take a non-trivial average value,
(V2K*/f,), or equivalently, in our notation, reorienting the QCD ground state in medium [202],

cosf® 0 isinf
Uy = 0 1 0 . (5.57)
7sinf 0 cosf

The ground state orientation is determined by the static Lagrangian after setting all the fluctu-
ations to zero. Neglecting for the time being the axion, we find a similar potential to Eq. (5.19)

1
V(0) = —§M2ff sin @ — f2(m3..),cosf. (5.58)

81t is illustrative to also consider the pion effective in-medium mass,

(mii)p = i% (—(au + dd) 7 + %(p - 2pp)u> , (5.55)

since it shows that, due to the second term and contrary to the kaon, the charge pion becomes heavier with
increasing density, at least for a neutron rich background p,/p < 1/2 |207]. The argument against pion conden-
sation becomes even stronger when considering higher order terms in ChPT [195], as we discussed at the end
of Sec. [5.2.1] - these additional corrections even make the pion mass increase with density for p & 2po, even in
symmetric nuclear matter, pp/p = 1/2.
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2.5
Hn,/n=0.1
! 2.0
mn,/n=0.3 y
n,/n E 1.5 (L
0.2F oy =45+ 15 MeV 3 .
1.0y W o, /n=01
0.1 E ny/n=03
) 0.5 oy = 45 £ 15 MeV W ny/m =05
00 . s \ s \ \ {
1.5 2.0 2.5 3.0 0.5 1.0 1.5 2.0 2.5 3.0
n/ng n/no

Figure 5.2: The ground state orientation angle 6 (left panel) and the chemical potential p in
units of pion mass (right panel) as function of baryon density p (n = p in the plot) for fixed values
of proton fraction p,/p. The blue, orange and green curves correspond to p,/p = 0.1, 0.3 and
0.5, respectively. The solid curves correspond to the numerical solution using the central value
of oy = 45 £ 15MeV, while the bands are obtained by the corresponding 1o variation. The
gray slashed region corresponds to p > p. = 2.8 py where the quark condensate (uu), changes
sign (for the central value of o, y).

Minimizing V() leads to the condition
2
cos 6 = Min [1, (mﬁi’)”] , (5.59)

which can be used to determined 6 = 6(u, p, pp/p). The requirement of electrical neutrality,
pem = —(0L/0p) = 0, leads to

—f2psin® 0 + cos 0 pp — sin® (0/2) p — pe(pt) — pu(p) =0, (5.60)

where we included the lepton charge densities, given by

pi(p) = O(|p| — my) Sign(p) l=ep. (5.61)

Solving (numerically) the coupled Egs. (5.59)), (5.60)), one can determine the values of {6, 1} as
a function of {p, pp/p}. In Fig. m we show the results for 6§ and p as a function of baryon
density for different values of the proton fraction, while in Fig. we plot the region (blue) in
the {p, pp/p} plane where § # 0, namely where the system is in the kaon-condensed phase. The
evolution for given {p, p,/p} can be understood as follows: for a fixed proton fraction p,/p, as p
increases the amount of positive charge due to the protons increases as well, and more leptons
are required to satisfy the neutrality condition, leading to an increase in . This increase in
p drives the effective mass of the kaon, Eq. , further down (on top of the decrease in
(uu) at finite density), until eventually the threshold condition for kaon condensation is met,
p = (mg+),, and a further increase in the proton density can be compensated by inserting K~
particles in the ground state.

Even though we keep them undetermined, let us briefly comment at this point on how the
proton fraction could be determined in terms of the total density. Since the interaction energy of
nuclear matter also depends on the proton fraction, B = p Ent(p, pp), one could enforce that
the total energy density is minimal with respect to p,/p, which would lead to the constraint [202],

IE™ (p, pp)

casin® (0/2) + peos” (0/2) + =57

=0, (5.62)
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where ¢4 = (2b2 f2m3.)/po ~ 49 MeV.

After determining the ground state orientation, let us examine the consequences on the
axion potential. The pseudo-NGB potential, after reintroducing the fluctuations we are mainly
interested in, namely the neutral mesons 7y, n and the axion, is given by

2,2
T 1 — v
V(”Ov 777 ¢) = TMTr[[Q€7 U] [Qeu UT” + iTr[<QQ>PM¢ + hC] (563)
with M¢ given in Eq. 1j and
o a)\a
U= uLUou}ﬂ2 = ug exp [Wf } U (5.64)

Note this potential is similar to that discussed in Sec.[5.1.2]in the context of meson condensation,
with the additional relevant feature of the density dependent quark condensates, in particular
their decrease with density, (au ~ (j; = 1 —0b1(p/po). The three mass eigenstates, corresponding
to mixtures of w3, n and a, have the following masses in the isospin symmetric limit Am = 0
and at leading order in 6 and m/mg, E|

1/ 2u? s
(m2,)p.0 ~ M3 Cau [1 + 2 < SE nf) 62] , (5.65)

8 \ m2lau m
(m2),0 ~m2 1= & (1452 ) g2 (5.66)
/P n 4 4 )
2 2 1 1 9
(m3)p0 ~ (Mo Guu |1 =5 ( 14+ ) 0| - (5.67)
with m, and m, the masses in vacuum, respectively Eq. 1' and m% = —4mg(qq)o/3f?

neglecting O(m, q/ms) terms. Note that only the neutral pion mass depends on the charge
chemical potential, and that such dependence enters along with kaon condensation. The effect
of a non-vanishing 6 on (m2 ),¢ therefore depends on the relative size of ms/m ~ 27 and
2112 /(m2(ay), which enter with opposite signs. Note in this regard that while we use the leading
order result for the quark condensate ratio (g, we did not perform an expansion in density. This
is because, as we advanced at the beginning of this section and as explicitly shown in Fig.
when kaon condensation sets in we have p/py > 1. Then, when mg/m > 2u%/m2(z., the
coefficient of # is negative and my becomes lighter as kaon condensation sets in. Such a decrease
could potentially lead to an instability and CP violation in the neutral sector. However, in
the opposite case, when mg/m < 2u?/(m?2(z.), which occurs at larger densities where (g, is
small and p/m, large (see Fig. , the coefficient of 0 is positive and 7y becomes heavier in
the kaon-condensed phase. As opposed to the my, the n mass depends only weakly on 6. In
Fig. ﬂ we plot the numerical result for (m2 ),¢ as a function of density for fixed values of
proton fraction, using the numerical results for 8(p) and u(p) displayed in Fig. We find that
the p? contribution leads to an increase in the mass of the neutral pion, similar to the effect
of pion condensation in the simplified case discussed in Sec. [5.1.2} Finally, the axion mass is
independent of p and decreases with the size of the kaon condensate. Interestingly, the negative
coefficient of 62 is enhanced as density increases, since then (g, becomes smaller. As shown in
Fig. this behavior eventually results in axion condensation at large densities, yet before the
quark condensate vanishes. In this phase CP is thus spontaneously broken in the neutral sector.

9The calculation of the axion mass is simplified by choosing a particular #-dependent Q4 matrix which removes
the tree-level mixing between the axion and 7 and 7, see App. for more details.
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Figure 5.3: Numerical result for the neutral pion (dashed line) and axion (solid line) masses
normalized to their p = 6 = 0 values as a function of density p/pp (n = p and a = ¢ in the plot)
for oxn = 30 MeV (left panel) and o,n = 45MeV (right panel). The blue, orange and green
curves correspond to fixed values of the proton fraction p,/p = 0.1, 0.3 and 0.5, respectively.
We consider densities in the region p < p. = po/b1 =~ 2.8pg (45 MeV /o) for the corresponding
values of o,n. The effect of kaon condensation is to eventually increase the neutral pion mass,
while the axion becomes lighter and even massless at some density below p.. Above this density
the axion field is therefore unstable around (¢) = 0 and axion condensation is expected to occur.
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Figure 5.4: Phase diagram in the plane of baryon density p/pp (n = p and a = ¢ in the plot)
and proton fraction p,/p based on the numerical solution of Egs. , for oy = 30 MeV
(left panel) and o,y = 45MeV (right panel). The blue region marks the kaon-condensed phase,
while the green region marks the axion-condensed phase. We consider densities in the region
p < pc for the corresponding values of o,y

Lastly, we note that one should be wary of the fact that for the quark condensates we included
only density corrections at linear order and disregarded higher order corrections. As discussed
at the end of the previous section, for densities p ~ p., these corrections are in fact important.
In this regard, we would like to stress the fact that while our results might not be trustable
at the quantitative level, this does not necessarily make an axion-condensed phase less likely.
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CHAPTER 5. THE QCD AXION AT FINITE DENSITY

First, let us note that qualitatively we expect (mi) p,0 to decrease with p even when considering
higher-order corrections to (z,(p). Second, to further support our claim, let us consider the
limit of maximal kaon condensation, i.e. § — 7/2, where

(m3) prj2 % (M3)o(Caw — Css) = —(m2)o by pﬁo . (5.68)
If one ignores the density dependence of the condensates by taking by = 0, this result is consistent
with the naive expectation of a vanishing axion mass for cos — 0, since (mi)g o« Tr[Up+ Ug] x
cos 0, as we showed in Sec. However, as discussed in Sec. a background of protons
and neutrons makes (3, < (55 ~ 1, in other words b; > 0, this implies a negative axion mass for
large kaon condensates, where it becomes energetically favorable for the axion field to develop
a non-vanishing expectation value.

5.3 CFL phase

In this section we make a jump to asymptotically large baryon densities, or equivalently large
quark chemical potentials, f1g > Ay (ttg = ptu = ftd = ts). At such high densities, two quark
around the highly energetic Fermi surface interact weakly via tree-level gluon exchange, interac-
tions which can be effectively parametrized below the Fermi momentum by 4-Fermi operators.
Such operators, when in the attractive color 3 channel, become relevant for back-to-back scatter-
ing as one approaches the Fermi surface (see e.g. [208,209]), leading to the formation of diquark
pairs and ultimately to color superconductivity [210-213], see also [214] for a comprehensive
review. Such a diquark pairing manifests itself in the form of a diquark condensate (q;.Cqr),
which leads to the color-flavor-locked symmetry breaking pattern

SU(S)C X SU(Nf)L X SU(Nf)R X U(l)B X U(l)A — SU(Nf)L+R+C . (5.69)
The condensates are given by [214]
ia j abe ij 3 ij,a 3\/§7T 'U’2
(affOaf)) = (e (A )ue + (A5 ) ZZE0L, (5.70)
S
iay J abc_ijk ) A3 ij.a 3\/§7T /1'2
(i Cag) = (M ah)r, + (Ag)T) = 0L (5.71)

where i, j, k are SU(3)y, indices, 7,7, k are SU(3) g indices, and a, b, ¢ are SU(3).. indices, upper
(lower) if in the (anti-)fundamental. The representations under the unbroken symmetries in
(5.69) of the scalar field matrices above are

( 7'-5’7 1)+2,+2 ) AﬁL : (67 6, 1)+27+2 ) (5'72)
(3,1,8) 42,2, AR:(6,1,6)2 o, (5.73)

while their expectation values, proportional to the gap parameters As and Ag, are

ol

Aj
AR

ol

(A3 ) he = Opelg,  (ASYTab — (5iagib 4 siogiyAg (5.74)
(AYe, = —0p, Ag,  (AG)Tab — _(giagib 4 siagiby A (5.75)
We parametrize the low-energy fluctuations of the ground state, i.e. the NGBs associated with
the symmetry breaking pattern ([5.69)) as
/
H

A3 =l (A3) exp [22' (}7 + m)] : (5.76)
n

70



5.3. CFL PHASE

, , rH
A% = ub(A%) exp {21' (—}1 - fH)] , (5.77)
AS = ul (AS)up exp [21' ( T H)] : (5.78)

fn’ fH
A% = uh(AS) ug exp [2@' <— T4 H)] , (5.79)

fn’ fH
where
I iTt\? (5.80)
urp = Up = exp o, |- .

The ' and H are the NGBs associated with the spontaneous breaking of U(1)4 and U(1)p,
respectively. The NGBs associated with the breaking of color have been removed, since they
are “eaten” by the gluons (unitary gauge). The rest of the NGBs, formally equivalent to those
of the standard QCD chiral Lagrangian, are contained in the uy g matrices, which are used to
construct the following linearly-transforming color-neutral Goldstone matrix

U= uLuE :(1,3,3)0,0- (5.81)

5.3.1 Kinetic terms

The kinetic terms in the CFL phase are given by

2 1 1
Lidn, = 3y T[DUDLU M+ 5y Ol Ount + Sty 0, HOLH (5.82)
with
1!, = Diag][1, —vi, —vi, —vi] , o=Un" H. (5.83)

We recall that the introduction of chemical potential breaks Lorentz symmetry down to spatial
rotations, and the low-energy excitations, even if massless, propagate sub-luminally. These
velocities, as well as the decay constants, can be calculated by matching the UV microscopic
theory [215] to the effective low-energy theory [216}217], [[9]

21 —8In?2 ,u2 H2
2 _ q 2 q 2
fz EEETIEE oo = 18—27r2 s Vi H = 1/3. (5.84)

The U field gets a dynamically induced chemical potential due to the non-vanishing quark
masses [219]

DoU = 0oU + ip$TU — iU pSE, (5.85)
with
. . M, M)}
uit = (i) ==t (5.86)
Hq

Note that even if we choose a basis in which the axion enters the CFL effective Lagrangian
via an axion-dependent quark mass matrix My, as in Eq. , it will not appear in such an
effective chemical potential, since we can restrict ourselves to diagonal () matrices. In any case,
for the analysis of the axion potential in the CFL phase, it will be more convenient to work in
a basis where the axion is coupled to gluons, since a perturbative instanton expansion exists,
being the gluons heavy and weakly coupled.

10 As mentioned above, the gluons, with electric and magnetic masses m% = g2 f2 and m3; = vim% respectively,
are heavy and integrated out [218].
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5.3.2 Mass Terms

Given the spurionic transformation properties of the quark mass M, see Eq. (A.8)) in App.
the leading order terms preserving the global symmetries in (5.69) are

. s - A » .
Vit = Aretheg (AT AR MM +he) = 22 (18T AR, M7 +he.) . (5.87)

Note that this potential respects U(1) 4 and it is generated perturbatively. Contrary to QCD in
vacuum, the axial symmetry thus dictates that the leading order terms in the scalar potential

are O(MqQ). Using Eqgs. 1} - 1) one finds [216] |E|
Vi = — A1A] [e*‘“'”’/fn' (Tr[UT M Te[U M) — Tr[UTMqUTMq]) + h.c.}

+ A2 [e—‘“’i’/fn’ (Tr[UT M, Tr[UTM,] + Te[U M, U Mq]) v h.c.} . (5.88)

The coefficients can be computed by appropriately matching to the UV theory [216,217,220],

Ay =24, = 4% (5.89)
Importantly, these two coefficients enter with opposite signs in Eq. . This is due to the
fact that while the color 3 channel is attractive and lowers the total energy of the system, the
color 6 channel is repulsive and increases it. As a result, one finds that Ag = 0 at the classical
level. However, since (A% r) does not break any additional symmetries compared to (A% R
there is nothing preventing it from being generated at the quantum level in the presence of a

non-vanishing As. Indeed, a perturbative calculation yields [221]
AL = as—ﬂAg : (5.90)

where as = g2/4m. Az itself can be calculated using the so-called gap equation, in particular in
the CFL phase with Ny = 3 [214]

x2 32
Ay = 51274(2/3)%/ 2= "5 27 1/3 B oy (— > . 5.91
3 ( / ) gg, \/igs ( )

The reason for considering the contribution of the condensate Ag to the potential, even though
it is suppressed with respect to As, comes from the hierarchy in the quark masses. Indeed, one
finds e.g. contributions from both condensates to the masses of the mesons, of order [222],

Azm 4~ Agm?. (5.92)

The similarity of these two contributions, along with the fact that the coefficients of the re-
spective operators (in Eq. ) come with opposite signs, can lead to non-trivial vacuum
structures, as we review below.

Finally, we note that although at O(MqM;r ) there exist other operators which could be
considered along with those in Eq. , Tr[M,U TMJ U] and Tr[M,U T]Tr[MJ U], these are not
generated at the order we are interested in [216].

UThe first term in Eq. (5.87) can also be written as —2A;A2(e*”/!w Te[NI,U] + h.c.), where M, =
det[M,|M; ! = (mm, mms,m?).
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5.3.3 Non-perturbative Terms

Instantons explicitly break the U(1) axial symmetry of QCD, also in the CFL phase [223]. At
leading order in the gap parameters, one finds the following term generated via a single t’-Hooft
vertex
VL = Aq ([Ai* AR M) + h.c.) — A AZTY[e I UM 4 hec) (5.93)

The coefficient As can be calculated reliably at large chemical potentials due to the screening
of gluons for instantons of size p 2 1/py < 1/Aqen, where Agep &~ 250 MeV is the QCD scale
parameter,
A9

e (5.94)

7,87
Sag g

A3 = 6(67[')3

with ¢ = 0.155 [214}223]. Given that the operator in Eq. (5.93) matches the leading term in
the meson potential of the chiral Lagrangian at zero density, Eq. (5.17)), its coefficient can be
mapped to the value of the standard quark condensate in the CFL phase

~~\CFL 2 2 7 8 9
@a)y™ _AsA ) ges (D 7\ (500 MeV Racn \' o)
(@g)o  (aa)o 50MeV ) \ as iq 250 MeV

where we set the chemical potential to a value expected to be realized in the core of a NS,
noting that ay is to be evaluated at the scale ;, and that Az depends on both a, and p,.
Due to the limited reliability of the perturbative result at such chemical potentials (see the
discussion below), as well as to the strong dependence on Agcp, it is clear that one cannot
make a robust prediction regarding the value of the quark condensate at realistic densities, yet
a strong suppression of (gg) remains the most plausible outcome.

A higher-order operator that contributes to the mass of the 1’ in the chiral limit appears at
the two-instanton level,

1 3t A3 2A% 121
Vi, = =5 (det[A TA3) 4 h.c.) =) (5.96)

Note this term matches the would-be leading potential for the standard 7’ in vacuum.

Before moving to the discussion of the axion potential in the CFL phase, let us note that
the matching procedure by which the coefficients of the effective CFL Lagrangian are extracted
from the microscopic theory relies on perturbative calculations that have been found to be
under control for g5 < 0.8 [224]. Such a small coupling corresponds to very high quark chemical
potentials, g 2 108 MeV, five orders of magnitude higher than those expected at the cores
of dense NSs, where i, ~ 500 MeV. Still, a quantitative but more importantly a qualitative
understanding of the CFL phase and of the corresponding axion potential provides a solid ground
from which to extrapolate to lower chemical potentials and thus to realistic densities. In fact,
the qualitative features and basic symmetry structure of the CFL phase should hold down to

p~m?2/Az ~ 180 MeV (50 MeV /A3) [214].

5.3.4 Axion potential

In view of the previous discussion, in the following we examine the different axion potentials
that arise by considering different hierarchies between the coefficients of the CFL operators.
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Non-perturbative dominance

In this case we assume that the non-perturbative contributions to the potential dominate over
the mass terms, that is VS, | V2t > ViF*. Nevertheless, we still consider there exists a
weak-coupling expansion, in the sense that the one-instanton contribution dominates over the
two-instanton one, that is

e > 71 eS| (5.97)
with S7, Syr the action of the one- and two-instanton solutions, respectively. Given that the
CFL operators in Eq. (5.87) are of order V" ~ mmsA%, where here and in the following we
neglect Am = %(mu — mg), our hierarchy of potentials implies mAsz > A3/A? > mms. In this
case the potential, including the axion, reads

% ! / A6 7 ! ’
VL o = —As A2 Tr[e! @/ et LTI M, 4 he) + A—;”(e o/ o120/ f) f e, (5.98)

After a field redefinition ' — 1’ — (fy/4f4)¢, this is found to be the same as in the vacuum
chiral Lagrangian with a light 7, which is minimized at the trivial vacuum, (n’) = (¢) = 0 in
particular. The axion mass can be calculated by integrating out the mesons as we did in zero
density. The details of this derivation can be found in App. We find that the axion mass
is suppressed with respect to its vacuum value by

m2 NP 6 6 2
( ‘%CFL L S T = P00MeVA ™ (5.99)
(m¢)0 (m%f%)gAQ 50 MeV A

Perturbative dominance

Let us now consider the hierarchy V™ > V7 > VP . One should first note that if the
instanton terms are set to zero, the axion is massless, as can be immediately seen by using
the basis defined by Q4 = 0 in Eq. (2.57); we use such a basis in the following. We write the

potential in terms of the variables

'/ fy) =, (6/fs) =8, (5.100)
and use the ansatz |222]
' . ' 1 0 0
(U) = Diagle ™™, e e*?] [0 cos@ isind |, (5.101)

0 isinf cos@

where the angles ¢ and 6 correspond to the expectation values (n/v/3f,) and (Ko/fr), respec-
tively. In this basis the meson potential is given by

2,4
Vp‘gﬁ Lo = —% sin® 6 — 4A1A§mms(cose + 1) cos(a— ), (5.102a)
b Mq
Visert NLO = —4A;A2m? cos B cos(a + 2¢) + 4A3A2m? cos® O cos(a — 4yp) (5.102b)
VEFL = —2A3A2my cos O cos(a + B + 2¢) . (5.102c)
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where we separated LO terms of O(mmsA3), from NLO terms of O(m?A% ~ m2A2), and
instanton-generated terms. H Minizing the LO potential Vpcel“;tL_ Lo with respect to ¢ and 6 yields

p=a (5.103)

2 2
L”Mﬂ¥m<w>] (5104)

m3 fx

cos § = Min

The solution ¢ = « implies that the minimization of the NLO potential V-

pert. NLO with respect

to o is found at
cos 3o = Sign[A; A2m? — AyA2m? cos ). (5.105)

Egs. (5.104), (5.105) match the the results of [222]. Lastly, the instanton potential is minimized
with respect to [ at

cos 3 = Sign [cos(3a)] . (5.106)
Therefore, one finds that the the axion is aligned with the 7/, such that

0, AlAgﬁ’LQ > AzA%m
™, AlAng < AQA%m

cos b

(8/fs) = { (5.107)

2
S
2 )
Zcosf

while the axion mass, neglecting mixing with 1’ and normalized to its vacuum value, is given by

(mégcm _ 8A3A§m3 cos 6 7% 104 As 2 /Eg cos 6 ' (5.108)
(m2)o (m2f2), 50Mev ) \4x10-4Mev ) \ 1

where we evaluated A3 in Eq. at (g = 1GeV, Aqep = 250MeV and a; = m. We therefore
find that the axion can develop a non-vanishing expectation value in the CFL phase also, when
the kaon condensate is large. Up to uncertainties associated with the value of As, the axion is
significantly lighter than in vacuum.

5.4 Axion sourcing observables

We briefly discuss in this section the potentially observable consequences of a non-vanishing
axion condensate in NSs, where the largest baryonic densities among the stars are found. We
defer to future work a more in-depth analysis of the corresponding phenomenology [15], as well
as the study of the implications of the change in the axion-nucleon couplings with density, the
latter particularly relevant for supernovae and NS cooling.

For simplicity, let us consider the following toy model, namely a stepwise radius-dependent
axion potential

F3m2)in fcos(¢/fo) =1 1 <re
—F3(m2)out [cos(¢/ fy) —1] 7 >re

where m, and f, are the vacuum values and we have fixed the constants such that in the
decoupling limit fs — oo, the potential vanishes. The potential grossly captures the effect of

, Fmd)ous ~ mEf2, (5.109)

Vig,r) = {

12YWe should note at this point that we did not include the neutral pion 7o in our analysis because the corre-
sponding first term in Eq. (5.102al), which destabilizes the potential at the origin of field space for K°, vanishes
for mg.
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matter on the axion potential, i.e. at a critical radius r., which is of the order of the NS radius
R, the axion field gets destabilized and the minimum of the potential is located at (¢/fs) = .
The field equation can be solved numerically and one finds the intuitive result based on energy
conservation, i.e. for the axion to get sourced the gain in potential energy needs to be enough to
compensate for the gradient energy that comes with the change in field value, AV ~ (Aa/R)?,
which occurs when the object is large enough compared to the de Broglie wavelength of the field
inside the object |186], namely

(mg)in' Sre~ R. (5.110)
Let us assume this is the case for the rest of the discussion, keeping in mind that the axion mass
decreases with baryon density and that in vacuum (mg), ~ 16km (fs/10'8GeV). The typical
field configuration of the sourced axion is roughly

o) _ {1’ reTe (5.111)

mfy ’;—Ce_(m‘ﬁ)(’““(r_”), >

In Fig. we depict the typical field configurations of the axion sourcing, highlighting in grey
the possible observable implication, to be discussed in turn below.
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Figure 5.5: (a = ¢) Sketch of the typical field configurations of a sourced axion field, see the
discussion in the main text.

5.4.1 Free (vacuum) energy

The first potentially observable implication is associated with the shift in potential energy density
inside the NS,

2
AV ~ =2f5(m3)in, (5.112)
as a result of the axion sourcing. This effect is independent of the field configuration outside

the core of the NS, namely it is independent of (mi) . Such an energy density shift can be

out
of considerable size compared to the energy density inside a NS, pg =~ mppo =~ (190 MeV)%.
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Indeed, if the axion is sourced at relatively low baryon densities, as in the kaon condensed phase
(Sec. , one expects AV ~ m2 2, which is indeed not significantly below pg or the energy
change due to kaon condensation, of O(m3 f2). Instead, if axion sourcing happens in the CFL
phase (Sec. , this effect is expected to be suppressed by a few orders of magnitude, see
Eq. , and therefore likely negligible.

A NS with a core of “vacuum energy” was considered as a generic scenario in [225]226], in
the context of exotic QCD phases. It was found that the energy shift inside the NS leads to a
significant change in the mass-radius relation of NSs, as well as to changes of the so-called chirp
mass, one of main the gravitational wave observables of compact binary mergers. Such a shift
has been discussed in Ref. [15].

5.4.2 Axion-EM conversion

Next we consider the interplay between the EM fields of rotating NSs (i.e. pulsars), which are
the strongest found in the Universe, and the axion, in particular when

(Me)omt 2 R (5.113)

such that the sourced axion field is still non-negligible in the close surroundings of the NS.
The axion and the classical EM fields form a coupled system, as seen from the generalized
form of the Maxwell equations

V-E = g4y B-(V9), (5.114a)

V xB= %—f+g¢w E x V¢>—B¢B} , (5.114b)
ov

O¢ = ggyy(E - B) — 96 9oy (B - B) = (m3)ontd + O(¢7) (5.114c)

where the last line is the axion equation of motion. The interplay between the axion and the
EM field of pulsars has been actively investigated before, see e.g. [227-230] for recent works
on the subject, although the effects we consider here, associated with a large classical axion
field configuration also sourced by the NS, are novel. Assuming the conventional rotating dipole
model, one finds that at the surface of the NS

Buipoe(R) ~ By ~ 10" G ~ MeV?, (5.115)
R Q
E. ~ ROB, ~ 1073 B, , 11
aoe(F) ~ R 0 (10 km> <100 Hz) (5.116)

with Q the angular velocity of the NS. Even with such large EM fields, we may still neglect the
effects of the axion-photon coupling on the axion dynamics, since

9oy (E-B) NaEMRQB$N10,13 R Q B. \? (5117)
(m3)ous (6(r)) m2 f2 10km ) \100Hz ) \10"*G ) ~ '

where we used (mi)out ~ mZ(fr/fs)% (9(r)) ~ fs and gpyy ~ apm/fs. While we can safely
assume that the back-reaction of the EM fields on the axion is negligible, it is also important to
note that the value of (¢(r)) decreases exponentially outside the NS, see Eq. , such that
one could well imagine a situation where the effect of the g4 (E-B) term is in fact comparable
to the axion mass term. In this case the back-reaction of the EM fields would have to be taken
into account, which is an interesting effect to study in the future.
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We thus treat the axion field as a rigid source of additional EM fields, which can be simply
estimated as

AE ~ g4yyBu(@(r)) ~ apuBs (5.118)
AB ~ g4y RAB.(3(7)) ~ i RQBx . (5.119)

While the magnetic field receives a small correction AB/B ~ agyRS) < 1, for the electric field

AE  apy 10km 100 Hz
ENRQN2< = >< Q ), (5.120)

thus leading to an O(1) enhancement around the surface of the NS. We note that since this cor-
rection is large, one could be concerned about whether the system can be treated perturbatively.
This is in fact the case, since the higher order terms scale like

E~ROB,(14+ a2, +...)+apuB.(1+a2,+...). (5.121)

This means that, apart from the leading O(agyBs) correction, further contributions are sub-
leading.

An additional sensitive observable is the dipole radiation output P that is responsible for
the spin-down of rotating NSs. In this case we find that AP/P ~ o2, < 1, namely there is no
appreciable addition to the radiated energy due to the axion field.

5.4.3 Long-range force

Lastly, we can consider the case
(M)ous > R, (5.122)

even though we note that from our previous analysis of the QCD axion at finite density, we
expect this regime not to be realized since (mg),h < (mg)' < R, where the last condition
follows from the requirement of the axion being actually sourced, Eq. . Therefore we
expect the hierarchy (mg);' < R < (mg),.y; to arise only in non-standard scenarios, such as the
one considered in |186]. If that is indeed the case, the long tails of the axion field configuration

lead to a long range force between the NSs, generated by the Yukawa-like potential

Vo~ @e*(mé)ou", (5.123)
where Qe = 47 fyR plays the role of the effective charge. This could lead to a deformation of
the merger wave-form predicted by general relativity in case of NS with opposite-sign charges.
A more dramatic effect would be found in the case of a repulsive force from same-sign charges,
since in this case at some critical distance the axion force would dominate gravity, which could
lead to halt in the merger process |[186]. The presence of the axion field can also lead to an
additional mechanism of energy loss in NS mergers, in the form of the scalar equivalent of
Larmor radiation [231].
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Chapter 6

How Light Scalars change the Stellar
Landscape

In this Chapter we study how light scalars with a non-dertivative (and hence shift symmetry
breaking) coupling to matter change the stellar landscape by triggering a new phase of matter.
Such a phase arises due to a sourcing of the scalar triggered by the matter background, similar
to the case of the QCD axion [11] as we have discussed in Chap. [f] Here we will study the
striking and possible observable effects of such a phase on stellar remnants, namely white dwarf
stars and neutron stars. The shift symmetry breaking coupling leads to a reduced mass of the
matter field once the light scalar is sourced and provides additional energy density (and resulting
gravitational pressure), as mentioned in Sec. Under generic conditions, a new ground state
of matter emerges, with striking implications for the configuration of stellar remnants. We also
find hybrid stellar compositions and stable self-bound objects with sizes as small as the Compton
wavelength of the scalar.

Exceptionally light QCD axions naturally come with a non-derivative coupling to nucleons
and hence get sourced within white dwarfs. We find that once the axion is sourced the white
dwarf’s stellar structure is dramatically altered, as we discuss in Sec. In particular, the
comparison of the resulting mass-radius relationship with data of equation of state independent
mass radius measurements allows us to probe large chunks of unexplored axion parameter space.
Notably this does not depend on the axion constituting a significant fraction of the dark matter.

In Sec. we discuss several realizations of light scalar fields with non-derivative couplings
to nucleons: the QCD axion, lighter generalizations thereof and linearly or quadratically coupled
scalar fields which we show to be effectively equivalent to a class of scalar-tensor modification
of gravity. We find that neutron stars generically can either be in the new ground state phase
or a coexistence phase leading to a hybrid star configuration. Notably, neutron stars in the new
ground state can be significantly heavier than QCD equations of state currently predict. In the
limit where gravity is negligible, we also find stable self-bound objects with sizes as small as the
Compton wavelength of the scalar.

All figures and large parts of the text of this chapter are taken from [14] an [15].

6.1 White Dwarfs as a Probe of Light QCD Axions

As we have seen in Chap. [3|the EOS of WD is well understood within the SM which turns WDs
into an excellent probe of BSM physics. In this section we exploit this fact in order to study the
validity of lighter than expected QCD axion models, see Sec. The existence of such a light
QCD axion would imply a dramatically different EOS for WD, no longer compatible with data
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from mass and radius measurements of WDs. This allows us to probe large parts of unexplored
parameter space.

6.1.1 The axion WD system: a new ground state

In the presence of the axion, the full system is described by a free Fermi gas of electrons, an
ideal gas of nuclei with a ¢-dependent mass ﬂ m’[p(qb) = 2m/y(¢), the gravitational field g,,,, and
the axion ¢. The gravitational field is sourced by an energy-momentum tensor

Ty = T30 + T (6.1)

The first term takes the form of an ideal fluid, T;w = Diag (e, —p, —p, —p) , with

2 [hr) @ K2
e e e AL (62)
e(¢,p) = my(d)p +c(p) + V(9), (63)

where we neglected the sub-leading contributions to the pressure py (¢, p) < pe(p). The second
term in Eq. (6.1)) contains the contribution of the axion gradient

(e, = @) [1 2o ] (61 — 267) (6.4)

Using Einstein’s equations and the scalar equations of motion, we find the following set of
coupled differential equations (see App. for an explicit derivation)

o [1 - QGT]q + 2y [1 - GTM —onGh? (e p)} - ‘Z‘; pan;w(;¢) — U6, p), (6.5a)
p/:—G%E [1+§] [1—2€M]_1 [1+4§;3 <p+(¢2/)2{ } ] 6,p), (6.5b)
M' = 4gr? [5+; (1 - 2€M> (¢’)2} . (6.5¢)

Eq. is the static axion equation of motion coupled to gravity, while Eqgs. (6.5b]) and (6.5¢))
are the TOV equations in the presence of an axion. Note that, we recover the ordinary TOV
equations, Eq. , in the limit ¢ = 0. While it is possible to numerically solve Eq. using
the shooting method, there exists a limit in which these equations simplify dramatically.

The displacement of the axion at sufficiently high densities costs gradient energy and there-
fore it only occurs if balanced by the gain in potential energy. This leads to the typical scale on
which the axion is displaced

T fo
V2(0mnp —em2 f2)’

(6.6)

Ap(p) =~

to be evaluated at typical WD densities.
For Rwp > Ay, the field essentially tracks the minimum of the effective in-density potential
on stellar scales and is given by the solution to

U(¢, p) = 0. (6.7)

!The interesting case of a scalar coupled non-derivatively to electrons inducing a ¢ dependent mass m}(¢) is
left for a separate publication [17]
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At the same time, the gradient terms in Egs. (6.5b]) and (6.5¢)) are confined to a small transition
shell, where the field does not follow its minimum. However, this localized contribution is

negligible as long as R)\\zin i;n—]fv\’ < 1, which is trivially fulfilled in this case.

Therefore, for large systems we can neglect the axion gradient ¢’ ~ 0. As a result, Eq.
decouples to give the regular TOV equations, Eq. , in addition to Eq. (6.7). Note that
the latter is the same condition as the minimization of the energy density (¢, p) with respect
to ¢. Solutions ¢(p) describe a thermodynamically stable EOS used to solve the regular TOV
equations.

Interestingly, if the axion is destabilized in a WD, the energy per particle of the light nuclei
e(p)/p is not minimized when the nuclei are infinitely separated (p — 0), but rather at some
finite density p*, which can be found numerically. This implies the existence of an energetically
favored state of matter at p*, where the axion is at (¢) = £mfs. This new ground state is in
fact reminiscent to strange quark matter [232]. Note that the density of the new ground state
is slightly larger than the density at which the destabilization occurs, p* > p. = em2 f2/20n.

For low densities p < p., matter is in a meta-stable state where the classical sourcing of the
axion is not preferable. Once (¢) = %7 fy, there is a range p. < p < p*, where the energy per
particle decreases 0,(¢(p)/p) < 0, implying a negative pressure. At densities slightly above p,
the total pressure turns negative due to the onset of the the axion potential p = p. — V < 0.
As p increases, V stays constant while p,. increases, until finally the system stabilizes at p =
pe(p*) =V = 0, see Fig. In this unstable phase the system contracts until it stabilizes in
the new ground state.

— metastable (4=0)  ---- unstable stable (¢ = =)
Q =
o 2
"Pe
. o . &
p €

Figure 6.1: The energy per particle £/p as a function of number density (left) and the EOS
(right). At low densities p < p., the system is in its meta-stable ¢ = 0 phase (dark blue). For
pe < p < p*, the system is unstable i.e. p < 0 (dashed line in left panel). At larger densities
p* < p, the system is in its ¢ = £m f, phase (light blue), with a new ground state at £* where
p=0.

This instability leads to a gap in the predicted M - R relationship as seen in Fig. |6.2 The
position of this gap is € dependent; the smaller € is, the more the gap is shifted towards small
masses and large radii. We use the position of this gap to probe the existence of light QCD
axions.

81



CHAPTER 6. HOw LIGHT SCALARS CHANGE THE STELLAR LANDSCAPE

150
TN
'\x
\
— 1.0f N\ %
= |\
[E— | |\.
a \
E \‘ }5
= \w -,
0.5 A ix el | T
L \.".\ . .
0.0 ' ' ' ' T —
0 5000 10000 15000 20000 25000 30000 35000

RWD [km]

Figure 6.2: White dwarf M - R relation with light QCD axions. Free Fermi gas of nuclei and
electrons without an axion (black). The upper and lower bands correspond to the constitutions
of light and more heavy nuclei, i.e. *He which corresponds to Y, = 2 and ®°Fe corresponding
to Y. = 2.15 respectively, while the gray shaded area corresponds to intermediate values. In
orange we show the two branches with an axion for ¢ = 107! in the limit Ryp > A, for
Y. = 2. The meta-stable branch follows the free Fermi gas line at large radii, while the new
ground state phase has much smaller radii. Data points are taken from [107] (turquoise), [108]
(blue), [109] (pink), [110,[111] (red), [112] (green) and [113] (gray). One can clearly see the gap
in the predicted M - R relation that is incompatible with data.

Note that the simplified discussion above is only valid for Rwp > Ag. For Rwp ~ Ay we
numerically solve the full coupled system in Eq. and find that for large values of the axion
decay constant, fy, and small €, the position of the gap is € independent. This is understood
as follows: on the stable branch, the gradient pressure, which is controlled by fy, is relevant. If
gravity is subdominant, this pressure fixes the central density of the star, p(r = 0) > p*. The
maximal radius is then achieved when the gravitational pressure equals the gradient pressure.
For the meta-stable branch, the minimum radius is set by R ~ lim¢ 0 As.

Finally, in the limit Rwp < Ay, the gradient energy is so large that the field cannot move
away from its in-vacuum minimum and therefore has no influence on the structure of WDs.

6.1.2 Confrontation with Observational Data

There are large data sets available containing masses and radii of WDs (see e.g. [107-113,[118~
124]). However, not all of these data-sets can be used to probe the M - R relation. In some
catalogs, (see [118H122]), the M - R relation is used as an input to significantly reduce observa-
tional error. On the other hand, there are sets (e.g. [107-113,123]/124]) that systematically test
the M - R relation using observational data. While in [112] the determination of the mass and
radius is completely independent of WD models, most other works depend on an atmospheric
model to determine the radius. Nevertheless, we combine the data sets [107H113] and show them

in Fig.
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The data of measured WD masses and radii is scattered broadly between radii of (5000 —
40000 km), which matches reasonably well with the free Fermi gas description. The notable
deviation in mass found at large radii in Fig. is due to finite temperature effects; p, in these
dilute stars is typically smaller, increasing the relevance of 7'/, corrections. Finite temperature
effects lead to modifications of the EOS and to a slight modification of masses and radii, but still
predict a continuous M - R curve. The same holds for other well-known corrections to the EOS,
such as different compositions, electrostatic corrections, or nuclear reactions, see e.g. Refs. [104,
233]. While nuclear reactions change in the sourced phase e.g. due to a different mass of the
pions, this has negligible effect on the static structure of white dwarfs [234] ﬂ

We perform a simplified statistical analysis to determine the compatibility of the observed
WD radii with a gapped radius distribution hypothesis (marginalizing over mass and neglecting
small theory systematics). We summarize here its main results, with the full details given in
Sec. and Sec. For the purpose of the analysis, we calculate the position of the radius
gap as a function of € and fy, relying both on numerical results, as well as on numerically-
verified analytical estimates. In the region f, < 10° GeV, finite gradient effects are negligible
w.r.t the position of the gap, making it fs-independent. We are able to exclude at the 20 level
the following interval in €,

2x10720 < e<2x1077 (95% C.L), (6.8)

see Fig. .

The upper limit is set by the smallest, most massive WDs and our analysis effectively ex-
cludes all points in the axion parameter space that cannot predict a WD with a radius smaller
than around ~ 4000 km on the meta-stable branch. The lower limit is sensitive to the largest,
extremely low-mass WDs [113]. For even lower values of ¢, the stable branch covers most of the
range of observed radii. In this case, although all the observed WDs are sourcing the scalar field,
the gap in radius is relegated to extremely large (and potentially unpopulated) WD radii. Note
however that this region in parameter space is already ruled out by requiring that no sourcing
occurs in our sun [186]. Conversely, in the region ¢ < 1072°, finite gradient effects are dominant
w.r.t the position of the gap, making it e-independent. Using solutions of the coupled system,
Eq. we are able to exclude at the 20 level the following interval in fg,

5.5 x 107 < f/GeV < 1.1 x 10'6  (95% C.L), (6.9)

see Fig. . The upper value represents the limit in which WDs are not large enough to
source the scalar field, i.e. Ay 2 Rwp. In the region f¢6_1/ 3 ~ M,, in which both gradient and
finite € effects are important, we verify numerically that the sourcing stops at lower values of fy.
Similarly to the lower bound on ¢, the lower bound on fy is sensitive to the largest, extremely
low-mass WDs. We stress again that we do not expect our results to strongly depend on finite
temperature effects.

6.1.3 Analytic Estimates for Radius Gap

We define pg as the inward pointing pressure at the core of a white dwarf (WD) as a sum of a
gravitational and a gradient contributions

P0 >~ APgray + APgraa s (6.10)

2In this work we take a conservative approach and stay agnostic of the process of formation of the new ground
state phase, where the change of nuclear reactions could play a role.

83



CHAPTER 6. HOw LIGHT SCALARS CHANGE THE STELLAR LANDSCAPE
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White Dwarfs

GW170817

logyg(mg/eV)

Figure 6.3: Constraints and future projections on the axion parameter space. Exclusions
from modifications of the white dwarf M - R relation are shown in red. Note that the WD
bound overlaps with bounds from the Sun in large parts of the region (slightly darker red). The
observation of WDs close to the Chandrasekhar limit can further probe the parameter space
until the orange dashed line. The solid black line shows the QCD axion with my fg = m fr. For
reference, we plot f, = Mp in gray. Further bounds originate from the sourcing in the Sun [186]
(blue) and the gravitational wave signal of the NS binary GW170817 (violet), which we both
adapted at large fy according to numerically inspired O(1) factors, the supernova 1987A
(green), and black hole superradiance (yellow). We would furthermore like to note that the
pulsar bound of goes away once all finite gradient effects are properly taken into account
(besides lying within a region that is strongly dependent on the neutron star EOS) . Finally,
we show which parameters lead to a new ground state accessible in neutron stars (dot-dashed
purple); for more details see .

with the gravitational pressure is given by

2,2 2
REmy g

T 11
e (6.11)

ADgrav =

where pg is the number density at the core (r = 0). The gradient pressure in the sourced phase
(i.e. stars on the stable branch) is given by

13 fovVOmNpR

= Ao < R

Apgaa = § 27 R ¢ , (6.12)
3 Ao ~ R

where pg is the number density at the edge (r = R — Ay = R) of the WD. The first line in
Eq. represents the thin wall limit Ay < R, in which the gradient pressure is exerted at
a small transition region at the edge of the star. In the last step we use the definition of the
in-medium wavelength of Eq. assuming a negligible contribution from the scalar potential
and neglecting O(1) factors. The second line in Eq. is the opposite regime Ay ~ R, where
the gradient pressure is delocalized and is spread throughout the star. This is the typical edge

84



6.1. WHITE DWARFS AS A PROBE OF LIGHT QCD AXIONS

case configuration in which the star is barely large enough to source the axion. In the unsourced
phase, i.e. stars on the meta-stable branch, Ap,.. = 0. See Ref. [15] for more details on the
derivation of Eqs. (6.11)) and (6.12)).

On the other hand, we define the outwards pressure at the core balancing pg, see Eq. as
the contribution of the electron gas and the scalar potential, which can be written analytically
in the non-relativistic (NR) and ultra-relativistic (UR) limits as

5/3

. NR 3
po > =V () +pe(po),  pelpo) = {pi/g/m (NR po <)

< (6.13)
Po (UR po > me)

where in the sourced phase we have by definition V(¢) = pe(pnas), while in the unsourced phase

the scalar potential vanishes V' (¢) = 0. Note that in Eqgs. (6.11)), (6.12) and (6.13)), we work at

leading order in dmy/my < 1 and neglect O(1) numerical prefactors.

Negligible gradient regime

Let us start by estimating the minimal radius on the meta-stable branch, which we denote
by R™ and the maximal radius on the stable branch, which we denote by R in the

negligible gradient regime, where Apg., > Apg.q. In this limit, R*'*"¢ is the radius of the
largest approximately constant energy density configurations. Therefore, we estimate it by
setting po & ¢ pyas = c€/%(mem?2 f2)3/% where ¢ ~ O(1), and solving for R. The contribution
to the pressure from V(@) = pe(pnas) is neglected since it is at most of the same order as pe(po),

and would therefore have at most an O(1) effect on the final result. We find

M A . 3/5.—1/10 NR
RPe(e) = — P ( f(f/ me)*e (NR) : (6.14)
myAqep | eV (UR)
where for brevity we denoted m2 f2 = A4QCD. We omit the weak dependence on ¢, which amounts

to an O(1) pre-factor. In the left panel of Fig. we compare the analytic estimates to the
numeric results. We find that the NR estimation is in excellent agreement with the numerical
results for e < 107! (red curve). For larger values of €, the smaller minimal radii on the stable
branch correspond to denser configurations, where relativistic corrections become important.
Thus, for € > 107! the UR estimation agrees with the numerical results (red dashed curve).
The edge of the meta-stable branch R™* is found by taking po ~ pc ~ eAd.p/(20n) and

solving for R in the NR approximation, resulting in

M onA2 1/6
meta — P QCD -1/6 N . 1
R = e (T ) e ) (6.15)

A similar UR approximation is straightforward to derive. However, it is only valid for R <
M, /(myme) ~ 5000 km, which is outside our range of interest. In the left panel of Fig. (6.4),
we compare the analytic numerical results of R™¢**(¢) to the analytic estimate. We find good
agreement in most of the calculated region, namely for ¢ < 1079, For larger values, relativistic
corrections start becoming important and the UR approximation begins to degrade.

The radius gap in negligible gradient regime is plotted in the right panel of Fig. as a
function of e. For the purpose of the analysis of Sec. , solid curves indicate the regions
where we use our numerical results, while dashed lines indicates regions where extrapolation,
based on the verified numerical estimate, is used. The gray region corresponds to the observed

radii range of WDs.
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Figure 6.4: Left panel: the ratio between the numerical results and the analytical estimates
for the radii which correspond to the edges of the radius gap, as a function of e. In (dashed) red
we plot the ratio for R divided by the NR (UR) estimate given in Eq. (6.14). In green we
plot the ratio for R™¢** divided by the NR estimate give in Eq. . In all cases we match the

min

O(1) prefactors to the numerical results. Right panel: the radius gap defined by R:**" (red) and

max

R™' (green) as a function of e. Solid curves indicate region where numerical results are used

while the dashed curve indicates where extrapolation (using the verified analytic estimates) is
used. The gray region corresponds to the observed radii range of WDs.

Negligible ¢ regime

In region of parameter space where € is negligibly small (to be determined below), the position of
the radius gap is determined by finite gradient effects. On one side, the edge of the meta-stable
branch indicates when a region of size Ay with above-critical density is formed, which leads to
an instability. On the other side, the largest configurations on the stable branch are those in
which the gravitational pressure begins to dominate over the gradient pressure exerted at the
edge of the star [15].

First we find R!*"' for lower values of fy where the thin-wall approximation holds. by taking
PO = PR = Peq > Pnas, Where p,, is found by solving Apg.(Peq) = APgrav(Peq) fOr poq. We then
plug p., into Eq. , and using the NR approximation of Eq. solve for R and find

Resie(f,) = (MP ) E 1 (Ao < R), (6.16)
my (Sm}\{lzfdl)/ﬁmg’/4

where we again neglect the contribution from V' (¢) as an O(1) correction at most. We compare
this estimate with the numerical results in Fig. (red curve). We find is is consistent with
the numerical results in the region f; < 10" GeV. Above these values of f¢, the thin-wall
approximation breaks down and R:**'(fy) can be estimated using the Ay ~ R expression for

Ap,..q and the UR expression for the electron pressure, which gives us

M

Rstable (f —

max

(Ao S R). (6.17)

~

We find this estimate consistent with the numerical results in the region fys > 10" GeV, see
dashed curve in Fig. . The edge of the meta-stable branch R™** is found by first finding the
critical density for which the while size of the star is of the order of the scalar in-medium wave-
length, namely by solving A\y(p) = fs/v/pdmy = R for p and plugging the result in Eq. (6.10)
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Figure 6.5: Left panel: the ratio between the numerical results and the analytical estimates
for the radii which correspond to the edges of the radius gap, as a function of fs. In red and
dashed-red we plot the ratio for R:**"'* divided by the NR and UR estimates given in Eq.
and Eq. , respectively. In green we plot the ratio for R™**, divided by the NR estimate give
in Eq. (6.18). In all cases we match the O(1) prefactors to the numerical results. Right panel:
the radius gap defined by R:**"'° (red) and R25™ (green) as a function of f,. Solid curves indicate
region where numerical results are used while the dashed curve indicates where extrapolations
(using the verified analytic estimates) are used. The gray region corresponds to the observed

radii range of WDs.

using the NR approximation for the electron gas. We find

1/2

. sm /2 M3

RO (f) = (J?Y/z 1;) . (6.18)
f¢me miyy

We find this estimate consistent with the numerical results, see green curve in Fig. . The
deviations from the analytical estimate at large value of f4 is expected, since for smaller and
denser stars relativistic corrections to the EOS become increasingly larger.

To conclude we note that for the whole {¢, fs} plane, we define the maximal radius of the

gap as

R0 fo) = Min [R (), Rus® (fo)] (6.19)

min min min

where the two radii coincide R2**(e) ~ R25**(fg) around the curve defined by

min min

Smn (AL NP
-1/3 N QCD -~
fe ey ( . > M, ~ M,, (6.20)

using the NR estimations for both expressions. This defines (a posteriori) the ranges of validity
for the negligible gradient and negligible € approximations for the determination of R™¢** e.g. the
negligible gradient is a valid approximation in the region of parameter space where fe=1/3 <« M.
Around f¢e_1/ 3 ~ M,, we computed a numerical solution using the appropriate {e, fs} values
in order to obtain R¢*(e, fs). In a similar fashion, we define for the whole {e, fs} plane the
minimal radius of the gap as

Rstable (67 f¢) — MaX [Rstable (6), RStable(f¢)] , (6.21)

max max max
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Figure 6.6: Left panel: x(e€), as defined Eq. in the negligible gradient limit, normalized
to the effective number of degrees of freedom N — 1 = 294, as a function of e. Right panel: The
p-value as a function of €. For reference, we plot the 20 threshold, equivalent to p = 0.05, as a
gray dashed line.

where the two radii coincide R:"'*(€) ~ R:*P( f,) around the curve defined by

max max

12/5
AQC/D]WP
9/10

omyme  mp

foe 35 ~ ~ 20M,, (6.22)

using the NR estimations for both expressions. This defines (a posteriori) the ranges of validity
for the negligible gradient and negligible € approximations for the determination of R:t#ble.

6.1.4 Statistical analysis and bounds

The goal is to quantitatively determine how compatible are the observed WD radii with a gapped
distribution. Our working assumption is that the variance in the observed mass can be explained
by varying other important properties of WDs, such as temperature and composition, which for
simplicity we kept fixed. Therefore our focus is strictly on the radius distribution, and in order
to determine the bounds on € and f4, we perform a 1D goodness-of-fit test on the radius axis.
Given the central values from a combined dataset of N = 295 observed WD radii {r;} and thier
corresponding uncertainties {o;} [107H113], we calculate the sum of squares, which we denote
by x, for each point in the {¢, f4} plane

N stable meta
x(e fo) =D DR[(ri), Rui (e, fo), Bii?(e, fo)]

5 , (6.23)
i—1 7
with the distance function
D((ri), Ry (€, fo), R (€, fg)] =
min [r; — RY22(e, fo), Rii (€, fo) — 7il i € [Ry2Ye(€, fo), R (€, fo)]
0 otherwise ’

(6.24)
We use the numerically-calculated values for {R:*"'(e, fy), Rx (e, fg)} where available, and

max min

otherwise use the verified analytical estimates as extrapolation, see right panel of Fig. (6.4)

and Fig. (6.5). In Fig. and Fig. we plot the results of our statistical analysis in the
negligible gradient and negligible € limits, respectively. In the left panels we plot x normalized
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Figure 6.7: Left panel: x(f), as defined Eq. (6.23)) in the negligible € limit, normalized to the
effective number of degrees of freedom N — 1 = 294, as a function of f;. Right panel: The
p-value as a function of f4. For reference, we plot the 20 threshold, equivalent to p = 0.05, as a
gray dashed line.

to the effective number of degrees of freedom N — 1. As a rough estimate, the range in which
x > 1 is considered incompatible with the gapped radii distribution hypothesis. A more refined
statement can be made by calculating the corresponding p-values for each value of € of f,, shown
in the right panel of Fig. and Fig. , respectively. We are able to exclude at the 20
level the following interval in €

2x10720 <e<2x1077 (95% C.L). (6.25)
We are able to exclude at the 20 level the following interval in fg,

5.5 x 10% < f4,/GeV < 1.1 x 10 (95% C.L). (6.26)

6.1.5 Conclusions

The mass-radius relationship of white dwarfs is well-understood and has been observationally
tested with increasing accuracy in recent years. We showed how light QCD axions change the
structure of WDs, thus predicting the presence of a gap. We used existing data to place novel
bounds on their parameter space. We stress that the bounds arising from the existence of a new
ground state accessible in white dwarfs, and the corresponding gap in radii, are qualitatively very
different than the strategy proposed in Ref. [186], which relies on the change of the properties of
nuclei, and the corresponding change in X-ray emission, when a (lighter) QCD axion is displaced
to 0 = 7 [234].

The QCD axion generically predicts a non-derivative coupling to nucleons. At finite baryon
density this coupling can destabilize the axion from its in-vacuum minimum. If sourced, the non-
zero axion expectation value reduces the mass of nucleons. For a large region of the parameter
space, this leads to a new ground state of matter, which has less energy per particle than
infinitely separated nucleons. If accessible in WDs, this drastically changes their M - R relation.
Since the axion is sourced by the WD, this does not rely on the axion contributing to the dark
matter relic abundance.

More precise tests of the WD M - R curve using the recent Gaia DR3 are expected in the
near future and will further probe the parameter space of light QCD axions.
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As a consequence of the new ground state of matter, we predict new small self-bound objects
held together by the gradient pressure of the axion. These objects could give rise to novel
signatures of exceptionally light QCD axions down to the QCD axion line.

6.2 Heavy Neutron Stars from Light Scalars

As we have discussed in Sec. the observation of NSs with masses beyond 2Mg, with
GW190814 [148| even hinting at NSs with masses of 2.6M), really pushes SM EOSs to their
limit. Furthermore, the trend for more complex EOSs within the SM tends towards softer EOS,
which makes it even harder to explain such observations.

Interestingly, we find that once light scalar fields get sourced within neutron stars a new
ground state of nuclear matter is unlocked which can significantly stiffen the EOS of NSs.
Such a scalarization takes place for dense and large enough objects. This translates into an
upper bound on the scale M ® which, in analogy to M, controls the strength of the scalar
interaction with matter, along with an upper bound on its mass mg. These conditions in turn
imply that the scalar is not significantly sourced, or not sourced at all, by dilute and small
systems, nor arbitrarily long-ranged, such that conventional constraints from fifth-force searches
and e.g. pulsar timing measurements can be bypassed, even for M o < M. Particularly in
the context of modified theories of gravity, it has been recognized that scalarized NSs exhibit
macroscopic properties, like mass, radius, moment of inertia, etc., different from those predicted
in GR with a given equation of state (EOS), see e.g. [237| for a review. However, it has not been
fully appreciated until now that, under generic conditions, large deviations in the configuration
of compact stars are due to the appearance of a new ground state (NGS) of nuclear matter.

To make the physics as transparent as possible, we carry out our analysis in terms of the
EOS of a free Fermi gas of nucleons. The existence of a scalar coupled (non-derivatively) to
nucleons, which can be encoded as a scalar-dependent nucleon mass, m.(¢)i, brings up two
competing effects when the conditions for scalarization are met. On the one hand, the effective
mass of the nucleon inside the scalar bubble gets reduced [23§], while on the other, the scalar
potential V(¢) acts as additional vacuum energy contributing to the total energy density and
pressure, see e.g. [225,[226]. The parameter space is then generically split into two parts: if the
potential dominates, a phase transition occurs at some finite density, softening the EOS. Stable
configurations are in the form of hybrid stars, with smaller maximal masses compared to the
phase where the scalar field is not sourced. In the rest of the parameter space, the reduction of
the nucleon mass dominates and a new ground state of matter, with energy per particle smaller
than for well-separated neutrons, is found, as we have seen in the context of WDs in Sec.
Stable configurations are in the form of homogeneously scalarized stars, which can have much
larger masses. NSs in this case can be heavier than the maximal mass predicted by standard
causal bounds [101,[239-241], which assume a certain low-density behavior consistent with the
properties of dilute matter, an invalid assumption when the NGS is present. Small or dilute
systems like nuclei or regular stars are in this case meta-stable and long-lived. Other distinctive
features of NSs in the NGS are their compactness, which can be larger than in typical NSs yet
below that required for a photon sphere, and their minimal rotation period. In addition, since
the NGS leads to a branch of NSs disconnected from the standard one predicted in GR, we
find instability gaps in radii and self-bound objects as small as the Compton wavelength of the
scalar, changing the landscape of stellar remnants.

The Chapter is organized as follows. In Sec. we start by giving an overview of the
different types of models under consideration, explaining the relevant scales and the connection
to models of scalarization. In Sec. we present our simple free Fermi gas description and
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the equations governing the full coupled system of gravity plus the scalar. All of our results
are described in this section in a model-independent fashion. In Sec. we discuss the limit
where the scalar field gradient can be neglected, in which case it is sensible to define an EOS.
After presenting the two qualitatively different types of EOS, we discuss the effects of a finite
gradient energy in Sec. A more quantitative case study in presented in Sec. for three
types of scalar-matter couplings, namely axion-like (Sec. , linear (Sec. , and quadratic
(Sec. , while in Sec. we explicitly work out the equivalence with scalar-tensor theories
of gravity. Our conclusions are presented in Sec. A detailed discussion regarding the
limit of negligible gradient energy, which is used extensively throughout this work, is presented
in App. Some useful analytical approximations for constant density objects are given in
App. Finally, in App. [C.4] we present the details on a simple scalar model that realizes a
large in-density reduction of the nucleon mass via a coupling to gluons.

6.2.1 Decoding scalarization

Before moving on to the bulk of our work, let us briefly discuss the main features of the different
classes of scenarios in which a scalarized ground state of matter can be reached. Beyond the
scale M & that sets the strength of the leading coupling to matter and the mass mg, the scalar
theories under consideration can be characterized in general by two other scales, Fjy and fy,
which control, respectively, the higher-order interactions of the scalar with matter and its self-
interactions,

ma(6)/m =1 — (1\2))” [1 +0 <}iﬂ V(e = %mg,& {1 +0 (}i)] . (627

where m.(¢)11 is the scalar-dependent matter mass. We focus only on linearly (n = 1) or
quadratically (n = 2) coupled scalars, as these two are the most generic cases without or with
a parity symmetry ¢ — —¢ in the interaction with matter, respectively. The simplest scenario
is when higher-order terms in ¢ can be neglected, namely when Fy, fo > M e In that case
scalarization takes place with ¢ ~ M, and m,(M;)/m < 1 is approached within the star, a
limit in which the scalar field effectively reaches a constant in-medium value. This case, which
we denote as unbounded m., is typical of scalar-tensor theories of the Damour-Esposito-Farese
type [242], where the scalar couples to the trace of the energy-momentum tensor, equal to mapi)
in the free Fermi gas limit. Factoring in higher ¢ terms, even when fy < M, > one can still find
unbounded m, systems where ¢ ~ M p 0 medium, specially at high-enough densities where the
scalar dynamics is mainly controlled by m.(¢) (with Fy > M,). In this class of scenarios, the
main effect of a finite f, is to set the value of the scalar potential V (M, ¢>)‘ Finally, there exists a
bounded m, class of theories, in which non-linearities are such that ¢ ~ Fj; or ¢ ~ fy4 inside the
star. The typical example is chameleon screening [243] (see also [244]), where non-linear terms
in the potential prevent the scalar from reaching in-medium values much beyond ¢ ~ f3 < M, Py
In this paper, we pay more attention to scenarios where non-linearities in the scalar-matter
interactions force ¢ ~ Fy, < M¢ inside NSs. This is the case (for n = 2) of the QCD axion, if
sourced by dense matter [11], and by its generalizations where the axion coupling to gluons is
decorrelated from its mass [73,74,186]. We will not discuss (n = 1) scalar-tensor theories of the
Damour-Polyakov type [245] since in that case m.(Fy) = m.

Finally, let us note that we are leaving aside theories in which scalarization takes place not
because of the interactions with matter but due to the coupling of the scalar to the curvature
(i.e. to R2,  at leading order in a derivative expansion) [246-248]. See however [249,250] for

uvpo
recent theoretical constraints on this type of scenarios.
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6.2.2 Scalarized free Fermi gas

Neutron stars are well-described at leading order by a degenerate free Fermi gas coupled to
gravity. To study the effects of a scalar field coupled to nucleons, we consider the following
Lagrangian, containing a single massive fermion ¢ and a single real scalar ¢, coupled to the
gravitational field g,

Lyo = V=0 |6 (ie#7" Dy — mal6)) &+ 50" (2,0)(00) —~ V(6)] (6.28)

where D,, = 0,, — iw,, is the covariant derivative of a fermion field in curved space. v and ¢
are coupled via the term m.(¢)y1), while the self-interactions of ¢ are encoded in the function
V(p), see Eq. . Such a coupling to nucleons naturally arises in models where the scalar
field couples in the UV to the (light) quarks, or to the gluon field strength, or simply to the
trace of the energy-momentum tensor (see Sec. . For convenience, we shall henceforth
work with the dimensionless field § = ¢/ f, where we introduce the scale f as the typical scale
of the scalar field. This can be conveniently identified with either M o Fo, or f¢ introduced in
Eq. , depending on the particular realization. We further assume that at zero density (i.e.
in the absence of the Fermi gas), the potential V() is minimized at 6y such that

ov

50 =0, V(6y) =0, and m(fy) =m (at zero density). (6.29)

0=06q
Let us derive the static coupled equations of motion (EOMs) for the fermion, scalar and gravi-
tational fields. Assuming radial symmetry, we use the Schwarzschild metric parametrization,

2M(r)
M2r

2v(r)

1
goo = € :| goeo = —7‘2, Jop = —r? sin® o, (6.30)

) grr:_|:1_

where M, = G~'/2 and we choose the metric convention 7, = Diag[l, —1, —r2, —r?sin? ©]. The
gravitational field is sourced by an energy-momentum tensor that is the sum of two terms,

T“V = (ﬂdeal)#y + (Tgrad)#y . (631)

T.4ear contains the contributions of the Fermi gas and the scalar potential V' (#), and has the form
of an ideal fluid, i.e. (Tig.a)" » = Diagle, —p, —p, —p| with

e =cey(my(0),p) +V(0) and p=py(m.(8),p)—V(0). (6.32)

The total pressure of the system p as defined above can become negative in regions where the
contribution from the potential V' (6) dominates over the strictly positive pressure of the Fermi
gas. Note also that ey,py and e,p separately satisfy the thermodynamic relation d(e/p) =
—pd(1/p) in the constant § limit. (T,,.4)", is proportional to f2,

(Tyua), = F2(0,0)° Bé’; - 6#65] <1 - %) - (6.33)
The term in the square brackets describes the gradient energy of the field and has the form of a
perfect fluid. The second term deviates from the perfect fluid behavior in the form of additional
(anisotropic) pressure. Both terms are proportional to f2, therefore we expect them to become
negligible when f is much smaller than other scales appearing in the EOM, see App. for a
detailed discussion. We have already encountered the three independent EOMs defined by the
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Lagrangian £ = (M2/167)/—gR + Ly in Eq. , where we introduced the fermion scalar
density ps(m«(8), p) = (Y1p). Eq. is the generalized form of the scalar EOM. It contains
the coupling to gravity, which deforms the derivatives on the LHS. The scalar self-interactions
are encoded in the first term in parenthesis on the RHS. The scalar interaction with the nucleons
is given by the second term in parenthesis on the RHS. The last two equations are the general-
ized Tolman-Oppenheimer-Volkoff (TOV) equations [251,252]. Eq. dictates how the total
pressure is balanced by the gravitational force and an additional new scalar force. Eq. is
associated with the enclosed mass M (r), found by integrating over the energy density associated
with the Fermi gas, the scalar potential, as well as a contribution from the scalar gradient. There
are in principle two additional EOMs which we do not present. The EOM for the fermion field
is implicitly used in the expression for the energy and pressure of the Fermi gasE| The equation
of motion for the temporal component of the metric v(r) can be solved separately since v(r)
and its derivatives do not appear in any of the other equations. The combination of all EOMs
imply by construction energy-momentum conservation, i.e. 9.,7*" = 0, which is equivalent to
the so-called hydrostatic equilibrium condition [103].

The derivation so far has been independent of the properties of the Fermi gas. For concreteness,
from this point on we consider the simple case of a free Fermi gas (see e.g. [105])

kr(p) 43
e (ma(8), p) = 2 / k), (6.34a)

(2m)?
kr(p) g3 2
py(m«(0), p) = % / ((21;;3 m (6.34b)
ps(ms(0), p) = (ep — 3py)/ma(0) - (6.34c)

The Fermi momentum kz and the number density p are related as usual by kp(p) = (372p)'/3.
The scalar interactions are implied by the #-dependent fermion mass. The @ field itself would
eventually be an r-dependent background field, reminiscent of a mean-field approximation. E|
In later stages, changing variables to the chemical potential ¢ would prove helpful since it must
be a continuous parameter in any static solution where chemical equilibrium is assumed. This
change of variables is done by identifying the Fermi energy with the chemical potential, namely
kp(p) = /p? —m2(0)0(n — my(0)). From this definition it should be understood that, for a
given 6, for values of p below the mass threshold m.(f) the total energy and pressure of the
system are p-independent and originate only from the scalar field, i.e. ¢ — V(6) and p — —V(0).

The fermion field v describes nuclear matter in its simplest form: pure non-interacting neu-
trons, believed to be the main component in NSs and provide the dominant source of energy
density in the non-relativistic limit. Such a description leaves out important ingredients such
as additional particles (protons, electrons, muons) and interactions, namely the electroweak
and nuclear forces. The latter plays a critical role, as nuclear interactions become increasingly

3Note that one should solve the fermion EOM in flat space, such that the microscopic properties of the
fermion gas are independent of the gravitational field; one can always choose a reference frame which is flat at
the characteristic scales of the Fermi gas.

4By using the mean-field approach we are treating the scalar very much like the gravitational field. In particular,
we neglect interactions associated with e.g. single scalar exchanges, even if these are possible for background
values of 6 for which dm..(6)/00 # 0. However, we expect this force (which may be effectively long range for
light scalar masses) to be suppressed by the small effective coupling ~ m/Mys < 1 and therefore irrelevant for
the thermodynamic properties of the system of fermions. It is also implicitly understood that the scalar is light
enough to coherently couple to the Fermi gas, i.e. mg < p1/3.
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important at high densities. All of these generate O(1) corrections to the main predictions
(e.g. maximal mass of the bound object), which rely on the balance of all relevant forces. Never-
theless, the pure neutron gas model is useful when extracting order-of-magnitude effects due to
physics beyond the SM, and thanks to its simplicity it allows a clear identification of the phys-
ical processes behind those effects. In addition, the formalism outlined above can be extended
to different models of interacting and non-interacting Fermi gases, or adapted to the phase of
matter in white dwarfs [14) [

The coupled system Eq. can in principle be numerically solved by specifying the initial
conditions p(0) and 6(0), with the remaining initial conditions #'(0) = M’(0) = 0 dictated by
radial symmetry. In practice, however, finding valid static solutions for Eq. (6.5a) is challenging.
This can be understood by the classic intuition provided by Coleman [253]. Static solutions of
the scalar EOM are analogous to classical one-dimensional trajectories in an inverted potential,
where the radial direction plays the role of time. In this picture, a valid static solution is one
which connects one maximum of the potential to another, with the tail of the scalar profile
staying exponentially close to 6y for arbitrarily large values of r. These type of trajectories are
inherently chaotic, given that small variations to the initial condition would cause either an
over- or an under—shootﬁ Thus, viable static solutions of Eq. (6.5a]) typically require to tune
the initial condition 6(0). This issue can be avoided in case Eq. (6.5a]) is solved in isolation by
adding a fictitious friction term [186]. However, this requires neglecting the back-reaction of
the scalar field on the density profile, which is precisely the effect we are after. Therefore, our
numerical solutions of Eq. are based on an automatized shooting method, which tunes the
value 0(0) for a fixed p(0) until a viable static solution is found.

Equation of state: the negligible gradient limit Finding a solution to the coupled system
Eq. (3.1)) is significantly simpler if there is a separation between the typical length scale of the
scalar field Ay and the NS radius R,

Ao = f/A < R. (6.35)

We refer to this particularly simple limit as the negligible gradient limit, in which all 6'(r)
and 6”(r) terms in Eq. can be neglected. The detailed derivation of this limit from a
dimensional analysis of Eq. is presented in App. A2, is a scale typically associated
with either the potential term /0V (0)/00 or the Fermi gas term +/ps|0m«(0)/00|. For a NS
this limit roughly translates into f/M, < A%, /m?.

In this limit, solutions to the system can be found in terms of standard thermodynamic
quantities. The value of the scalar field at a given number density p or chemical potential p is
then determined either by minimizing the total energy (6, p) or the grand canonical potential

QO,u)=e—pp=—p@,n) wrt. 0

de(0,p)| _ 06, p)
00 00

oV om..(0)

_7+ps
. 00 26

~0. (6.36)

p

5In this regard, we note that the nuclear force, mediated at leading order by pion exchange, could change in a
scalarized system, via a #-dependent pion mass and interactions. We leave the detailed discussion of the impact
of a sourced scalar on nuclear physics for a future publication, see for instance [234].

60One important difference w.r.t. [253] is that in our scenario the explicit radial dependence of the effective
scalar potential, through the pressure dependence of ps(0(r),p(r)), translates into a time-dependent potential
in the classical trajectory analogy. This leads to a violation of energy conservation that could complicate the
over-/under-shooting argument. However, since pressure is always continuous, this dependence can be neglected
in small regions where p can be treated as constant.
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Here ps = 0eyy/Oms|, = —0py/0my], depends on the chosen free variable, namely either p or p.
Eq. defines the microscopic EOS, along with de/0plp = p and 0Q2/0uls = p. Unsurpris-
ingly, Eq. is the scalar EOM in the limit where the scalar derivatives are negligible, i.e.
Eq. with its LHS set to zero. For Eq. to have non-trivial solutions, i.e. for scalariza-
tion to take place, there must be a region where the two terms appearing in it are comparable.
The condition ps0m. /00 ~ OV /0 implies that the compact object must be dense enough for
non-trivial solutions to exist. This condition, along with the largeness condition of Eq. ,
are essentially the same conditions discussed in the context of scalar sourcing at finite density
in Refs. [13,254].

Solutions of Eq. are of the form 6(u) (or 6(p)). This allows us to express the total
energy density and pressure of the system in terms of a single independent variable, e.g. the
chemical potential, such that e(u) = e(6(n), p) and p(p) = p(6(p), ). By constructing the EOS
using p as the free parameter, the preferred phase (with maximal pressure) is always selected
and the procedure outlined above produces the thermodynamically stable EOS. This ensures
the continuity of u and p across a phase transition boundary, which is required for chemical and
mechanical stabilitym At this point one can readily construct the effective EOS, i.e. £(p), and
numerically solve the usual TOV equations, see Eq. , given the initial condition M (0) =0
and some internal pressure p(0).

Let us get a qualitative understanding on how the effective mass of the fermion m.(6) would
change at increased densities in light of Eq. (6.36]). As we infinitesimally increase ps (i.e. increas-
ing p ~ ps in the non-relativistic limit), Eq. (6.36)) can only be satisfied if 9m. /00 < 0, namely
if the mass of the fermion decreases. In other words, the increase in V' (#) due to the deviation
from 6y would be compensated by the decrease in the energy of the Fermi gasﬂ Indeed, for a
fixed number density p, a Fermi gas has less energy when the mass of the fermion is decreased.
Thus, we find that solutions of Eq. always satisfy the upper bound m.(0) < m.(6y) =m
at all densities. It is also useful to consider the opposite regime of very high densities, where we
identify two types of solutions for Eq. . The first type is relevant if there exists a 6, for
which m, () = 0. Then, Eq. is solved at arbitrary high densities along a curve in the
{6, p} plane defined by

oV /00

ps(e,p) = ‘Wg)/aa = pS,OO = const. (637)

0=0

In the ultra-relativistic approximation pg(#,p) ~ p?/3m.(6), therefore the condition above is
satisfied by m.(0) ~ ps7oo/p2/3, which is achieved by taking 6 close enough to 6 for p > ps .
Therefore, in this type of unbounded solution, m,(#) remains positive and approaches 0 from
above as the density is increased. This implies that the effective mass of the fermion can be
much smaller than its zero density value m at high enough densities.

If m. (@) is bounded from below and does not cross 0, we find the second type of solution: the
asymptotic value of 6 at high densities would then be 6., for which the first derivative vanishes,
namely (Om.(0)/00)|p=p,, = 0. This can be easily understood as the solution of Eq.
in the limit where the contribution from 9V (6)/00 is negligible and ps # 0. In this type of
solution, m,(6) remains positive and approaches m, () from above as the density is increased.
Depending on the function m.(6), both m.(0s) < m and m.(fs) < m are possible. The scalar

"As we discuss extensively below, there can exist a meta-stable, potentially long-lived, branch of the EOS. In
this case, it is necessary to use p as the free parameter.

8For concreteness, we use £(#, p) as the relevant quantity for this particular discussion, but similar arguments
can be made using Q(6, u).
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density ps increases as p increases while the mass is fixed, which implies that 6(p) — 6 at high
densities, making this solution self-consistent. In both cases discussed above, we find that any
solution of Eq. (6.36]) satisfies also the lower bound m.(f) > 0 at all densities.

What kind of EOS can we expect? To answer this question, let us first discuss the qualita-
tive effects of the scalar field. The first effect we can consider is the reduction of the mass
of vp. This has the generic effect of stiffening the EOS, which can be seen easily e.g. in the
non-relativistic approximation (neglecting V' (6), p ~ py),

511\;)1& 2/3 81%11
NR NR

A reduction of the mass, therefore, leads to a larger pressure for a fixed energy density, i.e. to
a stiffer EOS that can support a larger total mass for a given radius. On the other hand, the
additional contribution of V() would generically lead to a softening of the EOS state. Again
e.g. in the non-relativistic approximation,

8pNR
ov(0)

P~ em B (@ —v(0)P - v(e) — <0, (6.39)

where ¢ is a numerical constant. An increase in V' (6) leads to smaller pressure for a fixed energy
density, therefore to a softer EOS.

These two competing effects split the parameter space of any model into two qualitatively
different regions. First, a coexistence (CE) region, in which a phase of matter, with § = 0°F = 6,
is accessible above a certain critical pressure. In this case, for internal pressures above the critical
pressure, the bound object can be described as a hybrid star, with a core in one phase (6 ~ §°F)
and a crust in another (0 ~ 6y). Below that critical pressure, only the low-density phase is
present. Such phase transitions typically soften the EOS, and the resulting hybrid stars are less
massive in comparison to stars made of matter in their low-density phase.

We dub the rest of the parameter space the new ground state (NGS) region. As the name
suggests, at high enough densities matter can transition to a new, stable ground state with
6 = ON°S. Stars could be totally stable only in this new phase, while dilute stars (with 6 ~ 6;)
can be long-lived until a fluctuation causes them to transition to the stable phase. Importantly,
the EOS for the new ground state could be stiffer in comparison to the low-density (meta-stable)
phase and therefore may support bound objects with larger masses. The NGS region shares some
similarities with strange stars [232,255,256].

To better define the CE and NGS regions, let us denote our parameter space as @ = {«;},
namely the space of parameters (couplings and scales) that fix the m.(#) and V() functions,
see Eq. . The two regions can be easily identified in terms of preferred phases. In this
case, it is useful to pick p as the independent variable, where the preferred phase is the one with
maximal pressure.

Coexistence region This region in parameter space is defined by p(0, u; ) < 0 for all
values of 8 # 6y and for 0 < p < m. This means that the 6y phase is preferred around the p = m
threshold (since by definition p(6y, ) = 0 in the region 0 < g < m). A phase transition may
then occur at some critical uS¥(a) > m, see the blue curve in Fig. Although this transition
is always continuous in (p, i), it could either be smooth or first-order in (g, p). In the latter case,
there is a discontinuity (i.e. “jump”), like the one shown in Fig. Phase transitions typically
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Figure 6.8: Pressure as a function of chemical potential. The thick, green curve describes a
free Fermi gas. The blue curve describes a first-order phase transition from 6y to some 6°%,
typical in the CE region of parameter space. The phase transition occurs at a critical chemical
potential puS® where the pressure of both phases are equal, denoted here by pS®. The red curve
describes the NGS, with § = NS starting at the p = 0 point at non-zero u~N“% < m. This plot
demonstrates how the intersection point between the 6 # 6y curves and the § = 6y thick green
curve, which is controlled by the properties of m.(6) and V(6), determine whether a certain
parameter point belongs to the CE or the NGS region.
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Figure 6.9: The binding energy £/p as a function of number density p. The thick, green curve
describes a free Fermi gas. The blue curve describes a first-order phase transition typical in the
CE region of parameter space. The transition is accompanied by a discontinuity in € and p, in
the region plotted here as the dashed blue line. The phases at the edges of the dashed blue line
have the same pressure. Both the thick green and the blue curves share the same ground state
at p — 0, where the binding energy is simply the rest mass m. The red curve describes the
binding energy of the NGS. An absolutely stable branch is defined for p > pN“®, with the NGS
at pN95. A meta-stable branch equivalent to a free Fermi gas in found at p < p.. The region
pe < p < pN9S is completely unstable.
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Figure 6.10: Pressure as a function of energy density for the various regions discussed in the
text. The thick, green curve describes a free Fermi gas. The blue curve describes a first-order
phase transition, typical in the CE region of parameter space. While the pressure is continuous
across the phase transition, which takes place at pS®, the energy density is discontinuous, shown
as the dashed blue line. Such a jump leads to a softer EOS, at least in some finite region. The
red curve describes the NGS, characterized by vanishing pressure at some finite energy density
eNeS. This EOS can be stiffer than the 6y phase at high densities. There is typically also a
meta-stable branch at low energy densities, equivalent to the free Fermi gas, shown here as the

dashed red curve.
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lead to a softening of the equation of state, see Fig. We also note that one can classify
three types of possible phase transitions, depending on whether the low- and high-density phases
are non-relativistic (NR) or ultra-relativistic (UR). A noticeable effect arises only when at least
one of the phases is NR, such that the nucleon mass plays a role, therefore only in NR — NR
and NR — UR transitions. The third possible transition, UR — UR, occurs when the mass is
irrelevant, and therefore changing its value does not affect the EOS. Note that the UR — NR
transition is not possible; as argued above, the mass of the fermion in the high-density phase is
never larger.

New ground state region The NGS region of parameter space is defined by demanding
that there exists a solution of p(ON“%, u;a) = 0 at a chemical potential pN%(a) satisfying
my (ONCS) < NS < m, with 0¥ (u, ) the solution of Eq. (6.36). This is shown by the red
curve in Fig. In order to see that there is indeed a new ground state of the system, it is
useful to switch and use the number density p as a free parameter. The condition above implies,
according to the first law of thermodynamics,

dp

NGS)

p(ﬂ _ (pNGS)2a(€/p) — [ NGS )NGS _ _NGS 07 (6.40)

p=pNGS

Whel"e €NGS — E(HNGS, pNGS) a.nd pNGS — k%(MNGS)/gﬂ_Q, Wlth k%(MNGS) — (IJ/NGS)2 _ mz(eNGS) and
NS () evaluated at pN“S. From this condition we learn two things,

1. There is a minimum of the function /p at p = pNS.

2. The value of the function at that minimum is ;ﬂ% = pNe < m.

This new and deeper minimum is shown in Fig. [6.9] We find that the function describing the
energy per particle, namely £/p, has a global minimum at pN“®, which is lower than the mini-
mum at p = 0, since lim,_,0&(6o, p)/p = m. This implies the existence of a new ground state
for matter with O8N = 0(pN®). This is analogous to the effect of the nuclear force in nuclear
matter. The short-distance repulsion and long-distance attraction are balanced at nuclear satu-
ration density po &~ 0.15 fm ™3, i.e. the density of nuclei, which are the ground states of nuclear
matter. In the presence of the NGS, the EOS has a stable branch that reaches p = 0 at some
non-vanishing number density pN® or energy density e, see Fig. Importantly for our
discussion, the EOS of this new phase could be stiffer than the 8y phase, and therefore can
potentially support bound objects of larger mass. Since the NGS is not continuously connected
to the 6y phase, matter below some critical density p < p. is meta-stable, see Fig. Given
a system at sub-critical density, any density fluctuation large enough to overcome the potential
barrier can cause a phase transition, as long as its spatial extent is large compared to Ay, even
if small compared to the size of the system (due to the negligible gradient limit formulated, see
Eq. ) The region p. < p < pN corresponds to negative total pressure and is therefore
completely unstable

Let us now focus on the NGS, and take the contribution coming from V(6) to be negligible.
Furthermore, let us assume that the effective fermion mass remains approximately constant in
the NGS; this would be the case in models where m.(6) is positive and bounded from below at
some 0 = O (see discussion below Eq. ) Thus, if the total effect of the scalar interactions

9We should note that for m.(6) linear in @ (n = 1 in Eq. (6.27)) there exists another (hydrodynamical)
instability due to an imaginary speed of sound ¢ = dp/ds < 0 [257]. This is absent for m. () quadratic in 6
(n =2 in Eq. (6.27)) since o is not continuously connected to 6% (nor to ANS) as one varies p.
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can be described as simply reducing the mass of the fermion to some density-independent value
M (o) < m, the maximal mass and corresponding radius of a star composed of matter in this
new phase can be easily calculated using the standard TOV equations, to find

mn

Mo = (0.7 M) (771*(%0)

2 my 2
) , R(M,..) ~ (9.3 km) (m*(9oo)> , (6.41)
where we have set m = my, with my ~ 939 MeV the neutron mass. Clearly, a reduced fermion
mass has a strong effect on the NS maximal mass, as well as on the corresponding radius. This
effect is potentially much larger than the usual O(1) effect one gets by using different EOSs,
which model dense matter using different approaches (see e.g. [101,/152]).

On the other hand, the inclusion of the scalar self-interactions encoded in V() would generi-
cally have the opposite effect and drive the maximal mass to lower values compared to the simple
case above. Indeed, in the regime where the reduction in the fermion mass is so large that the
Fermi gas becomes ultra-relativistic, m.(f~) ceases to play a relevant role in the EOS in com-
parison with (a fixed) V(0s). The EOS then takes a particularly simple form ¢ ~ 3p+ 4V (0),
and we find

(0.2 GeV)*

0.2 GeV)? 1/2
) ) (6.42)

1/2
~ N (

Max =~ (1.1Mg) ( > , R(M,..)~ (5.8 km) < V0)

While the maximal mass is of particular interest given its constraining power from single NS
observations, other macroscopic parameters such as compactness, C' = GM/R, are of special
relevance for what regards the sensitivity of GW observatories such as LIGO, see e.g. [?]. When
the main effect of the scalar field is just the reduction of the neutron mass, the compactness is
approximately the same as for the free Fermi gas, i.e. C' >~ 0.11, see Eq. . The compactness
is larger if the scalar potential also plays a role, and it is maximal in the ultra-relativistic limit,
where it takes the value C' ~ 0.27, see Eq. . We have explicitly checked that these two
values delimit, to good approximation, the range of compactness of the heaviest NSs in the NGS,
ie.

011<C <027, (6.43)

and that such a range is fully covered independently of the NS maximum mass, see Fig. [6.11
Therefore, while the maximal compactness is below that required for the existence of a photon
sphere, C' < 1/3, it is larger than that of standard NSs with realistic EOSs, whose compactness
does not typically exceed C' < 0.23, see e.g. [101,154].

An important consequence of the above discussion regards the causal bounds on the maximal
NS mass and compactness. Bounds on the maximal mass of NSs, independent of their radius,
were originally derived by Nauenberg and Chapline [239] as well as by Rhoades and Ruffini
[240], based on the causality requirement that the speed of sound be smaller than the speed of
light, ¢s < 1. These bounds can be understood taking the maximally-compact EOS, namely
p=¢€—¢c for e > e., and p = 0 otherwise, from which one finds the bound M < 4.1Mg+/ep/ec
with g = mypo ~ 150 MeV fm 2 the nuclear saturation energy density [101,1258]. Given our
understanding of matter around nuclear density pg, for e, ~ 2¢g this approximately reproduces
the original bounds on the maximal NS mass, M., ~ 3Mg. This seems to be in contradiction,
for example, with our simple estimate in Eq. . However, this causal bound is clearly based
on our assumed understanding of matter at p < pg. In the presence of light scalars coupled to
nucleons, nuclear matter as we know it in nuclei may be only metastable (see Sec. , and
the NGS energy density may in fact be lower than g, allowing for a larger maximal NS mass.
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Bounds on the maximal compactness of NSs are instead not violated by stars in the NGS.
These include the e.-independent causal upper bound from the maximally-compact EOS just
discussed, C' < 0.35 [101},1259,260], as well as Buchdahl’s limit C' < 4/9, which ensures the
finiteness of the pressure inside the NS [103,261].

Another observable to consider in the context of NSs in the NGS is the rotation frequency
of pulsars, which is very slowly varying in time and precisely measured, see e.g. [262]. Due to
their resemblance at the macroscopic level, it is worth commenting on the rotation periods of
strange stars. In Ref. [263] it was shown that the maximal rotation frequency of strange stars
can be mildly larger than standard NSs for the same masses and radii, by a factor < 10%. The
fact that strange stars have the potential to rotate faster also impacts the causal bounds on the
rotation periods, which are typically slightly weaker compared to standard NSs [105}258,260].

Besides rotation periods, it would be interesting to further explore other related observables
such as the moment of inertia and the spin-induced quadrupole moment [264}265], see also
e.g. [105]. These observables have been studied mostly in the context of scalar-tensor modifica-
tions of gravity [266(-269]. Their importance goes beyond the characterization of the macroscopic
properties of NSs in that the moment of inertia and quadrupole in GR are found to be related
in a way that weakly depends on the EOS [270,271]. These universal relations, also known as
I-Love-Q relations, also involve tidal Love numbers such as the tidal deformability [272], which
parametrizes the quadrupole response of a star to the gravitational field of a companion ob-
ject. Strange stars have been found to exhibit much larger tidal deformabilities than normal
NSs [273], yet the universal relations have been shown to hold regardless, see e.g. [274]. Per-
haps the stronger indication that this set of observables is likely different for NSs in the NGS
than for standard NSs is that departures from the I-Love-Q relations are typically significant in
scalar-tensor theories, as reviewed in [237].

Finite gradient effects

Meta-stability The negligible gradient limit (f/M, < A2%,/m?) is useful and applicable
when considering bound objects that are much larger than the effective wavelength of the scalar
field, see Eq. (6.35]). For objects whose size R satisfies the opposite condition

R< Xy, (6.44)

the cost in gradient energy outweighs the in-medium gain in potential energy, such that the
energetically favorable configuration remains § = 6y. This limit has an important implication:
the new stable phase of matter is not accessible in small systems, even if these are dense enough.
For instance, considering a low value of the scalar decay constant, e.g. f = 10% GeV, and taking
a conservative estimate A2, ~ (1 GeV)? (which is relevant for nuclei and NSs), we find that
the effective wavelength is Ay ~ 200 fm, two orders of magnitude larger than nuclear radii
~ 1 fm x A'/3, with mass number A. Since most nuclei with A ~ O(200) are already short-lived,
it is extremely unlikely that a nucleus with A ~ 10° is spontaneously formed in small systems.
In practice, experimental tests typically bound f to be much higher than considered above,
making Ay much larger and the new phase even less accessible in small systems (the discussion
on these model-dependent experimental tests is postponed to Sec. . Therefore, the stability
of standard nuclei in light of the absolutely stable scalarized ground state is ensured due to the
gradient energy required to displace the scalar field, and it is consistent with the fact that some
nuclei are very long-lived, and in fact stable on cosmological scales.

In addition, note that only matter fluctuations whose spatial extent is of the order of Ay can
lead to a transition from the meta-stable phase to the NGS phase. This type of large and dense
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regions are expected to appear first in violent events such as stellar collapse (e.g. supernova) and
stellar collisions (e.g. binary mergers), which therefore should be the main production mecha-
nisms of matter in its true ground state, see also e.g. the discussion in [237]. Depending on the
critical density, the existence of a NGS can affect the formation of main sequence stars as well
as stellar remnants such as white dwarfs and NSs. We leave the study of these effects for future
investigation and limit ourselves here to the study of time-independent systems.

Finally, we note that in our simple working assumption of a free Fermi gas (of neutrons),
every time a clump or nugget of matter in the NGS comes into contact with matter in the meta-
stable low-density phase, it would convert it to the NGS. In the case of strange quark matter [232,
255,256], this is avoided by adding electrons according to charge neutrality. These form a cloud
of size (ame)~! around the strange nugget, which itself has a crust of order Aéén (which is also
the smallest nugget size). The Coulomb barrier then prevents these objects from converting
other nuclei to strange matter. In our case, such a separation of scales is not necessarily present
(since Ay > AgéD) and therefore this argument is not applicable. Nevertheless, we expect the
abundance of NGS nuggets to be significantly smaller than their strange counterparts due to a
suppressed production rate in extreme astrophysical environments by ~ (AgopAg) 2. Still, we
believe a more careful examination of this question is warranted.

Self-bound and constant density objects For all configurations on the stable branch,
the total core pressure balances two inward pressure contributions, the gravitational pressure
and the pressure from the change in mass due to the scalar field, which we refer to as the
gradient pressure. We define self-bound objects (SBOs) as those for which the gravitational
contribution is subdominant. They are composed of matter in the NGS, held together by the
gradient pressure of the scalar field at the boundary (or crust) of the object, which is typically
of size Ay and where the scalar transitions from 6, — 6p. The opposite limit represents the
conventional gravitationally-bound objects, also known as stars. As discussed below, in the
NGS branch, both types of objects can have approximately constant energy density profiles. In
App. we provide a detailed analytic treatment of these objects.

SBOs are typically not compact, GM/R < 1, consistent with the fact that they are well-
described by the M, — oo limit of the coupled TOV equations,

1017 Oy
p, =—_¢ (80 + ps(%) s (645&)
2 1 /oV om. (0
0" + ;9’ =7 (ae + ps ae( )> : (6.45Db)

Note that the pressure profile is non-trivial only in regions where ¢ # 0 and the condition in
Eq. (6.36]), which defined our microscopic EOS, is not satisfied. The smallest possible SBOs,
also known as nuggets, are of size

R~ A (6.46)

These are the densest of all the SBOs, since for higher densities Eq. no longer admits
stable solutions. In the R > A4 limit, the interior of SBOs is well-described by constant internal
pressure and energy density, as well as a constant scalar field value. They are held together by
the gradient pressure exerted in a small region of size Ay < R, at the edge of the object. For
even lower densities, the SBOs become large, reaching the point where gravity can no longer
be neglected. Depending on the region of parameter space, SBOs can range many order of
magnitude in size Rg5s > Rixe. In particular, they can be as large as NSs and with similar
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masses. On the other hand, for large values of f, SBOs may not be viable configurations at
all. Indeed, the existence of SBOs requires that Rg3y > RS, ~ Ay, which reduces to an upper
bound on f

O
< 9
s = om. M, , (6.47)

where dm, = 1 — m.(0x)/m. For objects of size R 2 RB2 the gradient pressure and the

gravitational pressure are equally important and the full coupled set of equations of Eq. (3.1))
must be solved, as discussed just above Sec.

As the objects in the NGS become more compact (larger and more massive, since ¢ is approx-
imately constant) gravity can no longer be neglected and eventually dominates. We identify
then two distinct limits, depending on the model parameters a, here encoded in dm, and my
(evaluated at 0), f, and eV9(a). In the limit smy/ *(m 4/sl\IGS)(]"/Z\/.I' ) < 1, in which SBOs
have energy densities close to that of the ground state, e¥“® (where the EOS is p ~ 0), the
smallest gravitationally-bound objects can still be approximated as constant energy density sys-
tems. However, their pressure drops away from the core (as opposed to the constant pressure
SBOs), at sufficiently low pressures the EOS is probed only in regions where & ~ V%8
At large enough core pressures, the approximation of constant energy density breaks down, and
any further increase in core pressure leads to a decrease in radius, which is the typical behavior
of stars described by a Fermi gas

On the other hand, for §m/ ?(m?/eN6S)(f/M,) > 1, the most massive and largest SBOs
have € > V% and already probe, by definition, the part of the EOS in which any further
increase in pressure leads to stars that are no longer constant density objects. Therefore, when
the gravitational pressure becomes relevant, these objects have both decreasing pressure and
energy density away from their core.

~ const.

Following App. we find that the maximal radius for constant energy density objects in
the dm, < 1 limit is approx1mately given by

M, 1/2 ( m3 f
o nf/%e;;§ﬁ75 omy (ENGS) (]Z;) <1
R~ M/ sl/2 ( ; . (6.48)
sl 2 i/ M \eves ) \ary ) >

To conclude, let us note that a simple prediction regarding the mass-radius relation can be
given for objects in the NGS with densities of order pN“%; this is the region in the EOS where
the energy density becomes almost constant as p — 0, approaching the critical value ¢ — N5,
The mass of these constant-density objects is then given simply by the product of the energy
density times the volume

4m oNGS

M/R? ~
/ 3

(6.49)

Their compactness, scaling as C' o< R?, is much smaller than for stars in the NGS, since their
radius is much smaller. As we have explained above, as the radius grows the gravitational
pressure becomes important and the energy density acquires a non-trivial profile, and one returns
to the predictions given in Eq. .
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6.2.3 Case studies
Bounded m.(f) solutions

We begin the analysis with models in which m.(6) is bounded from below and does not cross zero,
such that the high-density value of the scalar is 0 defined by (0ms/00)|9=s,, = 0. We analyze
these models in the negligible gradient limit, with the additional assumption that 6 jumps from
the trivial phase # = 6y to the § = 6, phase. This is a good approximation if (Om./06)|g=g,,
as well as (0V/90)|g—g., are sufficiently small. The first of these conditions has to be fulfilled if
the model is not to be excluded by fifth force experiments, and effectively corresponds to taking
n = 2in Eq. . The second condition is only necessary for our model-independent treatment
and can easily be violated in explicit models. Then, under these assumptions, the parameter
space is reduced to simply {m4(0~),V (0s)}. As described in Sec. the two phases could
either coexist, leading to hybrid star configurations or describe a meta-stable phase and a new
absolutely stable phase of matter. The boundary line between the CE region and the NGS
region in the {m.(0),V(0o)} plane is given by

P(Ooo, pt =m) = p(fo, up =m) =0. (6.50)

In the CE region, the two phases meet at some critical chemical potential uS® at equal pressures.
In contrast, in the NGS region, it is more convenient to find the meta-stable and stable branches
using p as a free parameter. The critical number density p., which determines the edge of the
homogeneous (meta-stable) branch in the CE (NGS) regionH is defined by the scalar density
in which the second derivative of the effective scalar potential flips sign,

821//802
05(907/)(:) = <agm*/802>

where we have expressed the scalar density in terms of the number density.

The total mass M and radius R of the stars are found by solving Eq. numerically and
scanning over the parameter space. In Fig. [6.11] we show the contours of constant mass and
radius for the most massive stars in the NGS region. For small values of V(6 ), the constant
M and R contours are approximately V(0 )-independent. The increase in mass and radius of
the NGS stars are solely due to a decreased fermion mass. We recover the same scaling as in
Eq. . On the other hand, near the gray region in (the upper-left part of) Fig. the
NGS becomes ultra-relativistic, thus the EOS is nearly m. (0 )-independent, and we recover
the scaling of Eq. . As expected, larger values of V' (6,) make the EOS softer, resulting in
lighter stars.

Let us comment on the gray region in Fig. It indicates where we expect the 6 = 6
approximation to break down. This happens when the scalar density in the § = 6., phase,
ps(0o, 1), drops below a value given by

: (6.51)

0=069

(6.52)

=0

The exact position of the boundary of the gray region is in general, model-dependent. That
plotted in Fig. corresponds to models with m — m.(0) o V(0) (e.g. the QCD axion and its
lighter variations, see Secs. [2.3|and [6.2.3]), in which p2° = V(0)/(m —m.(0x)). In general, this

10Ty general, the homogeneous branch in the CE region also includes a meta-stable part which probes the
0 = 0y EOS above the critical pressure determined by the Maxwell construction, pS¥, but below the critical
number density.
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Figure 6.11: The {m.(0), V(0 )} parameter space. The black line is the CE-NGS boundary,
Eq. . Curves of constant stellar mass and radius for the most massive configuration allowed
by the EOS are shown in dashed and solid gray, respectively. In the gray region, the 8 = 6
approximation breaks down. In the brown region, neutron stars are not dense enough to source
the scalar. We also show where different models that conform to our simplified treatment lie in
this plane: the QCD axion (red dot), see Sec. light QCD axions (purple line), Sec.
and two generic axion benchmark points (blue dots), Sec. with my () = mpy/2 and
V(fs) =2 x (0.075 GeV)* (BM1) and my(0s) = my/3 and V (0s) = 2 x (0.075 GeV)* (BM2).
The thick-blue line describes a UV completion from a f(¢)GG interaction that allows for large
nucleon couplings. As indicated by the arrows, this model can populate most of the parameter
space although with decreasing calculability towards small m, (6 ), which we indicate with a
decreasing opacity. See App. [C.4] for more details. Below the green contours, finite gradient
effects become important for the corresponding value of f shown.

106



6.2. HEAVY NEUTRON STARS FROM LIGHT SCALARS

08— T T T T T T T T T T T T 77 0.3F e e e e A A S
—— Fermi gas with axion (M=1.6 M) —— Fermi gas with axion (M=1.6 M)
— Fermi gas (M=0.4 M,,) —— Fermi gas (M=0.4 M) 1
0.6 R
JR— Z 0.2f b
i g
E 0.4F m\ ]
= =
%) &0t |
0.2¢ SY
0.F B=17km ol R =17km |
0 5 10 15 0 5 10 15
r [km] r [km]
0‘4 \\\\\\\\\\\\\\\\\\\\\\\\\\\\ C T T T
\ —— Fermi gas with axion (R=9.8km) 0.04 — Fermi gas with axion (R=9.8km)
—— Fermi gas (R=23km) I — Fermi gas (R=23km)
0.3 1 — 0.03F
— 2
T £
g 02r o 0.02+
(S
- \ E)
0.1+ & 0.01F
S erererermrererrrrrerer o MM e
0 5 10 15 20 25 0 5 10 15 20
r [km] r [km]

Figure 6.12: Top panel: Energy density (left) and pressure (right) profiles of solutions to
the TOV equations. In red a configuration in the BM2 axion model with R = 17km and
M = 1.6 Mg, and in black the free Fermi gas solution of equal radius and M = 0.4 M. Bottom
panel: Profiles for stars of equal mass, M = 0.25M, and R = 9.8km and R = 23km for the
BM2 benchmark and the free Fermi gas, respectively.

region in which 6 does not jump all the way to the point where Om, /90 = 0 depends strongly
on the shape of V(6) and m.(6) and it has to be determined numerically.

Let us also discuss the validity of the negligible gradient limit, which we have assumed to
hold in the discussion above. Finite gradient effects become important as soon as Ay ~ R,
where recall Ay = f/A%, see Eq. . At high densities, we have A%, = —ps(Om./00) (see
Eq. and the associated discussion), which we can approximate as pN“[m — m(0)]. As
a result, most of the parameter space in Fig. is valid for f < (1017 — 10'®) GeV, except for
the lower-right corner, as indicated by the green lines. As we show below, finite gradient effects
typically suppress the deviations from the ideal Fermi gas, thus the results of Fig. |6.11| represent
the maximal effect one can expect from a sourced scalar.

Before moving to the discussion of specifics models with bounded m,(0), it is worth illus-
trating already here the effects of a sourced scalar field on the configuration of stars in the NGS.
In Fig. we show in red the energy density and pressure profiles of a representative point in
the BM2 axion benchmark (see Fig. , and compare it with the free Fermi gas solution, in
black, of either similar radius (top panel) or similar mass (bottom panel). The emergence of the
NGS can be deduced from the behavior of the energy density at the edge of the star, where it
does not vanish even though the pressure does. We do not show the scalar profile since for this
benchmark Ay < R and therefore, the transition from 6, to ¢y is very narrowly localized at the
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edge of the star.

The QCD axion

The QCD axion is an elegant solution to the strong CP problem as we have seen in Sec.
where the QCD 6-angle is promoted to a dynamical field. Here we introduce again the relevant
properties of the QCD-axion. The Lagrangian at energies above the QCD scale is
2
9s ¢ 2
G GH 6.53
3271'2 f 224 ( )

Ly D %((%)2 +

Here g, is the strong coupling constant and G, is the gluon field strength. At energies below
the QCD confinement scale, a potential for the QCD axion is generated by non-perturbative

effects,
V(¢) = —mzfx <\/1 — Zyqsin® (;}) - 1) : (6.54)

where z,q = 4m,mg/(my +mg)?. In vacuum, this potential is minimized at (¢) = 0, such that
CP is conserved, thus solving the strong CP problem.

A non-derivative coupling of the QCD axion to nucleons (neutrons and protons) is also
generated at low energies, giving rise to a scalar-dependent fermion mass, see e.g. [11,234]

ms(¢) = my + 0N <\/1 — Zyqsin? (;}) — 1) , (6.55)

where o,y &~ 50MeV is the so-called nucleon sigma term, and we neglected isospin-violating
contributions.

Following our definitions in Eq. , the QCD axion belongs to the case with n = 2, i.e.
a quadratically coupled scalar, and we can identify

2mpy
M¢2’ = 2o I m?b -
ud9 7N

Zud M3 7

4 f2 7

Fy=fo=1. (6.56)

Given that M, > Fp, fy, higher-order terms in ¢ are generically relevant. In addition, it
is natural to identify the characteristic scale of the scalar with the axion decay constant f,
therefore f = f and 8 = ¢/f. The in-vacuum value of the scalar is then 6y = 0.

At finite baryon density, one can identify an effective in-medium QCD axion potential, which
at leading order in chiral perturbation theory reads [11,186]

Vi) = V() +pu () = mx] = (1= 222 ) v, (657
mﬂ' f7T

This potential is only valid at low densities, below around nuclear saturation, ps ~ p < pg, while
the exact form of the potential at high densities is unknown. This means that, for the QCD
axion, keeping only the low-density potential is not realistic. Indeed, the critical density for
scalarization Eq. , where 6 = 6y becomes unstable, would be given by

mzf2
Y

OxN

ps(0, pe) = (6.58)

which implies p. > pg and therefore beyond perturbative control. In addition, at leading chiral
order, the pions become massless at such densities, clearly invalidating our treatment of the ax-
ion. Nevertheless, it has been discussed in Chap. |5| (see Ref. [11]) that the sourcing of the QCD
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axion could be triggered by Kaon condensation. The latter is a possibility widely considered in
the literature, particularly concerning the so-called hyperon puzzle, see e.g. [153]. For the rest
of this section, we assume that our simple treatment based on an axion-dependent nucleon mass
given by Eq. , and the corresponding effective potential in Eq. , hold at all relevant
densities, keeping in mind that the high-density dynamics of QCD has a critical impact on the
possibility that the axion actually leads to scalarized NSs. What we learn is still useful since
for a lighter version of the QCD axion, discussed in Sec. the relevant densities are much
lower and, therefore, under perturbative control.

In the negligible gradient limit, the system is minimized at 6., = 7 for densities p > p., which
implies

Mi(fo0) =my —0xn (L= VI = 20a) , V(0so) =m2f2 (1= V1= 24a) - (6.59)

Recall that in this case, the high-density value of the scalar corresponds to dm. /90 = 0, which
sets (¢) =7f < M s This constitutes, therefore, an example of screened scalarization, where
the screening is due to higher-order terms in the interaction of the scalar with matter. NSs with
a sourced QCD axion belong to the CE region only, see Fig. This is because the chemical
potential corresponding to the critical density is much larger than mpy; see the discussion in
Sec. Since the QCD axion with Ay < R is compatible with all the assumptions discussed at
the beginning of Sec. its M-R curve can be calculated given the values of {m4(0), V (00)},
see the left panel of Fig. (red curve).

Moving beyond the negligible gradient limit, we show the resulting M-R curves, found by
solving the full coupled system of Eq. , in the right panel of Fig. for different values of
f. As expected, the phase transition from 6y = 0 to 0, = 7 leads to a softening of the EOS and
therefore to less massive stars. The larger stars follow the free Fermi gas line, as their densities
are sub-critical, i.e. p(r = 0) < p.. Smaller and denser configurations are hybrid stars, composed
of a core in the 6., phase and an exterior region in the 6y phase. Two particular features can
recognize the effect of the gradient. First, the inner core of the homogeneous stars (on the right
branch) can have a region that is above the critical density, as long as this region is smaller than
the effective in-medium wavelength of the scalar field Ay o< f. Higher values of f trace the Fermi
gas line (solid black) until smaller radii and larger masses, at which point a large enough central
region is created and it is energetically favorable for the high-density phase to form. Second, for
high values of f the start of the hybrid branch consists of configurations where the axion is not
fully sourced, i.e. the value of the field does not reach 6., at the core, thus forming a thick-wall
bubble. In such configurations, the transition region of the scalar inside the hybrid star occupies
a significant fraction of the whole object, which modifies its equilibrium configuration. This
explains the visible deviations of the finite f hybrid branches (solid colored lines) compared to
the negligible gradient limit (dashed line). However, at higher internal pressures, once the QCD
axion is fully sourced, indicating a thin-wall bubble, all the curves in the M-R plane converge,
particularly to a similar maximal mass configuration. This is not a surprise, since the existence
of a thin wall is tantamount to a negligible gradient, Ay < R.

Lighter QCD axions

In this subsection we review the relevant properties of lighter than expected QCD axions as
discussed in Sec. 2.5

The QCD axion solution to the strong CP problem has been recently extended by relaxing
the relation between the potential of the axion and its coupling to the SM [73,|74}186]. These
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Figure 6.13: Left panel: M-R curves in the negligible gradient limit for several benchmark
cases as indicated in the legend, with e = 10~ for the light QCD axion. Also shown two
representative constraints at the 68% confidence level on NS masses and radii, obtained from
low-mass X-ray binaries during quiescence (NGC 6304) and thermonuclear bursts (KS 1731-
260), taken from [135]. In orange we plot the mass measurement of the millisecond pulsar
J0740+6620, taken from . The gray regions are the theoretically excluded regions with
C = GM/R < 1/2 (Black hole), Buchdahl’s limit C' < 4/9 (p < o), and C' < 0.35 (Causality;
see the discussion below Eq. (6.43)). Right panel: M-R curves for the QCD axion. The free
Fermi gas without the axion (solid black), the negligible gradient limit (dashed black), and
including finite gradient effects for f = {5 x 106,106, 10'*}GeV in (solid) red, purple, and blue
respectively. The light-colored curves are unstable configurations.
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QCD axions are lighter than usual, a fact that gives rise to novel astrophysical signatures [14,
75,(186,235].

For our purposes, the only yet key difference w.r.t. the standard QCD axion is a suppressed
(in-vacuum) axion potential, which can be parametrized as

V() = —em?2 f? <\/1 — Zug sin? <2q;> — 1) : (6.60)

with € < 1. Conversely, the axion-dependent nucleon mass remains the same, see Eq. (6.55]).
Therefore, this model can be characterized by the same scales as the QCD axion, Eq. (6.56)),
except for the scalar mass, which now reads

2 r2
2 = e%% . (6.61)

Vi(h, ps) = <1—‘“§p§>v%¢)- (6.62)

Due to the relative enhancement of the finite density corrections, the critical density where 6
is no longer a minimum is e-suppressed compared to that of the QCD axion,

2 £2
m7rf7r

OxrN

ps(0,pc) =€ (6.63)
This is crucial since, as opposed to the QCD axion, for small enough € the transition to the 6
phase may occur at such low densities that chiral perturbation theory is valid and the pions
are heavy (p. < po), making our treatment in terms of a scalar-dependent nucleon mass and
Eq. a viable approximation. In that case, we can reliably infer that in the “high-density”
regime, p > pc, Om, /00 = 0 sets 0 = 7 in the negligible gradient limit. While this leads to
the same m, (0 ) as for the QCD axion, V (f) is e-suppressed,

My(0o0) =my — o7y (1= V1= 24a) , V(bso) = em? f2 (1= V1= 2zua) - (6.64)

Because of the smaller potential in the scalarized phase, the NGS is now accessible if € is small
enough. Since all the parameters in Eq. (6.64]) except for € are fixed experimentally (z,4 ~ 0.88,
my =~ 135MeV, fr = 92MeV), one can phrase the condition for the existence of a NGS, see

Eq. (6.50)), as the following upper bound

W2 my (oan\?
c< W2 iy <" N) (1= VI=z0)? ~0.07. (6.65)

~Y
15m2 m2 f2 \my

at leading order in o,x/my (in the non-relativistic limit). The number density of the axionic
(absolutely stable) ground state is given, under the same approximations, by

3/5

PN [ (0o0)V (000)]Y° ~ (emym?2 f2) (6.66)

Since the light QCD axion with Ay < R is compatible with all the assumptions discussed at the
beginning of Sec. its M-R curve can be calculated given the values of {m, (), V (0)},
see the left panel of Fig. (purple curve). As expected, since the EOS of the NGS is slightly
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stiffer, it leads to slightly more massive stars than the free Fermi gas, enhancing the maximal
mass of NSs by (my/ms(0s))? — 1 ~ 10%.

Moving beyond the negligible gradient limit, we show the resulting M-R curves, found by
solving the full coupled system of Eq. , in the left panel of Fig. for different values of f.
Let us note that comparing the analytic estimate in[C.31]with the end of the meta-stable branch,
one finds O(1) deviations from finite gradient effects. While expected, this has implications for
the robustness of bounds on lighter QCD axions derived from GW observations from the NS
merger GW170817 [235]; indeed, assuming similar deviations away from the Ay < R limit for
the NSs in the binary, we find a weakening of the bound at large f, precisely where they are
relevant, by a factor of a few. Interestingly, we find that the axion halo responsible for the
long-range force, which extends much further than the radius of the star (defined by p,(R) = 0)
contributes negligibly to the mass of the system.

While lighter QCD axions lead to a moderate enhancement of the maximal NS mass, they
also lead to other striking signatures. The instability of the EOS at intermediate densities,
namely between the critical density and NGS density, leads to a gap in the M-R curve between
the meta-stable branch and the stable branch, clearly visible in Fig. As explained in
Ref. [14], the gap moves to smaller radii for higher values of f. Ideally, once the M-R plane is
sufficiently populated with accurately measured masses and radii of NSs, the observation of such
a gap would be a smoking-gun signal for this type of BSM physics, since standard QCD EOSs
do not predict such gaps. On the other hand, the non-observation of a gap would lead to tight
constraints on the parameter space of such models. This rationale has been recently followed
in Ref. [14], where the M-R distribution of white dwarfs was used, leading to the experimental
bound € < 1078, stronger than the bounds from the Earth and the Sun [186]. We stress that the
bounds arising from the existence of a NGS accessible in white dwarfs, and the corresponding
gap in radii, are qualitatively very different than the strategy proposed in Ref. [186], which
relies on the change of the properties of nuclei, and the corresponding change in X-ray emission,
when a (lighter) QCD axion is displaced to § = 7 [234]. Let us also recall that there are other
(weaker) astrophysical and cosmological bounds on f, see [87] as well as [89,275], which rely on
the derivative couplings of axions to the nucleon axial current and the nucleon EDM, which also
arise at low energies from Eq. .

Another interesting prediction associated with lighter QCD axions is the existence of SBOs
(see Sec. , with a range of radii that can potentially span many orders of magnitude, from
microscopic to a few km, depending on the value of f. At zero temperature, these objects are
absolutely stable and cannot decay. We leave the study of the phenomenology of these objects
for future work.

Axion-like particles

Motivated by the interesting phenomenological signatures associated with the existence of a
new ground state of matter in lighter versions of the QCD axion, in this section, we wish to
explore the possibility that a light scalar has a larger (non-derivative) coupling to nucleons while
keeping its potential tunable. A possible UV completion of such a scenario, based on a f(¢)GG
interaction above the QCD scale, is presented in App. [C.4]

For concreteness, we choose the bounded function f(¢) = (1 — cos(¢/f))/2, such that the
scalar-dependent nucleon mass and the scalar potential are

ma(8) = my |1+ g (cos — 1)} V() = —AY(cosh— 1), (6.67)

where 6 = ¢/ f, the dimensionless factor g parametrizes the reduction of the fermion mass when
0 # 0y = 0, and the scale A sets the overall scale of the potential.
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Figure 6.14: Left panel: M-R curves for a light QCD axions with € = 6 x 1079, The free fermi
gas without axion (solid black), the negligible gradient limit (dashed black), and including finite
gradient effects for f = {5 x 106,106, 10} GeV in (solid) red, purple, and blue respectively.
The light-colored curves are unstable configurations. Note that the metastable branch for the
lowest f is not within the range of the plot. Right panel: M-R curves for the ALP benchmark
BM1. The free Fermi gas without axion (solid black), the negligible gradient limit (dashed
black), and including finite gradient effects for f = {5 x 10'%,10'9}GeV in (solid) red and
purple, respectively.

Following Eq. (6.27)), we further identify n = 2 and

412 A?
2 2
Mi==-, mi="T5, Fo=ls=1. (6.68)
with M, > Fy, fe when g < 1.

As in the previous sections, it is illuminating to first consider the negligible gradient limit.

At densities above the critical density, implicitly given by
274

s(0,pc) = ) 6.69
pal0.p) = (6.69)

the system is minimized at f, = 7 for 0 < ¢ < 1. The (unbounded) case g > 1 will be discussed
in Sec. [6.2.3] For negative g, the scalar field will always stay at 6y = 0 since any deviation from
the in-vacuum value would result in an increase of the nucleon mass. As for the (light) QCD
axion, scalarization is screened if g < 1 due to higher-order scalar terms in m..

We use Eq. as a simple parametrization of any bounded-m, model that can be mapped
to any point in Fig. |6.11| according to

Ma(0so) = mn(1—g), V(fso) = 2A%. (6.70)

For the sake of exposition, let us derive the condition for the existence of the NGS in two different
simple limits. For a non-relativistic Fermi gas, the NGS arises when

2v2
A S e 5mve®? +0(g"?),  (NR) (6.71)
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where we expanded in g < 1. The corresponding ground state number density is given by
3/5
P~ (my AN £ 0(g). (NR) (6.72)
Instead, in the ultra-relativistic limit and expanding around g = 1, there exists a NGS for

4
A4 < My
~ 2472

+0((1-9)"), (UR) (6.73)
with the ground state starting at a density
PN~ 2A% ) (UR) (6.74)

with no (1 — g) corrections at leading UR order. Note that although we have chosen g < 1 for
a NR system and 1 — g < 1 for an UR one, there certainly exist UR configurations with g ~ 0
and NR ones with g ~ 1.

While the simple ALP model defined by Eq. , in the negligible gradient limit, is a proxy
for any model that populates the parameter space {m.(fx),V(0)}, with the resulting maxi-
mal mass and corresponding radii shown in Fig. [6.11] finite gradient effects, on the other hand,
are model-dependent; they are sensitive to the particular shape of the scalar potential and the
scalar-dependent fermion mass.

To illustrate these finite gradient effects, we consider a benchmark point marked in Fig. [6.11
as BM1. This benchmark is defined by

BML: ¢g=0.5, A=0.075GeV, (6.75)

where we expect to find meta-stable configurations with densities that are at most of the order
of the critical density, in this case

pe ~ 0.017fm =3 ~ 0.1pg . (6.76)

The absolutely stable configurations are composed purely of the NGS phase, characterized by
number and energy densities similar to those of nuclei

PN~ 0173 ~ po, eV~ mnpNOS A g = 2.5 x 101 g/em®, (6.77)

Taking gradient effects into account, we find SBOs with their (numerically computed) minimal
and maximal radii given by

SBO f SBO f 1/3
RSBO ~ (25 — |, R’ ~(23k —_— . 6.78
These values are consistent with the analytical estimates given in App. For objects with
radii larger than RS9 gravity becomes relevant and eventually dominant over the scalar force.

However, as long as the energy density of the object is approximately constant, the mass and
radius are related by Eq. (6.49)), in this case

R 3
M ~ (5 x 1074 M) <1km) , (6.79)

which is independent of f.
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In the right panel of Fig. we show the M-R curves, found by solving the full coupled
system of Eq. , for f = {5 x 10'6,10'6}GeV and in the negligible gradient approximation
(f/M, — 0). At large radii, we find the low-density meta-stable branch corresponding to the
free Fermi gas with no scalarization, while at small radii we find the absolutely stable branch,
with a large gap (compared to the typical radius) between them. Note as well that the maximal
NS mass with a sourced ALP is much larger than without scalarization. As shown in the left
panel of Fig. for values of f such that scalar gradients are negligible, the enhancement
of the maximal mass is even more pronounced for the benchmark denoted by BM2 (dark blue
curve), defined by a larger g = 2/3 compared to BM1, with the same A. Indeed, in the case of
large g, i.e. small m,(0), this ALP model leads to a large enhancement of the maximal mass
of NSs, following Eq. (6.41]). This is in contrast to the expected reduction in mass due to the
softening of the EOS as a result of additional SM degrees of freedom, e.g. hyperons or more exotic
possibilities such as meson condensation and first-order phase transitions, see e.g. |[101,]127,/152].

Unbounded m. () solutions

We now turn to the analysis of models in which m,(6) is unbounded and vanishes asymptotically,
i.e. my(0 = 0) = 0, which defines the high-density value of the scalar 6. As discussed in
Sec. 0 approaches 0, at asymptotically large densities, following the curve in Eq. .
At such high densities and whenever scalar gradients can be neglected, the maximal mass and
corresponding radius only depend on V' (f,) and are given by Eq. , which recall follows from
the ultra-relativistic limit of the EOS. In the following, we consider two concrete realizations of
such a scenario: linearly- and quadratically-coupled scalar fields, n = 1 and 2 in our classification

of Sec. [6.2.11

Linear coupling to matter Let us consider a scalar that couples linearly to nucleons and
has a simple quartic potential,

0] 1 59,0 Ay
my(¢) =mny | 1— R =g m 79 :
(¢) N ( . V(o) 5 20"+ 4¢ (6.80)
Following Eq. (6.27)), we can easily identify the scales that characterize this model, besides its

mass mg and interaction strength with matter 1/M,,

Qmi

In addition, since the high-density limiting value of the scalar field corresponds to a vanishing
My, it is natural to identify the typical scale of the field as f = My, thus 0 = ¢/M¢'

Let us start by considering the limit f4 > M, in which we can neglect the quartic term in
the potential for all field excursions, i.e. higher-order terms in ¢ are irrelevant. The stellar
structure of this model was recently investigated in Ref. [257]. In the following, we re-derive
some of the results and pay special attention to the impact of fifth-force bounds.

A linearly-coupled scalar is always sourced at finite density, leading to a fifth force even
between dilute and small objects. Despite this fact, as discussed in Sec. for the unbounded-
m, case, only when densities are of order p, ~ in Eq. we can expect appreciable effects
due to the scalar field being significantly displaced from its in-vacuum value, i.e. 8 ~ 6,, = 1.
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This corresponds to number densities (implicitly) given by

m2M?
ps(0 ~ Ooo, p) ~ pao = ——2 (6.82)
myn
and assumes finite gradient effects are negligible, i.e.
M
R>> A\ ~ 4 - (6.83)

= m¢
\/P&oo,am*(m/am
following Eq. (C.31)) (taking ps ~ psoc and Af ~ 1). The parameter space of this model is

effectively one-dimensional, since
My ~ MN , VwméM(g, (6.84)
where recall m,(f~) = 0, and therefore the dimensionless ratio

2 2
mg My

1
C=s—5—
2 mpy

(6.85)

suffices to describe the phase of the system. As expected, only for small values of the scalar
potential, i.e. of ¢, there is a NGS (see the discussion around Eq. (6.40)),

c <0.015 = N9, (6.86)

This transition value between the existence of NGS and the CE region has been found numeri-
cally, using the solution of the scalar EOM in the negligible gradient limit, Eq. . We find
agreement with the results of Ref. [257].

In Fig. [6.15] we show where the transition between the NGS and the CE region lies in
the {mg, My} plane, and compare it with current fifth-force bounds [276], which exclude the
blue-shaded region. We have dashed the CE-NGS boundary line where gradient effects become
relevant, and we have cut it off altogether at the edge of the gray-shaded region, where gradient
effects are so strong that the field can no longer be significantly sourced. In this region, the
scalar has therefore little to no effect on the configuration of NSs.

In this regard, it is important to take into consideration the size of the scalarized NSs in this
scenario. Close to the CE-NGS boundary, we find as expected no strong deviations from the
standard radii of NSs. In contrast, deep inside the NGS (¢ < ¢V9), we find

CNGS CNGS

Mo ~ (0.7 Mg) p R(M,.0y) ~ (9.3km) p (6.87)
in agreement with Eq. . Given that Ay ~ 1/mgy, see Eq. , and the parametric
estimate for the free Fermi gas radius R ~ M,/ m?v, this implies that the negligible gradient
approximation is valid as long as My < VcNSSM, ~ M /10.

As can be seen in Fig. [6.15] the parameter space compatible with fifth-force bounds, which
extend to mg ~ pm~! for M o~ My, is far from the NGS line. Assuming that these bounds
can be circumvented, the details of the EOS and stellar structure in this model can be found in
Ref. [257]. However, we expect that a situation where any screening takes place on Earth, such
that fifth-force bounds are evaded, yet it does not take place on NSs, is far from generic at the
very least.
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Figure 6.15: Parameter space of the linearly-coupled scalar model. The black line delimits
the transition between the NGS (above) and the CE region (below). The arrow indicates that
this transition happens at smaller values of M for non-negligible A. These lines become dashed
when neglecting gradient effects in NSs ceases to be a good approximation and ends at the
gray-shaded region, which indicates a strong gradient where the scalar field has no effect. In
light-blue shaded, we plot fifth-force bounds taken from [276], leading to the conclusion that all
the interesting parameter space is excluded.
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We conclude this section by considering the effect of the quartic term in the scalar poten-
tial. As indicated by the black arrow in Fig. a non-negligible A\, i.e. fy < M, s> would cause
the NGS-CE boundary line to shift up. Due to the larger contribution to the energy density
and pressure from the potential,

1 M;
V(0) = 5mg Mg (1 + Jj) : (6.88)
¢

a smaller value of M P is needed to reduce the fermion mass and reach the NGS. Such a conclusion
is valid only as long as (scalar) densities are above the new density

M2
/0()\) = Ps,00 5 f (689)

where we have taken f, < M, & and p,  is given in Eq. 1} For intermediate densities

Pso0 < p < pgf\o)o, we effectively have a screened system in which (@) ~ f, < M.

Quadratic coupling to matter Let us consider next a scalar field that couples quadratically
to nucleons,

(@) =my (1= 22}, Vig) = 22 4+ 24t (6.90)

scales associated with higher-order ¢ terms as in the linear model, see Eq. 1). Likewise, the
characteristic scale of the field can be conveniently chosen to be f = M, therefore we define
0 =o/M,[

As in the linear model, we can differentiate between two opposing limits, the mass-dominated
regime in which higher-order terms in the scalar potential are irrelevant, f¢2) > M?, and the

Besides the mass mg and the interaction strength with matter set by 1/M, we identify the
1|

quartic-dominated regime where instead these control the dynamics, fz < M ; In each of

these regions, the parameter space that determines the phase of the system is effectively one-
dimensional,

2772 2 4

_1m sM Mg AM,

= or )\_Ci
4 4
2 my f¢ dm’y

(6.91)

for the mass- or quartic-dominated regimes, respectively. They have a clear physical interpre-
tation as the contributions to the scalar potential in the high-density limit, V' (6), in units of
mY (recall my(6) = 0),

2
V(0oo) = smiM; <1 + Aﬁ’) =my (c+cy) . (6.92)
¢

As in the linear case, the transition values that separate the CE and NGS regions are found
numerically (neglecting gradients). The NGS exists if the dimensionless coefficients satisfy the
upper bounds

¢ <0.0093 =", and ¢y <0.015 = )%, (6.93)

" Note that in the g > 1 limit of the ALP model of Sec fields excursion are small (6 < 1) thus the ALP
model can be mapped to this quadratic model with mg = A /f2, —(A/f)*/6 and M = 4f?/g.
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Figure 6.16: Left panel: Parameter space of the quadratic model, with CE above and the
NGS below the solid thick line. The dashed line denotes the same NGS-CE boundary but in the
(M,/ fs)? < 1lor (M o/ f»)? > 1 limit. Thin-black: contours of maximal mass, for clarity only
up to 10M. Right panel: Maximal mass (solid) and corresponding radius (dashed) of NSs as
a function of V' (0x).

for f; > Mdz) and f(?, < M?, respectively. This is shown as the dashed line in Fig. [6.16

If both contributions to the potential are of similar size, i.e. f(?) ~ M(?), the parameter space
is two-dimensional. The boundary between the CE and NGS region is again found numerically
and shown as the solid thick line in Fig. [6.16

The typical densities associated with the NGS can be estimated according to Eq. . For
the mass- or quartic-dominated regions these are given, respectively, by

2 2 2
ms5 M M
Ps,oo0 = e _ myc, Or pgj\o)o = 2/)5,007

. = 2m3cy . (6.94)

The scalar field approaches § — 0, asymptotically for densities p > ps o or p > pgf\go, under

the assumption that the field gradient is negligible, i.e. R > Ay with Ay ~ 1/mg or Ay ~
fs/(myM,) < 1/my for a negligible or dominant quartic term, respectively.

Let us also note that in this model, as in the bounded models discussed in Sec. where
the scalars also couple quadratically to matter at leading order in ¢, one can identify a critical
density where the in-vacuum value of the scalar, fy = 0, becomes unstable, see Eq. . We
find, as expected, that this is given by ps(0, pc) = ps.0o. In addition, in the quartic-dominated
regime, i.e. f; < Mq%, we have p; o < ,090)0 At intermediate densities, ps o0 < p < pg‘o)o, the
field is destabilized at the origin, p > p., thus triggering scalarization, yet 6 ~ 6 is never
reached. In such a case, the scalar is screened, and we effectively have (¢) ~ f; as a limiting
value.

Deep inside the NGS region, 6 ~ 0., ms < my, and the maximal star mass and correspond-
ing radius are well approximated by Eq. (6.42]), with the only relevant dimensionful parameter
given by V() in Eq. (6.92)). There are O(1) deviations from these approximations near the
NGS-CE boundary, while the deviations are reduced away from the boundary. Numerically,
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we find e.g. that 8% is ~ 10% away from 0., for ¢ ~ 10cN°S, while it is only ~ 1% away for

¢ ~ 100cNS where ¢N9® are given in Eq. for the mass- and quartic-dominated regimes.
The numerically obtained M,,., and R(M,,.,) are shown in the right panel of Fig. [6.16

As opposed to the linearly-coupled scalar, this model leads to large NSs masses (and radii),
SBOs, and a gap in the M-R curve, without being in tension with current fifth-force bounds (see
e.g. [277] for a recent analysis on the experimental tests of the forces mediated by quadratically-
coupled scalars). It is worth pointing out that these conclusions rely on the validity of our
effective description, Eq. , at large field excursions, such that higher-order ¢ terms in
m.(¢) do not play any role. This is a non-trivial requirement on the underlying dynamics,
especially since we assume our model to be valid towards small nucleon masses.

Finally, we discuss other potentially relevant bounds on this type of scalars bilinearly coupled
to nucleons. First, the astrophysical and cosmological bounds that apply to (light) QCD axions
(see end of Sec. , which exhibit as well as quadratic couplings to nuclei, do not generically
apply here; these bounds are associated with IR couplings different than those from m*(¢)1ﬂw,
which are predicted from our knowledge of the UV interactions of the scalar above the QCD
scale, Eq. . Therefore, without specifying the interactions of the scalar above Agqp, such
type of bounds do not generically apply. An example of a possible UV completion, based on a
coupling to the gluon field strength, is provided in App.[C.4] Still, robust, general bounds can
potentially be derived given only Eq. . For instance, as show in Ref. |14], a reduction of
the nucleon mass has a strong impact on the configuration of white dwarfs, whenever these are
large and dense enough to trigger scalarization. It would be interesting to recast such an analysis
to constrain the parameter space of the quadratic model. For other interesting directions, see
e.g. [278], where a bound due to excessive energy loss in supernovae from pair emission of scalars
via NN — NN ¢¢ was estimated to be M, 2 15 TeV. Let us note however that if the scalar is
sourced during the supernova, a linear coupling for the ¢ excitation is present and suppressed
by ~ 1/M, - Accordingly, we estimate the bound from single emission to be M, > 107 TeV.

6.2.4 Scalar-tensor theories

Scalar-tensor theories of the type first proposed by Damour and Esposito-Farese [242] can be
equivalently described, as we have done in this paper, via scalar-dependent masses for the (non-
interacting) matter fields. In this section, we re-derive this well-known fact in the context of a
free Fermi gas. For a recent discussion, see [279].

The action for a conformally coupled scalar field, in the Einstein frame, is given by

M?2 1
S = / d*z\/—g [167‘;23 + 59“”9u¢8u¢ - V(¢)} + S, Gl (6.95)
with the matter action
S = / diz\/—§ [\Tlié"a'y“[)“‘l/ - m\T/\II} G = A2(O) g, (6.96)

where ]_N)H = 0, — 1w, is the covariant derivative of a fermion field ¥ in the scalar-dependent
metric §,,. The vielbein and spin connection associated with the matter metric g, (a.k.a.
Jordan frame) are related to those of the metric g, (Einstein frame) as
~[L o ~ 1 vb_a
et,=Aet,, wuzwu+10ab(e e
Noticing in addition that v/—§ = A*,/—g, one can perform a scalar-dependent field redefinition
of the fermion, ¢ = A3/2¥ (known as conformal dressing), such that any dependence of the

L, — e’ )0, log A. (6.97)
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matter action on A is eliminated except in the mass term, leading to Eq. (6.28)) with

ms(¢) = A(g)m . (6.98)

This shows the equivalence of the two pictures when matter is composed of a free massive field.
An equivalent derivation holds if there are more than one species.

At the level of the EOMs and the matter EOS, this equivalence can be seen by noting that
the matter source term in the scalar EOM Eq. is just (working with ¢ = f6)

om.(6) . dlog A(9)
Ps 8¢ - Tw 5¢ )

since Ty, = g"(Ty)uw = €y — 3py = Myps, which matches the source term of a conformally
coupled scalar from Eq. . Furthermore, let us point out the fact that untilded (Ein-
stein frame) quantities being functions of m, and p, e.g. py = py(m«(¢),p), is consistent
with the fact that the energy-momentum tensors in the Einstein and Jordan frames are re-
lated by (Ty)uw = A*(Tw)uw, thus py = A%y with py = pg(m, i) and i = p/A (likewise

kp =+/@? —m?=kp/A).

When the matter fields are not free, i.e. departing from the free Fermi gas limit, encoding all the
interactions of a conformally coupled scalar as ¢-dependent masses is certainly not enough. For
instance, returning to the case of interest in which the fermion ) is a nucleon, the introduction of
pion-nucleon interactions in the presence of a conformally coupled scalar would require not only

scalar-dependent pion masses, m2,(¢) = A%(¢)m2, but a scalar-dependent pion decay constant

as well, fr.(¢) = A(9) fr.

This can also be understood by considering the interactions of a conformally coupled scalar
above the QCD scale. While classically (neglecting quark masses for simplicity), the QCD action
with conformally-dressed fields is a priori independent of ¢, the trace anomaly gives rise to the
interaction

Ly = —log A() 62(53)6131,, (6.100)

S

(6.99)

where G, is the gluon field strength, g, the QCD coupling constant and 3 its beta function,
B(gs) = 0gs/Ologu. It is this interaction that leads to the ¢-dependence of the low-energy
parameters after QCD confinement, see e.g. [280/-282].

This brings us to our final comment, which concerns the radiative stability of a light con-
formally coupled scalar. The trace anomaly is a manifestation of the fact that scale invariance
is not a robust symmetry at the quantum level, with a non-vanishing beta function understood
as an explicit breaking of the dilation symmetry. Such a symmetry would naturally ensure a
hierarchically small mass for the scalar, if this were identified with a bona-fide dilaton, fixing
A(o) = e?/ My see e.g. [283] for a neat discussion. However, since the symmetry is explicitly
broken, one should expect a contribution to the dilaton potential

M B 6 o,

1672 g, M,

AV (¢) ~ , (6.101)

on top of the quartic potential allowed by scale invariance, V' ~ Mgdez)ew/ M¢>, with Myy the
cutoff of the scalar effective field theory. If instead the function A(¢) corresponds to a generic
conformally coupled scalar, one would expect AV ~ (M2, /47)%(8/gs)log A(¢). In any case, the
lightness of the scalar, required to yield appreciable effects in stars, is endangered by quantum
effects, unless the cutoff is very low or tuning is invoked, see also App. [C.4]
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We finish this section with a brief comment on the previous literature. To our knowledge,
most works on the configuration of NSs in scalar-tensor theories Eq. have focussed in a
regime where M, ~ My, see e.g. [268,284-287] and [237] for a review. As we have discussed in
Secs. [6.2.3] and %72_?47 in this regime the effects of the scalar gradient cannot be neglected. In
addition, for the functions A(¢) and V(¢) chosen in these works, the NGS of matter is either
absent or it has not been identified. While it would be interesting to reasses these models in light
of our new (microscopic) perspective on the scalarized matter EOS, we recall that the NGS is
gene%ly present in the so-called strongly scalarized scenario where M o < My, see Figs.
and

6.2.5 Conclusions

In this work, we have presented a comprehensive and detailed study of the impact of scalarization
on the configuration of NSs. This is a non-trivial back-reaction effect: a dense and large star
can source the scalar field, which in turn alters the structure of the star. We have shown that
at leading order the relevant (non-derivative) couplings of the scalar to matter can be encoded
as a scalar-dependent nucleon mass. This allowed us to study in a straightforward way how the
EOS of matter, modeled as a free Fermi gas, is affected by scalarization. In the infinite volume
limit, we have shown that the total energy density and pressure of the system receives, beyond
the Fermi gas contribution, a contribution from the scalar potential. It is the interplay between
the change in the matter EOS due to a reduction of the nucleon mass and the scalar potential
that determines the energetically preferred state of the system.

Our analysis has uncovered what can be considered one of the most salient effects of scalar-
ization: the emergence of a new ground state of (nuclear) matter at some finite number density
and zero pressure. The NGS emerges if the change in nucleon mass dominates over the scalar
potential, leading to a larger binding energy per nucleon compared to well-separated nucleons.
We have found that the NGS is quite generic and allowed by current constraints by exploring
several scenarios beyond the SM with a light scalar: the QCD axion and lighter generalization
thereof, generic pseudo-Nambu-Goldstone bosons (which we termed ALPs), and a simple scalar
quadratically coupled to nucleons and with a quartic potential.

The phenomenological implications of scalarization, and in particular of the emergence of
the NGS, are striking. Because a reduction of the nucleon mass leads to a stiffer EOS, NS
masses far beyond the maximal mass predicted by the standard causal bounds can be reached.
These stars are also much larger, such that their compactness is approximately the same as that
of a free Fermi gas. On the other hand, the contribution of the scalar potential to the energy
and pressure softens the EOS. When this effect dominates, we have found stars in a hybrid
configuration, where a scalarized core coexists with the rest of the star in the standard phase.
NSs with a phase transition within them are lighter yet unusually compact. In addition, because
the standard phase of matter is in fact meta-stable yet (very) long-lived when the scalarized NGS
exists, we have found that the M-R relation exhibits an instability gap in radii, in which no
stars should be found. In connection to this fact, we have discovered that the new, absolutely
stable branch extends down to small self-bound objects in the NGS, held together by the scalar
force instead of by gravity. These SBOs have properties, such as mass and compactness, which
greatly differ from those of standard stellar remnants.

We have provided analytic, semi-model-independent estimates of key quantities such as crit-
ical densities for scalarization, maximal mass of NSs and corresponding radius, as well as min-
imal and maximal sizes of SBOs. Whenever possible, we have also analytically determined the
boundary of the parameter space where the NGS exists, as well as the new ground-state number

122



6.2. HEAVY NEUTRON STARS FROM LIGHT SCALARS

density of matter, for the different scalar scenarios under consideration. These estimates make
the physics transparent, and we have checked all of them against numerical simulations. In this
regard, we paid special attention to finite gradient effects, associated with the non-trivial profile
of the scalar in finite volume systems, i.e. stars in our case. These contributions to the energy
density and (anisotropic) pressure are important when the in-medium characteristic wavelength
of the scalar field is of the order of the size of the object, and they lead to important departures,
especially when the typical scale of the scalar f is close to M,.

We have also made explicit the connection between our analysis and the popular scalar-
tensor theories, in the hope that our fresh perspective will contribute to elucidating their full
dynamics and whole range of phenomenological implications.

Our results shed new light on the already clear importance of future electromagnetic and grav-
itational wave observations of compact stellar objects in general and NSs in particular. Indeed,
observatories such as NICER and LIGO have the potential to discover signs, like very heavy NSs
and gaps in radii, that could ideally be considered as smoking-gun signals of the scalarized NGS
of matter. Certainly, many degeneracies are at play here, such as astrophysical uncertainties
in the expected NS-BH mass gap along with the experimental difficulties in discerning between
these two types of compact objects, large experimental errors in the determination of NS radii,
or theoretical uncertainties in the EOS of NS matter. However, many of these constitute in
principle a reducible background that could be greatly reduced thanks to the vigorous current
and future experimental program in astrophysics. Besides, while a leap in our theoretical un-
derstanding of dense matter is not in foresight, for many of the scalar scenarios we considered,
the relevant densities fall within perturbative control. Indeed, bounds on lighter QCD axions
have already been derived from the effects of the NGS on the configuration of the much more
dilute white dwarfs [14]. The uncertainty in the EOS is, unfortunately, most pronounced for the
case of the QCD axion, where the possibility of scalarization itself is speculative. Furthermore,
let us note that, with the exception of the linearly-coupled scalar, for all the other models we
considered there is wide parameter space open to further experimental exploration. This in turn
means these models can be tested with other, complementary probes: pulsar timing, stellar
energy loss, long-range forces in binary mergers, or superradiance (see e.g. [76] for an overview
of the status of (light) QCD axions).

We conclude with a summary of the directions that we believe deserve further investigation.
An important question that we did not explore concerns the formation of stellar objects in
the NGS, for which there are many non-trivial aspects to consider. Importantly, its answer
is of no consequence to our findings, which concern the long-time, non-dynamical structure of
stellar remnants. A related question concerns the cosmological evolution and phenomenological
implications of the SBOs, which can be as small as the Compton wavelength of the scalar.

It would be interesting to extend our analysis to more realistic EOSs. We have found, using
a free Fermi gas description, that pure neutron matter can be effectively self-bound at high
densities due to the scalar dynamics. We expect that, by considering a more realistic EOS,
this picture does not qualitatively change and asymmetric nuclear matter is self-bound as well.
From our ongoing work we already have indications that this is the case when including nuclear
interactions mediated by pion exchange, even incorporating the effects that scalarization has on
the interactions themselves (e.g. a change in the mass of the pions); we have explicitly checked
this for lighter QCD axions. Therefore, the emergence of a scalarized ground state of matter
seems to be robust in the regime where we retain perturbative control.
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Chapter 7

Phase Transitions from Stars

In this chapter, we study the potential detection of a transition between distinct vacua, specifi-
cally those initiated by dense compact objects such as stars.

To facilitate a lucid discussion of the underlying physics, we commence the first section of this
chapter by considering a straightforward potential, following Coleman’s framework (reference
[288]). This potential involves a quartic of a single scalar field denoted as ¢, incorporating a Z
symmetry, ¢ — —¢, which is explicitly broken by a linear term. The potential of the scalar field
is such that in vacuum it sits in the metastable minimum.

The existence of a barrier separating the two minima is argued to diminish with increasing
density, motivated by known examples such as QCD. Consequently, for sufficiently high densities,
the metastable minimum vanishes, resulting in the development of a non-trivial scalar profile
within the dense system similar to as we have seen in Chap. [f| and Chap. [§f While in our
previous models the scalar was in the true ground state of the theory in vacuum, in the scenario
where it sits in a meta-stable minimum in vaccum, an instability can occur that can lead to the
permeation of a bubble throughout the entire system. This is of course dependent on the density
profile and evolution of the star under consideration. If triggered, these bubbles can escape and
propagate indefinitely, driven by the scalar residing in the absolute minimum within the bubble
which now extends far beyond the star. One can think of the star as a sort of catalyst for the
scalar phase transition. These seeded phase transitions hold potential catastrophic implications
for our universe.

Given our primary focus on classically allowed transitions to the true vacuum, they manifest
as soon as sufficiently dense and large stars are formed. These late-phase transitions, occurring
at redshifts approximately z ~ 20, give rise to a change in the vacuum energy relative to
the value from measurements of the Cosmic Microwave Background (CMB). This enables us
to constrain the parameters of the scalar potential, subject to the type of star that triggers
the phase transition. However, if the energy difference between the two minima is sufficiently
minute, these phase transitions might prove non-lethal and potentially observable through future
cosmological and astrophysical observations.

In the second part of this chapter we introduce the Higgs hierarchy problem, which motivates
models of dynamical relaxation such as the relaxion (see Ref. |10]), characterized by a scalar
potential in the form of a tilted cosine. We discuss relaxion models in the third part of the
chapter and apply our findings of part one to relaxion models. The magnitude of the relaxion
potential is determined by the QCD quark condensate or the Higgs vacuum expectation value
(VEV), both sensitive to baryonic densities found in stars. Consequently, the formation and
subsequent escape of such bubbles yield stringent new constraints on the parameter space of
these models.
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All figures and substantial portions of the text presented in this chapter originate from
references [12] and [13].

7.1 Density induced Vacuum Instabilities

This section is organized as follows. We present the simple scalar potential with two minima
separated by a density dependent barrier in Sec. and study its properties. The next section,
Sec.[7.1.2] is devoted to the properties of compact objects relevant for classical bubble formation.
This will be the topic of Sec. where we continue with the determination of conditions that
lead to the bubble escaping the star and have a look at the formation of bubble via quantum
tunneling in the presence of a density background. After this we are left with the exploration
of phenomenological consequences of star triggered late-time phase transitions in Sec. [7.1.8
in particular the constraints on the parameters of the model, that arise due to the change in
vacuum energy. In App. [D] we show some simplifying approximations, the effect of ultra-high
densities as well as the impact of gravitational forces on the bubble dynamics.

7.1.1 General Scalar Potential

The potential we consider is just the familiar quartic potential with a linear tilt,

¢ ¢\
V<¢>=—$ﬁA§.;+%A‘é (fQ—l) : (7.1)
Ar and Ag are the scales that control the size of what we denote as linear “rolling” and quartic
“barrier” terms respectively (numerical factors are introduced for notational convenience), while
f parametrizes the field distance between the two minima. The potential has two minima as
long as

=1 Ay 0 7.2
=1-71 >0 (7.2)
For 1 — 62 < 1 the minima are located at ¢4 ~ & f, and in particular the metastable minimum
¢_ is a deep minimum. Instead, for 6> < 1 the minima are at ¢_ ~ —f/+/3 and ¢, ~ 2f//3,
and ¢_ is shallow. The difference between these two types of metastable minima is evident from

the mass of the scalar
2405, (shallow)

(7.3)
- (deep)

For a shallow minimum (42 < 1) the mass is parametrically suppressed with respect to the usual
expectation, which is instead reproduced in the case of a deep minimum (1 — 62 < 1). Another
quantity of phenomenological interest, which is very different between shallow and deep minima,
is the height of the potential barrier,

4
AV ~ {27 \/gA% 5, (shallow) (7.4)
% AL (deep)

The suppression of the barrier in the case of minima with 62> < 1 implies that even a small
perturbation of the potential can easily destabilize the scalar field.

Let us note that while shallow metastable minima might naively be deemed as tuned, they
naturally appear in relaxion models [10], where the barrier term is a periodic function of the
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Shallow Deep
N ~
—f/V3 2f/V3 -f f
¢ ¢

Figure 7.1: Potentials with shallow (left) and deep (right) minima in vacuum (solid) and in
medium for a density p slightly larger than critical (dashed).

scalar field, e.g. cos(¢/ f), whose amplitude increases very slowly with each ¢ oscillation. There,
the first minima of the potential are found when the barriers get just large enough, i.e. A} ~ A4,
or in our notation §% < 1. The quartic potential we have taken as a case study in Eq. @ is
a simplified version of the relaxion case.

Finite density

Finite density can impact a scalar potential in several ways, depending on how the scalar couples
to the matter fields that constitute the dense system. In general, density corrections can be
encoded as an additional term in the potential that explicitly depends on (number) density, p,
and vanishes in vacuum, i.e. p = 0. For the sake of concreteness, in this section we focus on the
scenario where these corrections can be entirely encoded as a non-trivial density dependence of
the parameters of the potential Eq. . In particular, we consider the situation where the
barrier Ap depends on density, and define the dimensionless quantity

4
= 1- (o). (75)

with ((p) > 0 and ¢(0) = 0. We want to stress that we have seen this exact behavior when
discussing properties of the quark condensate at finite densities in Sec. Note that the
definitions of the above quantity differ slightly in the two sections, i.e. (3, # ¢ from Eq. .

This scenario is naturally realized when Ag itself is determined by the vacuum expectation
value of an operator that is sensitive to finite density corrections. Perhaps the simplest example
in the SM is provided by the QCD quark condensate, that is Aj oc (Gg) ~ A3y, which is
well-known to linearly decrease with (small) baryon number density py = (NTN) with p the
baryon field [193]. In the notation of Eq. , this would imply, at leading order in density,
that ((pn) x pn/ AéCD in systems with a non-zero nucleon density, such as stars. The case of
a Ag proportional to any other QCD condensate that is non-zero in vacuum and changes with
baryon density, such as a gluon condensate, belongs to the same class. Within the realm of SM
operators, the only other qualitatively different case is given by a barrier set by the Higgs VEV,
that is A% oc (h?) = v2. There, the coupling of the Higgs field to fermions, ywhiﬁw, displaces its
expectation value when in a (non-relativistic) ¥ background, (y¢) ~ (Tep) # 0. Considering
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once again a system with a non-vanishing baryon density, the small displacement in the Higgs
would lead, at leading order, to (pn) o pn/miv?®. Let us note that A} o (gq) is realized by the
QCD-axion [11},186], as well as by those models of relaxation of the electroweak scale where the
relaxion is identified with the QCD-axion |10]. The case where the leading finite density effects
are due to a shift of the Higgs field, AL oc (h)2, is found in non-QCD relaxion models [10], and
it could arise as well in more general Higgs-portal models, e.g. [289]. A detailed discussion of
finite density effects in these versions of the relaxion is found below. Going beyond the SM, we
could, for instance, entertain the possibility that Ay originates from the confinement of a new
QCD-like dynamics decoupled from the SM. Motivated by this case, we should further consider
the existence of dark compact objects, a.k.a. dark stars [290-298], whose non-zero density can
lead to a change of the scalar potential as in Eq. .

Because of the smaller barriers at finite density, the metastable minimum in vacuum is no
longer a minimum in a dense system as soon as the condition Eq. , with AL — AL(1 - ),
is not satisfied. The critical value of { above which this destabilization occurs is
As o
=1 AL 0°. (7.6)
It is evident from this expression that a shallow local minimum is more easily destabilized than
a deep one, since (. < 1 for a shallow minimum while (. ~ 1 for a deep one. This is explicitly
shown in Fig. [7.§

We limit our discussion to ((p) < 1, since otherwise the barrier term changes sign and the
scalar potential is no longer bounded from below. This makes the analysis sensitive to higher-
order terms in ¢, which we have implicitly neglected; in other words, the scalar dynamics becomes
UV sensitive and therefore no longer predictive. In addition, note that for what concerns the
destabilization of the false vacuum, the relevant quantity is the ratio between the rolling and
barrier scales. Therefore, we could just as well have considered a density dependent rolling term,
Ai(p), as the source of the instability. However, as we show in Sec. the formation of a
scalar bubble inside a dense system of finite size, as well as its evolution, strongly depends on the
magnitude of the rolling term. For this reason, in this Chapter we keep Ay density independent.
Let us also point out that density is treated here a background field that eventually depends
on space and time, see Sec. [7.1.2] Although we are phrasing our discussion of the fate of
the metastable minimum in terms of a matter density, a priori other space-time dependent
background fields could lead to similar effects on the scalar potential. An example where the
role of density is played by a background electro-magnetic field will be presented for a relaxion
model in Section [7.3l

As discussed above, for densities above the critical one, the scalar potential has a single
minimum. We denote this minimum as (¢4),, such that it is clear that it is continuously
connected, as the density is taken to zero, to the stable minimum in vacuum, ¢. Let us note
that close to criticality, i.e. for ((p) ~ (., the in-density potential has the same form as a
potential in vacuum with 6% < 1, thus Ot prpe = 2f/+/3. For the same reason, just before the
critical density is reached, the in-medium metastable minimum is shallow and found at — f//3,
regardless of its value in vacuum ¢_. In contrast, far beyond the critical density, the single
minimum of the potential is found at

L6\
¢+p>>pc~(1_gfp)> /, (7.7)

which can be much larger than f if ( — 1. Whenever the scalar potential has two minima,
shallow or deep, at zero or non-zero density, the difference in the ground state energy between
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them is given by
AN ~ A}, (7.8)

up to an irrelevant O(1) factor.

We would like to emphasize that while in this Section we focus on a simple potential of
the form Eq. , the analysis presented here is then applied in Sec. to other types of
potentials containing local minima separated by a density-dependent barrier. Furthermore, even
though we pay particular attention to the fact that at finite density the scalar field can classically
move to the true minimum of the potential, this is not the only case of interest; such a change
of minimum could be classically forbidden at finite density as well, yet take place anyway due
to a much shorter quantum-mechanical lifetime than in vacuum (see Sec. .

Let us comment here on the UV sensitivity of the scalar potential Eq. (7.56|) and our assump-
tions on how it changes at finite density. Indeed, let us consider the case that A% = a(h)?, where
« is just a proportionality factor. By closing the Higgs loop and cutting it off at a scale Ay, we
obtain a contribution to the barrier term AA$ ~ a(Ay/47)?. We should then demand that this
extra contribution does not erase the instability of the local minimum at finite density, which
means AAL < Ad(p.) =~ AL. This conditions translates into an upper bound on the cutoff of the
scalar theory, A, < 4m(h)v/1 — §2. Note this is larger for potentials with a shallow metastable
minimum than for those with a deep minimum. Such a low cutoff does not endanger our analysis
of the scalar field dynamics at finite density as long as Ay, > Fg, where Eg is the typical energy
scale of the dense system. Similar conclusions apply to the other possible cases concerning the
density dependence of Ag, see the discussion below Eq. [| Besides, already from the quartic
scalar interaction in Eq. , naturalness arguments indicate that new physics should appear
at a scale Ay ~ 4m f or below. Once again, we should demand that Ay is significantly above Ej.

7.1.2 Spherically Symmetric Dense Systems

In this section we study the properties of dense systems of finite size, in particular stars, relevant
for the analysis in this section. We model the star as a spherically symmetric (non-rotating)
object with a density profile that in general depends on radius and time, i.e. p(r,t). The profile
satisfies (p’ = dp/dr),

00,t) =0, p(Rs(t),t) =0, (7.9)

such that the density profile is differentiable at the origin, r = 0, and that the star ends at a
finite radius, r = Rg, respectively. In addition, we define a transition radius, r = Ry, where the
critical density is reached,

p(Rr(t), 1) = pe. (7.10)

We recall that at densities above critical, the local minimum of the potential is lost.

Since the scalar potential at finite density is minimized at a different value than in vacuum,
minimization of the action forces the field to acquire a (spherically symmetric) non-trivial profile
within and around the star, ¢(r,t). This is determined by the classical EOM (¢ = d¢/dt,
¢ =d¢/dr and V4, = dV/dg)

; 9
o= ==V, (7.11)

)

! Ap is insensitive to the UV if e.g. the barrier term arises from the coupling of the scalar to the QCD topological
charge, i.e. %¢GG~, which gives rise to a potential sensitive to Aqcp only. For instance, this is the case of the
QCD-relaxion, where we recall that the corresponding scalar potential is of the form cos(¢/f) instead of the
simple quartic function we are considering.
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where V' = V (¢, p(r,t)), with the boundary conditions

#'(0,t) =0, lim ¢ = ¢_. (7.12)
r—00

In order to solve Eq. one needs to know the density profile of the star, which generically
depends on non-trivial and in some cases not well-understood dynamics (e.g. the inner regions
of NSs). If there is a large separation of scales in the problem, we can, as a first approximation,
be agnostic of the details of the density profile, as we explain in the following. The characteristic
scale controlling the classical evolution of the scalar profile, either in time or space, is determined
by its potential. For the representative case that we are considering, Eq. , the EOM for
the dimensionless field g5 = ¢/f can be written as

¢ ¢ 209 sy3 1= ¢

29 B ~

where 7 = pr, t = put, and

(7.14)
For densities sufficiently above the critical one, such that 1 — ¢ < 1 — (., u~! sets the typical
time and distance required for the scalar to move by A¢ = O(1). This is to be compared with
the characteristic scales of the dense system.

Let us first discuss time evolution, i.e. the formation of the star. The dimensionless quantity
wls, where Ty is the characteristic time scale of the dense system, gives us a rough idea whether
we can treat the evolution of the scalar field as effectively taking place in a nearly static, fixed
system, or whether the time dependence of the scalar profile is comparable to (or much slower
than) the typical time scale of the star. Indeed, for uTs > 1 the field reacts fast to changes in
the background density profile, therefore we can describe the scalar dynamics as a quasi-static
(or adiabatic) process, in which ¢ and additional time derivatives can be neglected. On the other
hand, for uTs < 1 the field reacts slow compared to the evolution of the star, in which case the
evolution of the scalar profile can be described in a sudden (or non-adiabatic) approximation,
where the formation of the star can be treated as an instantaneous change from vacuum to
p(r) # 0 and ¢ starts “rolling” down the in-medium potential.

In the adiabatic limit, Ty > 1, the scalar profile can be found at any given time ¢ = ¢ during
the formation of the star by solving its time-independent EOM, within a fixed background density
p(r) = p(r, f)E| We shall consider simple density profiles that can be parametrized as

p(r) = po(t) g(r/Rs(1)), (7.15)

where the function g(z) fully encodes the radial dependence, with ¢g(0) = 1 such that the density
at the center is set by po, g(Rr/Rs) = pe/po, and g(1) = 0. While obtaining the specific form of
p(r) at a given t is generically a complicated problem, the only quantities of qualitative relevance
for our analysis are Ry, the radius below which the critical density is surpassed, that is where
the in-vacuo potential barrier disappears and the scalar can potentially be displaced by O(f),
and AR = Rs — Ry, the size of the transition region towards the end of the star, where the
potential barrier reappears. We find that non-trivial dynamics take place when pR; ~ 1, and
additionally when pARy ~ 1, see Sec. The value of Ry depends on the value of the

2In practice, numerically calculating these static bounce-like solutions is challenging since it requires a finely-
tuned boundary condition at the origin. More details on our numerical calculations can be found at the end of
this section.
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critical density, which in turn depends on how the scalar potential changes with density. For
typical density profiles in which the central density is significantly larger than the critical one,
one generically finds Ry ~ Rg [104,105]. This then implies that ARy ~ Rg as well. In addition,
since in practice each class of stars, e.g. NSs, WD stars, or main-sequence stars like the Sun,
covers a range of radii, we also expect to find a range of values for Rr/Rs and ARy /Rg, where
generically both ratios are O(1).

In this paper we concentrate on the adiabatic limit just described. Since a non-trivial scalar
profile develops when pRs ~ 1, we focus on stellar processes where the relevant time scale is
Ts > Rs. The general properties of NSs has been extensively discussed in Sec. however,
not the dynamics. The birth of a NS follows from the gravitational collapse of the core of a
massive star, which leads to a supernova (SN) explosion, see e.g. [299,[300]. While the details
of this process are not completely understood, it has been reliably inferred that densities reach
and surpass nuclear saturation in a time Ty = Tys ~ 1s. Within this time, the size of the core
of the star in which densities have exceeded pg is an O(1) fraction of the total size of the final
NS, i.e. Ry ~ Rs = Rys. Since the typical radius of a NS is Ryg ~ 10km, see Sec. we find
Rys < Ty, justifying the quasi-static approximation. Similar conclusions can be reached for
other types of stars, for instance WD stars, discussed in Sec. or the Sun (R =~ 7 x 107 km,
po =~ 7 x 1079 MeV?). Note that the above-mentioned densities set the typical scales in the
potential at which our mechanism is relevant. In any case, for completeness we briefly discuss
the regime uTs < 1 in App.

For the reader’s reference, the scale p~

potential parameters
R An \* [1TeV
“RSN5<10km> <10eV> ;) (7.16)

Several additional comments are in order. First, in the special case that the (central) density
happens to be very close to p., one naturally expects Ry < Rg, making the analysis more
sensitive to the specifics of the density profile. Second, since the reaction time of the scalar gets
suppressed by ¢ — (., the adiabatic approximation naively fails at some arbitrarily small time
interval around the time in which { — CCE| Lastly, our study neglects the effects of temperature
altogether. This is a good approximation in most situations, yet for e.g. the Sun as well as in
SN explosions, temperature could be as important as density, i.e. T° ~ p. Nevertheless, we note
that for the motivated cases in which Af ~ A3, or Aj ~ v?, the effect of a finite temperature
would generically go in the same destabilizing direction as density, i.e. decreasing the size of the
potential barriers, reinforcing our conclusions regarding the formation and escape of a scalar
bubble.

Let us conclude this section by briefly discussing our numerical analysis. In order to verify the
theoretical results we present in Sec. we have solved the time-dependent EOM presented
in Eq. numerically, assuming simple dependencies, e.g. ( « p(r,t). The initial conditions
for the scalar field are homogenous, i.e. ¢(r,0) = ¢_ and qﬁ(r, 0) = 0. We implement a slow
evolution of the density profile from p(r,0) = 0 to some final configuration Eq. at t = Tg,

1is of order of the typical size of a NS for e.g. the

3In a spatially homogeneous situation, the local condition that determines if the scalar is able to follow the
minimum of the potential can be expressed as ¢ > (ddmin/dp) p, where Gmin ~ ¢_ as long the metastable minimum
exists, and (¢4 ), otherwise. However, if the system exhibits a non-trivial spatial dependence, that this condition is
satisfied does not imply that the scalar actually follows the minimum; it becomes crucial to consider the gradient
energy of the field, which impedes large field displacements. Besides, we note that right at the critical point,
P = pe, there is a discontinuous jump in ¢min (from ¢— to (¢+),) and therefore dpmin/dp — o0; equivalently, at
the critical density p — 0, since ¢ = (., thus 75 — 0. Time dependence can then become important, yet only if
the system is large enough to render the gradient energy negligible compared to kinetic energy the field acquires
rolling down the potential.
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with g(x) = 1—x2. Importantly, we fix uTs > 1, in agreement with the adiabatic limit. We verify
that the quasi-static solutions we find have negligible amounts of kinetic energy compared to their
gradient and potential energies. This quasi-static picture is maintained up until an instability
takes place, i.e. until our numerical simulations display an expanding bubble that escapes from
the star. Importantly, under our assumptions, the exact details of the star formation do not
affect the quantitative scaling we present in the next section for the formation and escape of
scalar bubbles.

7.1.3 Bubble Formation and Evolution

The formation of a non-trivial scalar profile induced by a star is effectively described, as justified
in Sec. by the quasi-static spherically-symmetric EOM for the scalar field, with a slowly-
varying background density profile. The bubble-like solution ¢(r) can be found numerically
given a specific form for the density profile p(r). The simple analytic results presented in this
section have been explicitly verified by our numerical simulations.

A few simplifications allow us to analytically understand the dynamics of scalar bubbles at
finite density. The field profile minimizes the total energy,

R
E(R) ~ 4x /0 drv? Bqﬂwvw,p) L AV(6.p) =V(hp) = V(o—.p),  (117)

where we have cut the integral at a radius R as an approximation to the full infinite space,
since the scalar field rapidly converges to its vacuum value ¢_ for r 2 R. Indeed, for radii
larger than the transition radius, i.e. r > Ry, densities are below critical and the potential is
minimized at approximately the same metastable minimum as outside of the star. In the initial
stages of the formation of the dense system, we expect the creation of a scalar proto-bubble with
R ~ Ry, where the scalar field at its center, ¢(0), has not yet reached ¢, the value associated
with the stable minimum of the in-vacuum potential, see Sec. [7.1.4] In other words, the field
displacement, Ap(0) = ¢(0) — ¢, satisfies Ap(0) < ¢4 — ¢ ~ 2f. This is because the star is
too small, in particular the (mean) energy density in the field gradient that would correspond
to a field displacement A¢(0) ~ 2f, which is %<¢’2) ~ (2f/Rr)?, is too large compared to the
(mean) potential energy difference within the proto-bubble, e = |(AV)|. Only when the star, by
which we mean Ry, grows large enough, it becomes energetically favorable to reach ¢(0) ~ ¢.

Therefore, only when
2f\°
() Se (7.18)

can a scalar bubble fully form. Interestingly, once the condition Eq. is satisfied, the
equilibrium position R ~ Ry can be lost, meaning the bubble can be pushed towards the outer
region of the star, see Sec. If such an instability takes place, the evolution of the bubble
is no longer quasi-static, but rather the minimization of the energy of the system becomes
a time-dependent problem that can be simply described by a time-dependent bubble radius,
R — R(t), which quickly approaches relativistic speeds. Depending on how fast the potential
barrier reappears with radius, the instability cannot be stopped and the bubble expands beyond
the star. Specifically, we find that the bubble escapes if

Ac <.
ARTN )

(7.19)

where Ao is the difference between the tension of bubble wall at R ~ Ry and R 2 Rs. The fact
that the wall tension changes as it propagates through the star is one of the unique aspects of
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the bubble dynamics at finite density. In particular, it gives rise to an extra force that prevents
the bubble from escaping the star unless € is large enough. While for a bubble connecting to a
shallow metastable minimum the condition Eq. is readily satisfied (given Eq. is), it
is harder in the case of a deep minimum, because of the significant increase of the wall tension,
being eventually dominated by the large barriers of the potential in vacuum. The discussion
above is visualized in Fig.

7.1.4 Formation: linear potential approximation

Let us start by considering the classical formation of a bubble in a star where the critical
density is reached. In order not to unnecessarily complicate the discussion, let us assume that
the in-density potential can be well approximated by the rolling term only, i.e. that due to the
suppression of A% (p) = A(1 — ((p)) we can neglect the barrier term,

V(g,p> pe) = —p>fo, (7.20)

where recall that in Eq. (7.14)) we have identified u? ~ A% /f? as the scale that characterizes the
scalar profile. An exact solution to the scalar EOM with a linear potential is
w2 f
o(r) = ?(Ri — 1)+ é_, r< Ry, (proto-bubble) (7.21)
with boundary conditions ¢'(0) = 0 and ¢(Ry) = ¢—. We then simply take ¢(r > Ry) = ¢_.
We find that the proto-bubble is of size R = Ry and the field displacement at its center,
Ap(0) = ¢(0) — ¢, is given by
Ap(0) (MRT)2
= . 7.22
7 G (7.22)
This situation is explicitly depicted in the second panel of Fig. Eq. ([7.21)) constitutes a good
a priori description of the scalar profile as long as the system is small enough that the in-density
minimum, (¢4 ),, is not reached, i.e.

800 oy (7.23)
(¢+)p - qb,
We recall that in general (¢4), > ¢4, see the discussion around Eq. (7.7).

It is important to point out here that the quasi-static description of the proto-bubble can
break down as soon as ¢(0) ~ ¢, as we discuss in Sec. In this regard, Eq. implies
that any system, independently of its density profile or maximum density at its core, must have
a minimum size in order for ¢(0) = ¢, given by

Ry zpt, (7.24)

where we have neglected O(1) factors.

The solution Eq. can be extended to the situation in which the in-density minimum
is reached somewhere inside the star, at r = R; < Ry. In that region the potential exhibits a
minimum, and consequently the scalar field remains pinned at (¢4),. This is depicted in the
third panel of Fig. where we have chosen a core density such that (¢4 ), is only slightly
larger than ¢,. The scalar profile is well approximated by

(¢+)p r< R;
$(r) =4 —2L(r — R+ (¢,), Ri<r<Ry, (bubble) (7.25)
O r > Ry
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No bubble

Proto-bubble v

Bubble

Bubble escape V()

Figure 7.2: Quasi-static evolution of the in-density potential and scalar field profile, from no
star to, as the star grows, the formation of the proto-bubble, complete formation of the bubble,
and eventual bubble escape.
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Ry~ I-L_1 Ry

r

Figure 7.3: Scalar profile for uR 2 1 on top of contours of the scalar potential.

where in the intermediate region, r € [R;, Ry], we have used the solution of the EOM with the

linear potential Eq. , shifted it by r — r — R;, and required ¢'(R;) = 0, ¢(R;) = (¢+)p;

further matching to ¢(Ry) = ¢_ fixes the value of R;, or equivalently the width of the bubble

wall

R — R ~ V6 (¢+)p —¢-
Ry Ry f '

Of course, in order for R; > 0, Ry needs to be large enough as to allow the field to reach the
minimum at finite density. In other words, the requirement that x < 1 implies

x (7.26)

\/_6 (¢+)p - (/’— )

R+ 2 7

(7.27)

A scalar field profile for which this condition is satisfied is shown in Fig. [7.3] for a choice of
central density not much larger than the critical density.

For an increasingly larger system, yet with with a core density fixed such that (¢, ), remains
constant, the bubble wall becomes thinner, i.e. < 1 when pR; > 1. In this thin-wall limit,
the energy of the bubble, Eq. , can be approximated by a volume and a surface term ,

4
E(R) ~ —?WR?’ e+4nR%0, (7.28)

where € is the (potential) energy difference between the in-density and in-vacuo field values,
while o is the bubble-wall tension. For our simple scalar profile these read

e= 2 f((d1)p — 0-) Z A%, (7.29)
o= 4/20(61), — 6 Ve 2 A2S. (7.30)
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In Eq. we have traded R; with R, since we are assuming that during the formation of
the bubble its wall sits at R ~ Rr; in Sec. we discuss under which circumstances such
an equilibrium is lost, i.e. R > Ry. Also, we have implicitly assumed that (¢), is constant
below R;, i.e. that the density does not significantly change for r < R;. Both the inequalities in
Egs. , follow from (¢1), > ¢4, after neglecting O(1) factors. These correspond to
the minimum values of the potential energy and tension of a fully formed bubble. As expected,
we find € 2 |AV (¢4, p)| = —AA, where recall that AA is the energy difference between the false
and true ground states, Eq. . In addition, let us point out that the condition Eq.
can be understood from energy considerations, as the requirement that the (mean) field gradient
is small enough, 1(¢'?) ~ ((¢4), — ¢—)?/R% < e. In this regard, note also that the tension is
dominated by the field displacement, o ~ ((¢4), — ¢_)?/(zRr) [301].

In App. we reproduce the above scalings with a simpler linear profile approximation,
where we do not need to assume that the potential is well described by a linear slope only.
In particular, we can keep the subdominant barrier term and we find that, while leaving e
unchanged, it gives a corrections to the tension of the bubble wall that scales as

Ao Ai(p)  1—=¢(p)

b vl ot (7.31)

This becomes negligible when ( — 1, that is also when (¢4), > ¢4, see Eq. . On the
other hand, when the density is not much above critical, the correction is parametrically O(1).
Nevertheless, the most important effect of the potential barriers arises when we consider a bubble
whose wall is beyond the transition radius, i.e. R > Ry, as we discuss in the following.

7.1.5 Dynamics: escape vs equilibrium

In the previous discussion we worked under the assumption of a nearly-static bubble, which
slowly grows with time only due to the increase in size of the star (or more accurately, due to
the increase in size of the transition radius R where the critical density is reached). Here we
show that in fact this adiabatic description can break down as soon as the star is dense and
large enough that the field displacement inside it reaches the position of the true minimum in
vacuum.

There are several ways to understand the origin of this instability. Qualitatively, for the
potentials we are considering, finite density effects allow for the local minimum in vacuum to
be continuously (i.e. classically) connected to the true minimum. This is because the in-vacuo
potential barrier between them disappears in some region of the star (r < Ryp), see the right
panel of Fig. Once this region is large enough such that A¢(0) = ¢+ — ¢— ~ 2f, it may
become energetically favourable for the tail of the field profile, which extends outside the star,
to be pushed over the potential barrier. This effectively leads to a first-order phase transition
in the form of a bubble escaping the star. This is in contrast with other types of potentials
with metastable minima, such as that shown in the left panel of Fig. [7.4] where even at finite
density there is always a potential barrier between the two minima. This class of potentials does
not allow for a classical path connecting them, and therefore leads to a smooth cross-over to a
different in-density minimum

Let us note that the discussion is focussed on field displacements that are at least of the
order of the field separation between the local and true minimum in vacuum. This is because, at

4Even with non-vanishing barriers, finite density effects could lead to a significant increase in the tunneling
probability to the true minimum, thus seeding a quantum first-order phase transition. We discuss this possibility in
Sec. since it is of relevance as well for our potential whenever densities remain below critical, i.e. p(r) < pc Vr.
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CTOSSOVOI‘ First OI'dE‘I‘

Figure 7.4: Crossover (left) versus first order phase transition (right) induced by a dense
system (spherically symmetric and of finite size). For both cases the potential is shown as a
function of radius, with r/Rs = 0 the center of the star. The black solid lines illustrate the
scalar profile starting from a given in-vacuo (r/Rs > 1) minimum and following it inside the
star. For a first-order phase transition, the black line stops where this minimum ceases to exist.
The dashed line then illustrates the field profile that connects to the minimum within the star.
The profile unavoidably passes through regions where dV/d¢ # 0, implying there are effective
forces acting on the field. These forces give rise to the possibility that the initial scalar profile
(black) classically changes to a new minimum in vacuum (blue).

least qualitatively, a bubble with (¢4 ), ~ ¢ captures all the non-trivial dynamics of the phase
transition. In the following we focus on such a case, which corresponds to maximal densities
of the order of the critical density. A discussion of the bubble dynamics for (¢4), > ¢4, is
deferred to App. [D.4]

In order to quantitatively understand the dynamics of induced first-order phase transitions,
we resort to the description of the scalar bubble wall as a particle in d = 1 + 1 dimensions.
While this is a standard treatment when studying the dynamics of bubbles in vacuum or at
finite temperature (see e.g. ), here we adapt it to the finite density environment, crucially
including a position-dependent tension, o(R). The Lagrangian for the time-dependent bubble-
wall position R(t) is given by

L=-M(R)/y—-V(R), (7.32)

where v = 1/v/1 — R2. In the thin-wall approximation, z < 1, where the particle description
best applies, we have

R
M(R) = 41 / drr? [1¢’2 + AV (¢, p(r))| = 4rR%*0(R), (7.33)
R(1—x) 2
V(R) = —%”R?’AA = —4?”336. (7.34)

Several comments are in order regarding the bubble mass and potential at finite density. First,
the bubble’s energy given in Eq. is precisely the Hamiltonian associated with Eq.
in the static limit R = 0. Second, from the integral expression of M(R), it is clear that in the
thin-wall limit the bubble wall is only sensitive to the density at » = R. Therefore, as the bubble
moves through the star, its tension changes due to the changing densityﬂ Since the bubble is

®We are implicitly assuming that the width of the wall is the smallest scale in the system. If this were not
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U(R) ¢ > (e C.>¢>0 =0
o(Rs)
(< l~1 deep
¢~ (e &
. o(Rs)
o(Re) .- e 2T shallow
' |
R R R

Figure 7.5: Sketch of the relevant regions of the star for what concerns the bubble-wall tension.
Dashed and dotted lines do not necessarily represent the functional form of o(R). In the green
region, the tension is dominated by the field displacement, while in the red region, the barriers
come to dominate. Note that for ¢, = 62 < 1 (i.e. shallow minimum), there is, in fact, no red
region.

born with R ~ Ry, from Eq. (7.30) with (¢4), ~ ¢4 we have
o(R~ Ry) ~ A2f. (7.35)

Recall that for the bubble to have been fully formed, Ry needs to satisfy Eq. (7.27)), which for
(p4)p ~ ¢4 reads Ry 2 p~!. Finally, V(R) is controlled by the potential energy difference
between the two sides of the bubble wall, which from Eq. (7.29) with (¢4 ), ~ ¢4 is given by

e~ AL, (7.36)

The equation motion of the bubble wall reads

oRY} =e—~ <2]({7 + U’> ) o = j—; . (7.37)
Since we are mainly interested in the dynamics of the bubble right after its formation, we
concentrate on the non-relativistic limit, i.e. we set v = 1. The right-hand side of Eq. is
the sum of forces (pressures) acting on the bubble wall. The potential energy difference between
the two sides of the wall pushes it outwards. The second and third terms are associated with the
tension of the wall, both pushing it inwards. In particular, the change in tension ¢’ is positive,
since densities decrease with R and in turn, the potential barriers, controlled by A%(p), reappear
and increase towards its vacuum value outside the star.

In order to understand the behavior of o(R), let us first recall that when the bubble is just
formed, the tension is dominated by the field displacement, see Eq. . This implies that
only the contribution to the tension from the barrier, estimated in Eq. (]E , leads to increasing
tension with R. For bubbles connecting shallow minima, 62 < 1, this increase is small between
R; and Rg,

o(Rs) — o(Ry) ~ fA26%.  (shallow) (7.38)

the case, we would expect finite-size effects in the form of e.g. deformations of the bubble. However, these would
lead to at most O(1) corrections to our already approximate analytical results, leaving our qualitative conclusions
unchanged.
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In contrast, for deep minima, §% ~ 1, the tension goes from being displacement-dominated at
R ~ Ry, to barrier-dominated towards the end as well as outside of the star R ~ Rs. There we
can use the standard thin-wall approximation to compute the tension [28§],

f
o(r ~ Rg) ~ /f doy/2V (¢) ~ ;A%f, (deep) (7.39)
and o(Rg) — o(Ry) ~ o(Rs). In addition, let us note that the bubble gets thinner when the
barrier term dominates the tension. The bubble wall tension, as a function of its location, is
schematically summarized in Fig. for both the shallow and deep minimum cases.

Before moving to the detailed discussion of how the changing tension affects the dynamics
of the bubble wall, let us note that in Eq. we have ignored the effect of the gravitational
force of the star on the bubble wall. In App. we discuss such a force, showing that while NSs
it could be quantitatively relevant at some stage during the expansion, it does not qualitatively
change the picture presented here.

Having established the behavior of the tension from R; to Rg, let us understand the dynamics
of the bubble wall. Right after the formation of a thin-wall bubble at R ~ Ry > p~!, the particle
description Eq. applies. One then automatically finds R>0 right before the transition
region, since we can assume that ¢’ vanishes for R < Ry, that is o/(Ry) = 0. The acceleration
would remain positive in the limit that the force due to the change in tension vanished for any
R, ¢/ — 0; in this limit, the bubble would expand indefinitely, particularly beyond the star.
In the opposite limit, in which ¢’ is very large just past the edge of the transition region, that
is o/(R{) — oo, the wall could not expand and therefore it would remain at an equilibrium
radius R = Req = Rr (and the bubble would only grows if R; kept increasing). Clearly,
a realistic situation lies in between these two limits, and it depends on how fast the density
profile and thus the tension changes from Ry to the end of the star. This discussion gives us
a qualitative understanding of why the bubble might generically be found in an equilibrium
position at Rs > R > Rr. In a similar fashion, we can understand under which conditions the
bubble escapes from the star. In the limit that the star has grown so large that the transition
region starts at a radius much larger than the one needed to form the bubble, i.e. Ry > p~ 1,
we have € > 20(Ry)/Ry. Then, it follows from the equation of motion that the bubble wall
would continue to accelerate for R > Ry as long as € > ¢’. In the opposite limit, in which
Ry ~ /fl, we have € — 20(Ry)/Ry and the additional force due to ¢’ would be enough to
forbid its expansion. These different limits lead us to the conclusion that for a sufficiently large
star, satisfying Ry = o(Rr)/[e — 0/(Rr)], the system is unstable and the bubble escapes if

€2 Ko, (7.40)

max ?

T ax 18 the maximum value of ¢’ and x = O(1). This condition is explicitly verified by
our numerical simulations as well as in App. where we investigate Eq. in the simplest
case of a constant ¢, finding k = 3. Once again, (a version of) this condition can be expected
to hold in general, on the basis that the standard force due to the surface tension becomes
irrelevant at large R, leaving the variation of the tension as the only relevant force to determine
if the bubble does or does not escape from the star.

where o

7.1.6 Summary: formation and escape conditions

Given that the change in the wall tension is very different for a bubble connecting shallow or
deep minima in vacuum, let us explicitly summarize for each case the conditions under which
the bubble forms and escapes from the star.
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For a shallow bubble, 6% < 1, we find as formation and escape conditions, respectively

f

RTZi and ARTZA—2
R

AZ 52, (shallow) (7.41)
up to irrelevant O(1) factors. Note that since o’ is suppressed by 62, as shown in Eq. , the
escape condition is easier to satisfy than the condition for formation. This is unless, contrary to
the expectation from generic density profiles, A Ry is anomalously small. In terms of the mass of
the scalar in vacuum, Eq. , these two conditions read as myRy 2 V6 and meAR: 2 5572

For a bubble connecting deep minima, 62 ~ 1, the rate of change of the tension is determined
by the tension in vacuum, o’ ~ o(Rs)/ARy, as shown in Eq. (7.39). Therefore, we find the
following conditions for the formation and escape of a deep bubble, respectively

S 1
AZ V1 —62)

up to O(1) factors. As expected, it is generically much more difficult for a bubble connecting
deep minima to transverse the transition region and expand beyond the star. Besides, while the
condition for formation is formally the same as for shallow minima, let us recall that ¢, = §%2 ~ 1
generically implies that much larger densities are needed in this case. In terms of the mass of
the scalar in vacuum, Eq. , the two conditions in Eq. read as myRr 2 1/V1— 62
and myARy 2 1/(1 — §2).

Ry > S and ARy 2

A2 (deep) (7.42)

7.1.7 Classical vs quantum

To conclude this section, we wish to investigate the possibility that, even when the system is
not dense enough as to allow for a classical transition between the local and true minimum,
finite density could still lead to a much shorter quantum-mechanical lifetime of the metastable
minimum compared to the one in vacuum. This is reminiscent of the idea that black holes or
compact objects can act as seeds for false vacuum decay, due to their strong gravitational fields,
see e.g. [303-309].

Indeed, up until this point we did not care about the lifetime of the false vacuum, implic-
itly assuming that it was sufficiently large. The decay rate per unit volume is determined by
the bounce action, I'/V = Ae~°® [288,1310]. By definition, in the case where the metastable
minimum is deep, the thin-wall approximation holds. The action is well approximated by
Sp ~ (27/2)7%0%/e3, which given the in-vacuo tension Eq. and € = —AA ~ %Aﬁ,

results in

4
- 2 S 1
Since 62 ~ 1 for a deep minimum, the bounce action is generically large and the decay rate
extremely suppressed. For a shallow minimum, we can estimate the action by considering
o ~ A¢?/AR with AR ~ A¢/+/e, which leads to S ~ 72A¢*/e. We therefore ﬁndﬁ

4
Sp ~ 247> </{> . (shallow) (7.44)

B

While for the same value of the ratio f/Ag the bounce action is smaller in the shallow than
in the deep case, this is not the comparison we really care about. Instead, let us assume that

®More refined estimates can be easily derived for potentials where the barrier is negligible, see e.g. [311].
Nevertheless, our conclusions will not depend on such a refinement.
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the local minimum is, for all practical purposes, stable in vacuum. This fact can dramatically
change in a dense system only in the case of a deep minimum (even before a classical transition
is allowed). This is clear since for a shallow minimum Si(n < p.) ~ Sg(0), while for a deep one

B0 Y (1.45
which is much smaller than one if ¢ ~ 1 (yet ¢ < (. = 62). Generically, the decay rate can only
be sufficiently fast compared to the lifetime of star if the bounce action is not very large, which
drives us towards the non-perturbative regime for the scalar quartic coupling A = (Ag/ f)4[|
Nevertheless, this conclusion could well be specific to the type of false vacua we are taking
as case study, thus one could imagine other scalar potentials where, being sensitive to finite
density (either of SM degrees of freedom or beyond, e.g. dark matter), their local minima have
much smaller lifetimes in a dense system. Additionally, let us note that the corresponding
seeded nucleation of bubbles of the true ground state would generically not take place during
the formation of the star. On the contrary, one would expect 1/T" > T, while still being shorter
than the the typical lifetime of the star, 1/I' < T, such that the decay probability 7T = O(1),
see footnote This raises the possibility of a latent phase transition that could take place
at any time.

Finally, let us point out that in the computation of the bounce action at finite density, we
have assumed the system is large and homogeneous enough as for the effects of a non-trivial
density profile or a spatial boundary to be negligible. We can phrase this as the requirement
that Ry < Rg, where Ry = 30 /e is the radius of the nucleated bubble. For a deep minimum,
this translates into mgRs > 1/(1 — §%), which coincides with the condition for the escape of
a deep, classically formed, bubble, see Eq. . It would be interesting to further study,
beyond these simple approximations, the process of quantum bubble nucleation in finite-size
dense systems [312,313].

7.1.8 Phenomenological implications

In this section we discuss the phenomenological consequences of the expansion, beyond the dense
object, of a bubble of the true vacuum. The main model-independent signature of such a seeded
phase transition is a change of the vacuum energy of the universe, A, or equivalently a change
of the cosmological dark energy density, 5 (with equation of state parameter w = —1)E|

A particularly interesting trademark of these phase transitions is that they take place rel-
atively late in the history of the universe. As explained in the previous section, the bubble

"Focussing on NSs as nucleation seeds, we can roughly estimate the requirement for an O(1) tunnelling prob-
ability by taking into account the volume of all NSs in the observable universe since the time of star formation
until today (since such stars are stable in isolation). The volume of all NSs in the observable universe is roughly
Vxs ~ RisNns/aNa ~ 10°2 m®, where Rns ~ 10km is the typical radius of a neutron star, Nys,g ~ 10° the
number of NSs per galaxy (like ours) and Ng = 10! the number of galaxies. Since star formation happened
relatively early, the relevant time scale is T ~ 1/Hy ~ 10'"s. Requiring that 7T ~ O(1) and using Eq. ‘@,
we find

A1-06%°  27V3a?
(1-¢)2 log(f4TVns) ~ 7
where the last inequality arises from assuming f < Mp. Note that we also used the NDA estimation for the
exponent coefficient A ~ f%. In the best case scenario the metastable minimum is not very deep, e.g. § &~ 0.8.
Demanding a mild reduction of the potential barrier in density, ¢ ~ 0.5 < 62, in order to catalyse the decay we
need VA 2> 2.3, which is certainly not a weak coupling.
8In the following we exclude the possibility of an adjustment mechanism for the cosmological constant. Such
a mechanism could interfere with the formation or escape of the bubble.

(7.46)
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forms, expands and eventually escapes along with the formation of the star. Therefore, if a
phase transition of this sort can happen, it took place at the onset of star formation. The first
stars were born around the epoch of galaxy formation, thus at redshifts z = zg ~ 10 [314]. This
then implies that the universe underwent a change of 5 between recombination, z ~ 103, and
the late universe, z < 1. Note that we are assuming that at redshifts z ~ 1 (associated with
late-time cosmological measurements) the universe already transitioned successfully to the true
ground state. The change in the dark energy content of the universe can thus best be probed by
comparing CMB measurements versus local measurements (SNe, baryon acoustic oscillations or
large-scale structure) of the expansion rate of the universe. Such a comparison depends on the
fate of the bubbles, for instance if the phase transition proceeds via a single bubble or instead
many bubbles are formed all over the universe (from as many stars) that subsequently collide
and transfer at least an O(1) fraction of the kinetic energy of their walls into radiation. Provid-
ing a precise answer to this question is beyond the scope of this work. Instead, below we work
out simple cosmological constraints on how much the energy budget of the universe can vary
due to a late (z ~ 10) phase transition, to confirm our intuition that a change in the vacuum
energy much larger than the current one is experimentally ruled out.

A too large change in vacuum energy leads to constraints on the parameters of the scalar
potential. To make this point clear, let us note that the change in vacuum energy is given by
AA = —e ~ —A}, and the rolling scale enters both the conditions for formation and escape
of a bubble of the true vacuum, see Egs. , . Then, assuming the existence of stars
with densities above critical, n > p., the condition for formation of a bubble with Ry ~ Rg, as
expected for most stellar profiles, implies

F\? s f \?/10km\?
“AaA> (L) ~agx 4
~ <Rs 0> 107 1o Tev Rs )’ (7.47)

where Ag ~ (2.3meV)? is the value of the vacuum energy inferred from ACDM, and we have
fixed Rg to the typical radius of a neutron star as an example. If such type of bubbles could
have escaped from NSs, the corresponding change in the vacuum energy would be in gross
contradiction with experimental data. Note that a similar region of parameter space is realized
in e.g. relaxion models [10].

However, for much smaller values of f, or if we were to consider much larger astrophysical
bodies (the largest stars known have Ry ~ 103R), astronomical structures, or even dense
objects beyond the SM (such as dark stars), the change in the dark energy density could be
much smaller. In particular, the very first stars to form (z ~ 20—30), the so-called Pop. III stars,
are believed to have been supermassive M > 100 M, and as large as R ~ 103 R, and therefore
could be interesting candidates [315]. Likewise, the largest stars observed are red giants with
radii up to R ~ 10® R, and masses M ~ 10 M. The corresponding nucleation of bubbles of the
true vacuum and subsequent phase transition could then be an experimentally viable and very
interesting phenomenon, which could be detected in the near future given the expected increase
in precision of many current and planned cosmological observatories. Whether or not this type of
phase transition could lead to interesting gravitational wave signatures is an interesting question,
which we leave for future investigation along with the study of the corresponding cosmological
dynamics.

Amusingly, if the phase transition proceeds via quantum tunneling, as we have argued in
Sec. a recent creation of a true vacuum bubble could lead to other, more direct, ex-
perimental signatures: since the bubble interacts with SM matter, gravitationally at the very
least, the effects of a (non-percolated) bubble wall passing through Earth could potentially be
detected [316,[317].
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Let us finally point out that seeded phase transitions with AA < Ag could impact our under-
standing of the landscape solution to the cosmological constant problem. Originally connected
with the requirement for galaxies and stars to form [318], the cosmological constant was predicted
to lie within a range a couple of orders of magnitude larger than the value actually observed as
dark energy. In light of our late-time phase transitions, taking place precisely because structures
form, this discrepancy could well be an accident associated with the sensitivity to finite density
effects of a scalar potential with metastable minima (potentially many of them as in [9)]).

Cosmological constraints

While it is beyond the scope of this work to examine in detail the cosmological and astrophysical
constraints arising from a phase transition at the dawn of galaxy/star formation, let us briefly
comment on simple arguments why a large change in the energy content of the universe is not
experimentally viable.

From local measurements of the (accelerated) expansion of the universe, we know it is dark
energy dominated, and in particular e, < e, at z < 1, where p, is the energy density in radiation.
If we assume that, at redshifts zs ~ 10, an O(1) fraction of the kinetic energy of the bubbles goes
into radiation after they collide and percolate, then we find € = Ae,.(25) < (1+25)%ep, = 10%e,,,
which is inconsistent with e.g. Eq. .

Still, it would be preferable to proceed with minimal assumptions regarding the fate of the
bubble. One relatively robust assumption is that today our Hubble patch is in the true vacuum,
while it was not prior to star formation, that is ex(z > zg5) # ea,. In this case, the most
reliable test is to contrast late versus early universe measurements, something that has been
actively pursued in recent years in light of the Hubble tension, the disparity between CMB and
local determinations of the Hubble constant (see [319,[320] for recent discussions). Of particular
relevance is the study in [321], where constraints on the size of an early dark energy content of
the universe at the time of recombination are derived. The bounds are given as a function of
the critical redshift z. where the dark energy starts to decay quickly, as 1/a% (thus faster than
radiation). Such a behaviour decreases the impact of this non-standard energy component at
later times z < z., which we take as a good approximation towards independence from the fate
of the bubble(s). Identifying z. = zs, the bound e5(z > z5) = 10%,, is derived, two order of
magnitude stronger than the crude bound we derived before. Although we expect that a proper
analysis of the fate of the bubbles and its impact on cosmological observables would yield even
stronger bounds, in this work we will take

— AA <10% x Ag (7.48)

to set constraints on the parameters of the scalar potential Eq. .

For the bound Egq. to apply, the conditions for a bubble of the true ground state to
form and escape from the dense system must be satisfied. Let us recall that the first of these
conditions is that densities need to be above the critical density, i.e. n > p., or more specifically

A4
(o) > 1- 12, (7.49)

B
see Egs. , . Since in this work we do not focus on any specific scenario for the function
¢ (p)E| we simply assume that stars exist with n > p., and note that denser stars are typically
smaller. The other conditions concern the formation and escape of the bubble, which are different

9Constraints on relaxion models, where ¢(p) can be explicitly computed, are presented in [12].
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AL/ Ao

f/(RsV1 —62?)[TeV /km]

Figure 7.6: Region excluded by a density induced vacuum instability (shaded red) in the plane
(f/RsvV/'1 — 62, A% /Ag), where Rs is the typical radius of the (type of) star triggering the phase
transition, i.e. where densities above critical are realized, n > p.. The dashed line corresponds
to the bound Eq. (|7.48]).

for a shallow metastable minimum than for a deep one, see Eq. and Eq. , respectively.
These depend on either Ry or ARy = Ry — Ry, which in turn depend on the density profile
of the star. We will take Ry ~ AR ~ Rg as a generic expectation for stars where the core
density is not very close to the critical one, as discussed in Sec. [7.1.2] Under this assumption,
the strongest of the formation and escape conditions, for both shallow and deep minima, can be
written as

A1

AL > . .
"X R (7.50)
We show the region of parameter space where this condition is satisfied in Fig. Since a
phase transition seeded by stars takes place in this region, the bound Eq. applies, ruling
out the corresponding part of it. Note that for a bubble connecting deep minima, Eq.
can be rewritten as A% > A2 f/Rs.

7.1.9 Conclusions

Could a phase transition have taken place in the universe due to the formation of stars? In this
section, we explored this question by studying how false vacua change at finite density. Similar
to the interactions with a thermal bath, the coupling of a scalar field to background matter
can give rise to significant deformations of the scalar potential, to the point that a metastable
minimum present in vacuum disappears at finite density. This leads to the formation of a non-
trivial scalar profile, a.k.a. a scalar bubble, where the maximum field displacement within is
controlled by the size of the dense system relative to the characteristic scale of the in-density
potential; if the star gets large enough, a classical path to a deeper minimum of the potential
becomes accessible. Interestingly, we found that when this occurs, the bubble, initially confined
within the star, can become unstable and expand beyond the star and extend to infinity! By
means of simple analytic arguments, we have shown that the bubble cannot be contained within
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the star if the energy difference between the minima is large compared to how fast the potential
barrier between them reappears towards the surface of the star. In other words, we have shown
that if certain conditions regarding the properties of the metastable minimum and of the density
profile are satisfied, stars can indeed act as seeds for a phase transition in the universe.

Our analysis of the fate of a false vacuum at finite density has been based on a tilted quartic
potential, as in the classic work by Coleman [288|. This potential is characterized by the energy
difference between the local and true minimum, the height of the potential barrier between
them, and their separation in field space. Such a simple potential encodes the main features
of local minima present in many scenarios beyond the SM. Specifically, the analysis performed
in this section can be extended to the relaxion, a mechanism to explain the smallness of the
electroweak scale that relies on a closely-packed landscape of local minima, with barriers between
that depend on the value of Higgs field thus sensitive to SM matter densities [10]. This is the
subject of Sec. [7.3] Other scenarios connected to the electroweak hierarchy problem or simply
relying on the Higgs-portal, e.g. [289,[322-328], should be investigated as well in light of our
findings. In this regard, while we have focussed on scenarios where density affects the size of
the potential barrier between minima, the analysis where other scales are density-dependent is
an interesting case to consider. We will see an example in Sec. [7.3] where instead of a decrease
in the barrier, the increase of the tilt is the dominant effect leading to such phase transitions.
Additionally, while we focused for concreteness on matter density, one should also consider other
non-trivial backgrounds, such as an electromagnetic field, as sources for the instability of the
false vacuum which we will also see in Sec. [Z.3l

Phase transitions triggered by dense systems such as stars must confront the experimental
constraints that arise from the change in the energy of the vacuum at late cosmological times,
z ~ 10, when star formation begins. Indeed, on the one hand, the change in the ground state
energy between the local and true vacuum is the key parameter that determines if a scalar
bubble formed in a dense and large enough star is able to escape and propagate to infinity. On
the other hand, early versus late cosmological measurements of the dark content of the universe
constrain such a change. Nevertheless, we have shown that if the field distance between the
minima is small enough or if the stars that can trigger the phase transition are very large, the
phase transition could have taken place consistent with current cosmological data. Detailed
cosmological and astrophysical constraints on these types of transitions, beyond the simple
and likely too conservative bounds we have derived, deserves further investigation, in particular
because of the relevance of scalar potentials with (many) false vacua for the electroweak hierarchy
or the cosmological constant problems.

Finally, even though we focussed on classical transitions between minima, we have also
shown how stars could act as a catalyzer where the tunneling probability of a false vacuum
can be greatly enhanced. Although of a different, quantum-mechanical origin, once formed the
dynamics of the corresponding scalar bubble would be described along similar lines as those
presented here. The possibility of a seeded vacuum decay leaves us with another question: is it
likely that a phase transition in the universe due to the formation of stars is soon to take place?

We continue this chapter with the formulation of the Higgs Hierarchy problem in Sec. in
order to motivate the relaxion model which we will investigate in Sec. in light of our findings
from from this section.
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7.2 The Higgs Hierarchy Problem

In this section we introduce the Hierarchy problem in order to motivate the relaxion solution,
which we discuss in Sec. in light of our findings from Sec.

In the context of the Hierarchy Problem, we draw inspiration from the discussion presented
in [44], and for a broader perspective, we refer readers to recent articles on the topic [329,330],
as well as the original works [331-333].

At present, the SM stands as an effective field theory that remarkably describes nature within
the scales we can experimentally probe, up to several TeV. However, as we approach the Planck
scale, I/ ~ 4w M, gravity emerges as a strongly-coupled force, necessitating an extension of the
SM at or before this energy regime. This does not rule out the possibility of earlier layers of
UV completion, such as those accommodating neutrino masses, flavor, or electroweak symmetry
breaking (EWSB).

Seen as an effective theory, aside from the gauge group SU(3) x SU(2) x U(1), the SM reveals
little. It presents itself as a series of local, gauge-invariant operators characterized by energy
dimension d, with coefficients that, by dimensional analysis, scale as o« Ady?.

Let us begin with marginal operators of dimension d = 4 which are not sensitive to the
cut-off scale Agy. They encompass almost all observable phenomena in nature, including the
EW interactions, QCD, and quark and lepton masses. Together with the d = 2 and d = 0
operators, which we discuss later, these operators form the SM as a renormalizable theory. The
considerable success of the SM arises from the accidental symmetries. These symmetries emerge
without any underlying symmetry principle, only persisting at a given order because no operator
breaking them at that order can coexist with the gauge symmetries. In particular, baryon and
lepton family numbers stand as exact accidental symmetries within the SM.

Moving on to irrelevant operators i.e. d > 4. By NDA their contributions to low-energy
observables are suppressed by E%4/ Ag;ld. Lepton number gets violated at d = 5 through the

Weinberg operator [334],
o (L) (L5 HC) (7.51)
SM
where L denotes the lepton doublet, H the Higgs doublet, and the superscript ¢ stands for
charge conjugation. Within one order of magnitude, this operator yields neutrino masses of
approximately the right magnitude for Agy ~ 104GeV, i.e. m, ~ 0.1eV and it stands as the
unique dimension-five operator one can add to the SM.

Proceeding to the next higher dimension, d = 6, one finds that baryon number is violated.
For coefficients of order one, the absence of proton decay implies Agy > 10'6GeV.

From these considerations, it is entirely plausible that the SM remains valid up to very high
scales, with Agy ~ 10®GeV. Although the SM has certain other limitations, such as the non-
generic flavor structure or the need to incorporate dark matter, none of these challenges are
sufficiently strong to question the idea of heavy new physics. The only limitation capable of
doing so is the Hierarchy Problem, which we will now explore.

Up to this point, we have not addressed the relevant operators of d < 4. There exist two
such operators in the SM that need to be considered. These are at d = 2 the Higgs mass term
~ A2, H'H and at d = 0 the cosmological constant term ~ AZ,. Unlike irrelevant operators
which are suppressed by Agy, relevant operators are enhanced by it. For now, let us focus on
the Higgs mass term. We know that the Higgs mass is measured to be my = 125GeV, implying
that the mass parameter p? = m?% /2 = (89GeV)? < AZ,. Hence, the key question is, why
does such an enormous hierarchy exist between the expected and measured parameter? The
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fundamental aspect of the Hierarchy Problem lies in the significant disparity of these scales.
Let us have another look at the Higgs mass, assuming knowledge of the UV completion, we
can express it as

00 de
2 H
= dFE E;p), 7.52
wiy = [ ap S Ep) (75)
where p represents the input parameters of the full theory. This integral sums up contributions
to the Higgs mass from all energy scales. We can split the contributions into those where the
SM remains a valid theory £ < Agy and BSM contributions from above that energy threshold
E > Agw,

L Asm dEdm%f(E- - 00 dEdm%’(E' ) =5 2 45 2 (7.53)
h= ag (B d ) T OSMIL T OBSMI '
0 Asm

The SM contribution qués M can be computed, while the BSM contribution remains completely
unknown. The low-energy contribution can be approximated by calculating one-loop contribu-
tions from the top quark, electroweak gauge bosons, and Higgs boson loops, as depicted in Fig.

resulting in

m30sar = A 62—39‘2” 1+ ! — 62 (7.54)
HOSM (47)2 Yt 2 2 cos?(Ow) ’ ’

where g, is the top quark Yukawa coupling, gy is the electroweak gauge coupling, and A
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Figure 7.7: One loop contributions to the Higs mass from the top quark, electroweak gauge
bosons and the Higgs self-coupling.

represents the Higgs self-coupling. These one-loop diagrams display quadratic sensitivity to the
cutoff of the theory.

It becomes clear again that the Hierarchy Problem lies in the immense difference between
the measured value of the Higgs mass and the expected order of magnitude from the IR contri-
butions to it. The measured value necessitates that the completely unrelated BSM contributions
1) BSMm%{ need to cancel the SM EFT contribution dg Mm%{ to extreme precision. This cancel-
lation is captured by the tuning factor

Asu\* [ Asu Y
Ag=—) ~|—=—= . 7.55
" <m H ) 500 GeV (7:55)
Requiring tuning of order one Ay ~ O(1) needs new physics at the TeV scale while new
physics at higher scales implies larger amount of tuning. This implies that even if we know the
fundamental theory measurements with the precision equal to the amount of tuning is necessary
to obtain a prediction for the Higgs mass.

Therefore, the severity of the Hierarchy Problem depends on the value of Af, making the
Higgs mass easier or harder to predict in the full theory. Only the experimental high-energy
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frontier can shed light on the expected value of Ay, either by pushing Agy to ever-higher scales
or by revealing new physics that addresses the Hierarchy Problem.

In principle, the fundamental theory of nature could well be heavily tuned and that the
solution to the hierarchy problem is something like anthropics. This is however counter-intuitive
since physics seems to be natural more often than not and that the apparent tuning of parameters
revealed some deeper reason, such as dynamic selection or symmetries. We therefore believe that
it is worth while to study models in which the smallness of the EW scale comes about natural
such as in models of dynamical relaxation, the topic of the next section.

7.3 Runaway Relaxion from Finite Density

This section is devoted to relaxion models, see Ref. [10]. We start in Sec. [7.3.1{ with an intro-
duction to the relaxion mechanism and general properties of the relaxion potential. We find
that the relaxion potential naturally satisfies generic conditions needed to trigger the type of
phase transitions we explored in Sec. The relaxion in the late universe sits in a meta-stable
minimum in vacuum and even more convenient all benchmark realizations of relaxion models
are subject to density-dependent barriers. We explore the relaxion potential at finite densities
in Sec. [7.3.2) and briefly review the conditions that lead to the formation and escape of relaxion
bubbles, generally discussed and conveniently summarized previously in Sec. In analogy
to Sec. we discuss the phenomenological implication of relaxion bubbles escaping from
stars into our universe at late times in Sec. We find that this puts novel constraints on
benchmark relaxion models, which are briefly introduced and discussed. Finally we conclude
and discuss our findings in Sec.

7.3.1 The relaxion potential

The relaxion potential [10] is characterized by a washboard-like shape where the amplitude of
the wiggles depends on the relaxion field ¢ itself,

V(p) = —AL ¢ AL F(¢) cos ¢ . (7.56)

f f

Ay and ]\B are the scales that control the size of the linear rolling and periodic back-reaction
terms respectively, while 27 f parametrizes the field distance between adjacent minima. The
monotonically increasing function F'(¢) is of the form

k/2
F(¢) = <(f - 1> (¢ — ¢c) (7.57)

with k& = 1,2 and where ¢, is the field value where the periodic barriers turn on. This is taken
such that the change in the size of the wiggles after a 2w f period is small, i.e. ¢. > f, and
therefore the landscape is densely populated over field ranges of order ¢.. The case k = 0
corresponds to Abbott’s potential [9], where the size of the potential barriers is constant. The
non-trivial behavior for £ = 1,2 arises from the dependence of the periodic term on the Higgs
VEV, h, which in turn is determined by the scalar field ¢.

Indeed, the Higgs potential, in particular the mass term, depends on the value of the relaxion,

V(h) = 3(M? — gpM)h* + IAn*, (7.58)
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where M is the cutoff and ¢ is a small coupling that breaks the shift-symmetry associated with
¢. Note that the periodic term in the relaxion potential, while breaking the continuous shift-
symmetry, is still invariant under the discrete shift ¢ — ¢ + 2w fn, n € Z. The coupling to the
Higgs, as well as the linear term in the potential, break it completely, thus we expect
A4
R — g3, (7.59)
f
where c is a parameter with the dimensions of an inverse coupling squared, therefore ¢ ~ 1/(4r)?
in a strongly coupled UV completion; in this work we take ¢ = 1. Likewise, naive dimensional
analysis yields M ~ 47 f; here we keep M and f independent and require that f > M/4x
(f > M would correspond to a weakly coupled UV completion). As soon as the Higgs mass
parameter turns negative, h acquires a VEV, given by
M2
ht="— <¢ — 1) . ¢.=M/g, (7.60)
A\ e

where we have identified ¢, as given in Eq. .

One must now specify how the amplitude of the relaxion periodic term depends on the Higgs
VEV. In Sec. we discuss specific realizations of the relaxion, where such a dependence is
either linear (QCD-relaxion), ALF(¢) = Adcph/v with v ~ 246GeV and Aqep the QCD quark
condensate, or quadratic (non-QCD-relaxion), ALF(¢) = Ac(h/v)?, where A is the analogous of
Aqep for a new QCD-like confining dynamics. These two cases therefore correspond to k = 1,2
in Eq. , respectively. More complicated functions, beyond Eq. , arise in the presence
of extra light scanning scalars [335]. In any case, the change in the Higgs field between adjacent
minima is A
N

A M2
The requirement that ¢. > f, which is correlated with the fact that the rolling term is hierar-
chically smaller than the cutoff of the theory, Ay < M, see Eq. , ensures that the Higgs
VEV varies slowly with every period of the potential.

Recall that in the relaxion mechanism, ¢ goes through a period of dynamical evolution, orig-
inally assumed to happen during a phase of cosmological inflation [10], where it rolls towards the
minima of the landscape, generically stopping at one of the first (see below for a characterization
of the minima). The parameters of the potential are adjusted, in a technically natural fashion,
such that the Higgs VEV is of the right size at the minimum where the relaxion stops its evolu-
tion, that is h = v. Other proposals regarding the aforementioned time evolution of the relaxion
have been put forward in e.g. [336(338] and [339]. In addition, already in [10] and subsequently
in e.g. [335340], the potential itself was made to evolve during inflation, eventually leading to
the relaxion resting in a minimum many periods beyond the first. In this section, we will not be
concerned with the early cosmological dynamics of the relaxion. Instead, our analysis generally
applies to whichever minimum the relaxion eventually stopped at, i.e. to the minimum where
the relaxion is found when structures in the universe, particularly stars, start to form.

To ease the analysis of the landscape of relaxion minima, it is useful to redefine the scalar
field as

(7.61)

&= ¢e(0) =2l +0) f with £eN, 6€]0,27), (7.62)

where ¢ labels the period of the field. The local (metastable) minima of the potential are then
denoted by ¢y, (6.), where the precise value of 6, depends on the period ¢,. Minima are found
as soon as the (¢,-dependent) effective back-reaction grows large enough,

AL = ALF (¢, (7/2)) > AL. (7.63)
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In addition, we can conveniently choose to shift the origin of field space such that the minima
start with £, = 1, ¢ — ¢ + 27 f (£ — 1) with £ = (¢c/2n f) [(AR/AL)?/* +1] + &, where £ € [0,1)
such that ¢ € N.

The relaxion landscape in Eq. has two qualitatively different types of minima, de-
pending on the relative size of the rolling and back-reaction terms, see Fig. [7.8] These can be
parametrized by the variable &

FV/ (e, (m)2)) = —Ag + AL = 67 Ay, (7.64)

where V' is the derivative of the potential, here evaluated at the period £,. We note that d,
depends on the period, although to ease the notation we shall henceforth omit the subscript
whenever unnecessary. For the first periods of the potential in which a minimum is present, the
parameter J is small. This implies that these minima are shallow [341]. Indeed, for 62 < 1 the
minimization condition 0 = fV’(¢y, (0:)) ~ —AL + Al sin(6,) is satisfied at 0. ~ 7/2 — /26,
which is very close to the local maximum (found at 6 ~ 7/2 + 1/2§), see the lower-left panel of
Fig. The mass of the relaxion in these minima is given by

Ay
2

parametrically suppressed with respect to the usual expectation mi ~ AL/f?. In subsequent

mi ~ ZB\/96, (shallow) (7.65)

minima one finds mil* =1, mél, where the value of §2 corresponding to ¢, = 1 is

krf [ AA\2/*
01 = ;ch <A4) (1+9) - (7.66)

The other type of minima we are interested in corresponds to 8% ~ 1. These are deep minima,
since Ag > Ag, see the lower-right panel of Fig. The minimization condition yields 6, ~
1 — 6% <« 1, and the relaxion mass is simply

Ay
F.

Another quantity of phenomenological interest, which is markedly different between shallow and
deep minima, is the height of the potential barrier,

mi ~ (deep) (7.67)

2A% . (deep) (7.68)

AVigp ~ {4\/§A‘é53, (shallow)
The suppression of the barrier in the case of minima with 6> < 1 implies that even a small
perturbation of the potential can easily destabilize the relaxion, displacing it towards lower
energy minima.
This recovers the exact scaling as seen for the potential a la Coleman investigated in Eq.
and Eq. and proves the point that relaxion models naturally give rise to the potentials
studied in Sec. [l

7.3.2 The relaxion at finite density

As we have seen in Sec. when discussing the density dependence of the Coleman-like
potential, depending on the parameters of the potential, the barrier separating the two minima
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Figure 7.8: Global view of the relaxion potential (upper panel) and zoomed in regions with
shallow (lower left) and deep (lower right) minima. Also plotted in the lower panels the in-
density potential for p (n = p in the plot) slightly larger than critical (dashed). The upper
sub-panels show the derivative of the potential, both for n = 0 and n 2 p.. The first minima at
finite density are always shallow.

can disappear in sufficiently dense systemt. In this section we analyse this behavior for the the
relaxion potential Eq. (|7.56]).

As in Sec. we mainly focus on a decrease of the back-reaction term, since for the
relaxion this constitutes the leading deformation in most circumstancesEl Indeed, in QCD-
relaxion models, the size of the potential barriers is controlled by Aqcp, which is known to
linearly decreases with (small) baryon density ,, a fact that has already been shown
to affect the QCD axion [11,[186]. Alternatively, for non-QCD-relaxion models, we show in
Sec. [7.3:3] that it is the change of the Higgs VEV with density that leads to a reduction of the
potential barriers. In addition, in Sec.[7.3.3] we speculate about the possibility of dense systems
made of the dark baryons, where the back-reaction term would decrease in a similar fashion as
in QCD.

The scenario where the size of the potential barriers depends on density, p, has been recently

10T Sec. we discuss a relaxion model in which the rolling term changes due to an electromagnetic back-
ground, as well as the modifications that this possibility introduces w.r.t. what we present in this section.
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CHAPTER 7. PHASE TRANSITIONS FROM STARS

investigated in detail in [13]. Most of the discussion here parallels the one presented there.
We summarize the main results and adapt the notation when necessary to match the relaxion
potential.

In this section the dimensionless quantity ( is redefined in complete analogy from Eq.
in Sec. to parameterize the relative change in the back-reaction term at finite density

_ M)
Aj

with again ((p) > 0 and ((0) = 0. Let us now consider that in vacuum the relaxion sits at

the minimum corresponding to some fixed period .. One can then define a critical density, p.,

above which the effective back-reaction Ag at this minimum is no longer larger than the rolling
term. This is implicitly given by

Cp) =1 , (7.69)

Ce=C((pe) = 5!1 ) (7.70)
where we recall that 6%* =1— A}/AL. When the critical density is reached, the local minimum
associated with Ap ceases to exist. In other words, the relaxion minimum corresponding to the
period ¢, (and obviously all the previous minima) is destabilized when ((p) > 47 . Shallow
minima, where 62 < 1, are easily destabilized by density corrections, since (., < 1, while deep
minima require ¢ ~ 1 in order to disappear, see Fig. [7.8 In the following, we restrict our
discussion to ((p) < 1, leaving the discussion of the case where the barriers change sign to
App. [D.7

Hence at densities p > p. the minimum in which the relaxion resides in vacuum disappears.
The number of periods between such a minimum and the first minimum of the in-medium

potential is given by
ge | (1-¢\" AdJALN

where £ € [0,1) such that N € N. Independently of k& (k # 0), p scales with the difference
¢ — (e In addition, p scales with ¢./f > 1, thus as soon as ( is above the critical value, the
first in-density minimum is generically many periods beyond the one in vacuum. Additionally,
the first minimum at finite density is always shallow: it lies at 6, ~ 7/2, and the mass of the
scalar as well as the potential barrier are suppressed beyond the naive expectations, much like
for the shallow minima in vacuum.

The change in the ground state energy between consecutive minima, be these shallow or
deep, at zero or non-zero density, is always

AN ~ —271AL . (7.72)

Formation and escape of a bubble

The disappearance of the in-vacuo minimum at supercritical densities leads to a non-trivial scalar
profile, ¢(r), developing within finite-size systems such as stars as we have seen in Sec. The
exact conditions for the formation and escape of such a bubble is summarized in Sec. and
can be readily applied to the relaxion potential Eq. .

For a shallow relaxion minimum (62 < 1), the change in the wall’s tension is negligible,
since already in vacuum the potential barrier separating the two adjacent minima is very small,
Eq. . Therefore, when a shallow relaxion bubble forms, it generically escapes from the star
as well. The condition for this to happen is

f

Ry 2 —. shallow 7.73
2
AR
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Instead, for a deep relaxion minimum (62 ~ 1), the change in the wall’s tension is significant,
going from being dominated by the gradient energy at the core, to being dominated by the
large potential barrier in vacuum. This implies that the escape condition is stronger than the
condition for formation. The former reads

o1 AR
ABVT—62 AL

As seen in Sec. also for the relaxion potential it is generically much more difficult for a
bubble connecting deep minima to escape from the star than for a shallow bubble. Furthermore,
recall that in order to destabilize a deep minimum much larger densities are needed than in the
shallow case. As also justified in Sec. we take both the size of the core Ry, and the size of
the transition region from the core to the end of the star ARy, to be of the same order as the
whole size of the star, Rg ~ Rt ~ ARr.

Note that we take into account WDs and NSs (see Chap. [3|) and the Sun with typical density
po ~ 1.5g/em?® x 1/m, ~ 7 x 1072 MeV? and radius Re ~ 7 x 10° km.

Before moving to the phenomenological consequences of escaping bubbles for specific relaxion
models, some additional comments are in order:

If the star grows very large compared to !, very large field displacements (w.r.t. where the
relaxion resides in vacuum) are energetically allowed inside the bubble. Indeed, at a fixed core
density such that ¢ is not accidentally close to criticality, a very large core Ry ~ vV Nu~t > p~!
allows for the relaxion to move by many periods N > 1, see Eq. . As explained in
App. such a large relaxion bubble has the effect of helping the standard bubble connecting
two adjacent minima (i.e. for which A¢(0) ~ 27 f) to escape from the star. In fact, such a bubble
escapes independently of the density profile, regardless of how fast density decreases towards
the outer edge of the star. In this case the conditions Egs. , read the same, only
with Rg instead of Ry and ARy; they simply encode the requirement for a standard relaxion
bubble to expand once it is outside of the star, see Egs. , . If one bubble is able to
escape, the new relaxion minimum in vacuum becomes the one associated with the next period,
i.e. £, + 1. Interestingly, since N = ., — £, > 1, such a new minimum is also unstable inside
the dense system. This then implies that another bubble, within which this time the relaxion
sits at the minimum /¢, 4 2, will generically be able to escape as well, and so on until the escape
condition is no longer satisfied.

Finally, let us note that our whole discussion relies on the assumption that the density profile
is treated as a background field that does not receive a large back-reaction from the formation
and expansion of a relaxion bubble. In App. [D.8 we discuss the interactions of the relaxion
(non-trivial configurations) with the density profile, thereby justifying this treatment.

ARy >

(deep) (7.74)

7.3.3 Bounds on relaxions

The relaxion bubbles are no different from our generic scalar bubbles in Sec. and thus are
born along with the stars that seed them. Therefore, if the conditions for the bubble to expand
beyond the dense system are met, a phase transition in the universe to a new relaxion vacuum
can occur whenever the right type of stars are formed.

As discussed in Sec. such bubbles are forbidden if the change in the CC that comes
along with them is too large, see Eq. .

Still, it is interesting to note that if we were to consider bubbles nucleated by the largest
stars observed so far, with radii Rs ~ 103Rg), or by large non-standard astrophysical objects,
associated for instance with some beyond the SM relic species, e.g. dark matter (see Sec. ,
then a phenomenologically viable late-time phase transition could have taken place. In this
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regard, it would be interesting to perform a detailed assessment of the associated cosmological
and astrophysical signatures.

Besides, in relaxion models, the change of minimum also implies a change in the Higgs VEV,
for which there exist cosmological (and astrophysical) constraints as well. However, let us note
right away that the relative change of the electroweak scale between minima is much smaller
than the change in the vacuum energy: (Ah%/v?)/(JAA|/Ag) = Ao/ cv?>M? < 1, where we have
used Eq. . Nevertheless, since this is one of the trademarks of relaxion models compared to
other landscapes, let us briefly review the bounds. There are significant constraints on a different
value of the Higgs VEV during BBN, |Ah/v| < 1072 where Ah = h — v [342]. In addition, it
has been recently argued that SN explosions can only happen if h is below a factor of a few
away from v [343]. While these constraints (the one from BBN in particular) could be violated
if the universe underwent a change of relaxion minimum at star formation, as shown above, the
associated change in vacuum energy always yields a more or equally stringent constraint.

In the remainder of this section, we work out the specifics of how a non-vanishing SM matter
density (or an electromagnetic background) affects the potential of some benchmark relaxion
models, and re-express the conditions for the formation and escape of bubbles in terms of their
parameters.

QCD relaxion

The most economic origin of the relaxion periodic term is low-energy QCD dynamics, in which
case we identify the relaxion with the QCD axion. The dependence on the Higgs VEV arises
from the well-known dependence of the axion potential on the quark masses. This leads us to
identify Ay in Eq. (]@ as well as Ay, the effective size of the periodic term at the minimum
where the relaxion sits in vacuum, as

~ M h
A=A ——, AL =Alen—. 7.75
B QCD v \/X B Qop ( )
Note that if a seeded phase transition took place, the relaxion would not sit at the same minimum
today as right before star formation. Nevertheless, in the following we conservatively fix h =
v &~ 246GeV, since any minimum before star formation with a smaller A would necessarily be
shallower than the present one, making it easier for the transition to occur. The exponent of
the function F(¢) in Eq. (7.57)) is determined as well, & = 1, since the dependence of the back-
reaction term on the Higgs VEV is linear. Note that the QCD(-axion) scale is Adp, ~ m2 f2 /4.
Finally, the value of §, which determines if the relaxion minimum is shallow or deep, depends
on the relative size of the rolling term, A% = gM?3f, according to Eq. (7.64),

M3f
_gAT'

QCD

2 =1 (7.76)
In this regard, let us note that, as advanced, for the first minima of the potential § is always
a small parameter as long as the scanning of the Higgs VEV is sufficiently precise. At the first
minimum,
5 ﬂAéCD
=1 — N2 M2
while for all the subsequent minima 5§* = (,02. Since it has no actual significance, from now on
we set & = 0.
Once all the relevant parameters of our potential have been identified, let us consider the fate
of the relaxion bubbles, starting with shallow minima, 6% < 1. This case should be primarily

G+9 <1, ¢eo), (7.77)
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considered as illustrative, since the value of the relaxion at the minimum is displaced from a
multiple of 27 f by approximately /2, thus the strong CP angle is also fqcp ~ /2, which
is experimentally ruled out. Keeping this in mind, we can compute the dependence of the
back-reaction term, or equivalently ¢ in Eq. , on the baryon density py by means of the
Hellmann-Feynman theorem, as explained in e.g. [11],

Clpn) = ZZNEN (7.78)

This holds for densities below a few times nuclear saturation, and where o,y = 45 MeV is known
as the pion-nucleon sigma term. In turn, since the critical value of ¢ for which the relaxion can
classically move is given by (. = 62, we find that a proto-bubble can start forming if

¢, wA% _ 1TeV \?
PN > NQ;; ~1x 107 MeV? (M/W) : (7.79)

that is if densities are larger than 3g/cm? x 1/ my. This is a very low critical density, found not
only in NSs and WDs, but in the Sun as well. The densities reached in these systems then set
the minimum value of M/+/7, that is excluded if the bubble eventually fully forms and escapes
the star. The corresponding condition is given in Eq. , which for the QCD-relaxion reads

f
A2

QCD

Rs > (7.80)

where we have taken Ry ~ Rg as argued in Sec. [7.3.2] and traded Ar with Agep given that
82 < 1. Using typical radii and densities for the type of star under consideration, we arrive at
the following excluded values for the relaxion decay constant and cutoff

NS: f<3x1072M,, M/\/l,>1x10"*GeV,
WD: f<63M,, M/+/t, > 0.3GeV, (QCD; shallow) (7.81)
©: f<9IX10°M,, M/\/t, >14TeV .

Therefore, while recalling that the shallow QCD relaxion is already ruled out by a too large 6qcp,
we find that classical rolling and escape would happen for nearly all values of f and M/+//Z,.
Note in fact that for both WDs and main-sequence stars the upper bounds on f are above Mp,
and that for NSs and WDs the lower bound on M is not larger than the electroweak scale.

The situation is markedly different for deep minima, particularly since we must require
Oocp < 10719 which then fixes 1 — 2 to be as small at the minimum in question. Since (. = 62,
this implies that the QCD barriers at finite density, Ad.,(1 — ((p)), would need to nearly
disappear for the relaxion to be able to classical move to the following minimum. Such large
densities, if attainable at all inside NSs, are certainly beyond perturbative control, and thus the
linear approximation used to derive Eq. is not applicable. However, since in the cores of
NSs densities could be higher than ten times nuclear saturation density [299], it has long been
hypothesized that new phases of QCD, such as kaon condensation or color-superconductivity,
could take place there, see Sec. 5| and [11] as well as references therein. As shown in that
work, this raises the possibility that, while remaining finite, the periodic potential flips sign. As
explained in App. (see also [254]), this would lead to relaxion condensation with A¢(0) = m,
assuming a small rolling region. Such a type of bubble would remain confined inside the dense
system.

Still, an exciting option remains that such a change of phase of strongly interacting matter,
being controlled by QCD dynamics, happens very fast compared to the reaction time of the
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relaxion. In the case of a deep minimum, this reaction time is prolonged compared to a shallow
one, u~t = f/A% = 9;(17]/32f/AéCD. Then, as discussed in Sec. the kinetic energy that the
field acquires after the sudden change of its potential could be enough to overcome the (flipped)
barriers and to create a relaxion bubble with A¢(0) > 2xf. This facilitates the escape of a
standard 27 f bubble, as discussed above (see also App. . With our current knowledge of
QCD at such extreme densities we cannot assert whether this is the right picture. Nevertheless,
if it were, a phase transition would take place if the condition Eq. is satisfied

0 1/2
f < VBgenAiep Bus & 8 x 101 GeV ( 1(‘;‘?0) . (QCD:; deep) (7.82)

Non-QCD relaxion

The correlation between the relaxion selection of the electroweak scale and of fqcp, i.e. between
the electroweak hierarchy and the strong CP-problem, can be broken by positing that dynamics
other than QCD is responsible for the generation of the periodic back-reaction term [10]. Such
a non-QCD strong sector must still couple to the relaxion in such a way as for the amplitude
of the barriers to depend on the Higgs VEV. Experimental constraints on new electroweak-
charged degrees of freedom that get mass from electroweak symmetry breaking motivate that
such a dependence is quadratic, instead of the linear dependence of the QCD scale (see however
Sec. . Therefore, we identify our potential parameters in Eq. as

- M? h?

Ag:AgW, A‘é:AéU—Q, k=2, (7.83)
where A is the new confinement scale, analogous to Agep in Eq. . In order for the size
of the barriers to be naturally dominated by the Higgs VEV squared, the condition A% < 4702
must be required [10,335,|339,344]. In parallel with the QCD-relaxion, the value of J at a
given minimum is determined by the relative size of the rolling term and A%, i.e. Eq. with
Agep — Ac. The first minima of the landscape are always shallow, since 62 ~ 7A% /2 \v?M? < 1

for A2 < 4mv? and M > 4.

The dependence of the back-reaction term on the (SM) matter density in this case is indirect,
stemming from a change in the Higgs VEV. This is due to the coupling of the Higgs field to
fermions, £ D —% yyhpyp, which in a (non-relativistic) ¢ background, (Y1) ~ (Yyo1)) = py,
displaces its VEV from its value in vacuum. The small relative displacement with respect to
Eq. (7.60) is given, at leading order in py, by

2 _ Y Py

H2(py) = . (7.84)
where we have evaluated h = v. The change h? — h?(1 + §h?) is then responsible for the
density dependence of the relaxion potential. In this regard, note that both the rolling and
back-reaction terms are affected, since both of them are in fact quadratic in the Higgs, see
Eq. and Eq. respectively. Nevertheless, it is easy to see that the leading effect is
associated with the latter since, while the Higgs contribution to the barriers is the leading piece,

it is a subleading one for the linear slope as long as v?/M? < 1.
The most relevant densities to consider, as in the case of the QCD-relaxion, are baryonic,
since these are usually the largest (in particular in the cores of NSs) and the coupling of nucleons
to the Higgs is significant yy = o,n/v, where N = n,p. In NSs, besides neutrons and protons,
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Figure 7.9: (M/\/l., Ac)-regions excluded by the formation and escape of a non-QCD relaxion
bubble induced by NSs (red), WDs (blue), and the Sun (green), in the case of shallow minima,
62 < 1 or equivalently Ay ~ Ac, and for f = 10%, 10, 10°GeV (left, middle, right panel,
respectively). The grey, shaded region is excluded by the requirements A% < 4mv? (orange
line) and Ah? < v? (magenta line), while the region of parameter space preferred by relaxation
during inflation lies above the diagonal black line. Note that the latter line depends on a model-
dependent period of dynamical evolution, which our constraints are independent of. The three
lines are drawn taking ¢, = 1.

leptons are present as well. Charge neutrality implies p, + pe + p, = 0, where note that due to
the highly energetic Fermi surface of the electron, S-equilibrium not only implies p,, = pp + e
but e = p,, as well, implying a non-vanishing muon density (for p,, > m,). This is interesting
since the coupling of muons to the Higgs, y,, = m, /v, is twice as large as to nucleons. In the
outer layers of NSs, in WDs and main-sequence stars, baryon densities become once again the
most important, given the small coupling of electrons to the Higgs. We therefore focus on the
effects of a non-vanishing py. Still working in the linear approximation, the decrease of the
non-QCD barriers is encoded as

" /59TNPN
(pn) ~ \/i—m,%vQ , (7.85)

where we have written it in terms of the physical Higgs mass, m% = 2)\v?, to make apparent the
similarity with Eq. (7.78)). A relaxion bubble can then classically form if densities satisfy the
following condition

E*A‘é T2 _3 3 ( 1TeV 2 o~ Ag 4
PN > 5 \/ia,ergxw MeV (M/\/Z) (1MeV) . (7.86)

Even though finite density effects are relatively suppressed in the case of the non-QCD relaxion,
the required critical densities are sufficiently small, for large cutoffs or small back-reactions,
that they can be found from NSs to the Sun. Furthermore, relaxion bubbles will only form
for shallow minima, (. = 6% < 1, since values of ((py) close to unity, which are required to
destabilize deep minima, can never be achieved (this would require exorbitant densities, of order
m2v?Jo.y ~ 1019 MeV?).

The condition for a shallow bubble to fully form and escape the star simply reads

f

Rs 2 Az (non-QCD; shallow) (7.87)
C
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where recall that for 62 < 1 we have Ay ~ Ao. The conditions in Egs. , , which
if satisfied imply a late-time phase transition at odds with experiment, give rise to non-trivial
constraints on the parameter space of the non-QCD relaxion. These are qualitatively different
and generically stronger than those dependent on the period of dynamical evolution; namely
AL > MO f/\/12r M3 for relaxation during inflation, associated with the requirement of classical
evolution of the field along with the energy density associated with the relaxion being a subdomi-
nant component [10,335/339,344]. A related but different discussion of chameleon effects relevant
for dark matter direct detection experiments have been recently presented in [345]. We show our
constraints in Figs. and in the planes (M /4, A¢), and (M, g) for £, = 1, respectively.
These are for three different values of the relaxion decay constant, f = 10°, 10'4, 10'°GeV. In
both planes, it is evident that the lower boundary of the excluded (shaded) regions extends to
smaller values of either Ac ~ Ay or g as f is taken smaller, since it is easier for the relaxion
bubble to fit inside a given type of star, Eq. . In turn, as f is taken larger, either Ac
or g must be larger for the bubble to be able to form, which then requires higher densities,
Eq. ; this is why the constrains from less dense stars become comparatively weaker. Note
that although the plots are cut at M = 10°GeV, the constraints actually extend up to M < 4rf
in each case. Let us also point out that if the theoretical expectation that f < My is accepted,
the constraints for f = 10°GeV ~ Mp can be considered as absolute, meaning the correspond-
ing parameter space is excluded for any (possible) value of the axion decay constant. Finally,
considering larger stars with enough density would enlarge the excluded regions. In the case of
the (green) region associated with main-sequence stars, once the inequality Eq. is satu-
rated, more refined experimental constraints on changes in the energy budget of the universe
or from other observables, would be needed. For instance, the densities achieved in the largest
stars (py ~ 7 x 107" MeV3, R ~ 103Rg) are sufficiently high to destabilize the first minima

of the non-QCD relaxion with Apc ~ Ag ~ A(l)/ 4, i.e. for which the change in the cosmological
constant is currently experimentally allowed. This is, according to Eq. , true even for the
smallest cutoff M ~ 1TeV. The investigation of the phenomenology of such phase transitions
is beyond the scope of this work.

Technicolored relaxion

For the QCD and non-QCD relaxion models, the most essential density deformation of their
respective landscapes is in the form of a smaller back-reaction term. Now we point out that
in general, this is not the only possibility. In this section, we present a scenario in which the
leading effect is due to a change in the rolling term. Furthermore, this change is induced not by
background matter but by the electromagnetic fields surrounding a spinning neutron star.
Another variant of the relaxion model involves a technicolor-like sector which provides an
additional source of electroweak symmetry breaking on top of the elementary Higgs. While
this sector, irrespective of the relaxion, is severely constrained experimentally (by electroweak
precision data, Higgs coupling measurements, and resonance searches at the LHC), it is not
yet ruled out [346,347]. Exactly like for the QCD axion, the coupling of the relaxion to the
topological charge of this new confining sector gives rise to the periodic potential term [344],
with the analog of Aqcp given by
Al ~ 4mmy (7.88)

where v’ is the electroweak-breaking order parameter of the technicolor (TC) sector. The elec-
troweak scale is given by v?> = v'2 + h% and my = yyh/v/?2 is the lightest techniquark mass,
linearly proportional to the elementary Higgs VEV. The parameters of the relaxion potential
are then identified as A2 = gM3f (like in all the previous models), while Ay and Ay are similar
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Figure 7.10: (M, g)-regions excluded by the formation and escape of a non-QCD relaxion
bubble induced by NSs (red), WDs (blue), and the Sun (green), in the case of shallow minima,
62 < 1 or equivalently Agx ~ Ac, and for f = 10, 104, 10'%GeV (left, middle, right pannel).
The grey, shaded region is excluded by the requirements A2 < 47v? (orange line) and Ah? < v?
(magenta line), while the region of parameter space preferred by relaxation during inflation lies
above the diagonal black line. Note that the latter line depends on a model-dependent period
of dynamical evolution, which our constraints are independent of. Recall that g = A% /M3 f and

we have taken ¢, = 1 in Eq. (7.86).

to the QCD relaxion, Eq. (|7.75)), with the following replacements
Agep = Are, v — Vo2 =02, (7.89)

Due to the aforementioned experimental constraints, v’ cannot be large, v < 70GeV, nor very
small either, since the masses of the TC resonances are expected below 4mv’ .

It is crucial for our analysis that the relaxion in this model has a large coupling to photons.
Just like for the QCD axion, this coupling is a consequence of the (model-independent) coupling
to the technigluons as well as the (model-dependent) electromagnetic anomaly,

9oy @ £ o
Zv ?FWFW L Gey =C (%) , (7.90)
where ¢ is a model-dependent constant. Such an interaction, which is not suppressed by the small
shift-symmetry breaking parameter g, has significant implications for the fate of this relaxion
model, in particular, because of the existence of strong electromagnetic fields surrounding rapidly
rotating NSs (magnetars/pulsars)lzl Indeed, in such an environment the linear term in the

relaxion potential receives an additional contribution, A% — A%(1 + n), where
gy E - B
n= —"MM : (7.91)
R

The critical value of 1 at which the minimum in vacuum ceases to be a minimum in the elec-
tromagnetic background is given by 7. = 62/(1 — §%). This statement can be translated to a

1By considering a rotating star we are departing from our main assumptions concerning the characteristics of
the system, as described in Sec. in particular spherical symmetry and (near) time-independence. However,
we expect such departures to neither have a large impact on our qualitative description nor to change the order
of magnitude results we derive.
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transition radius, REM, which is the maximal radius for which classical rolling is allowed (equiv-
alent to the radius of the dense star core Ry, see Sec. , and given by the solutions of
n(REM) = n.. It is also the position of the bubble wall at formation. The value of §? at the
l,-th shallow minimum is given, as in the QCD relaxion, by (53* = (.62, where 5%21 is as in
Eq. with Aqep — Arc. The electric and magnetic fields depend on the intrinsic properties
of the star as well as on space-time, in a similar fashion as the (baryonic) density profiles that
were considered in our previous examples. However, in contrast to the case of a dense system of
finite size, here the electromagnetic background extends to infinity (i.e. much beyond the surface
of the star). This implies, for instance, that the radius at which classical rolling is allowed is
potentially much larger than Rs. As explained in Sec. it is the size of this region compared
to u~!, the typical length scale of the relaxion, that determines whether a bubble is formed or
not. For a technicolored relaxion p~! is r-dependent,

_f 1
AT ()

Let us then consider a simple model of the magnetosphere, in particular a rotating dipole in
vacuum (see e.g. [227]),

poH(r) (7.92)

RSB3Qs
S5 sin a( cosfsina + sin f cos a [ cos (A 4 rQls) — sin (A 4+ rQ)] ), (7.93)

E-B= 575"
475

with Bg the magnetic field at the stellar surface, 25 the rotation frequency of the star, « the
inclination angle of the dipole w.r.t. the rotation axis, and A = ¢ — st the co-rotating azimuthal
angle. From here on we take o = 7 /4 for simplicity. In addition, we average the dipole over
one quadrant, that is 6 € [0,7/2] and ¢ € [0, 7], as well as over the relaxion time scale p~!.
We identify two distinct limits, the first where the field reacts fast compared to the rotation
frequency, p > (g, and the second where it reacts slowly, u < 5. Since the bubble dynamics,
in particular if the bubble escapes or stays confined to the star, is a local statement governed
by the position of the bubble wall at its formation, we take u~!(REM) as the relevant time scale
in both limits. Within the fast limit, in order to analytically determine RE™ we perform an
expansion both in Qs/p < 1 and Qgr < 1. For critical bubbles connecting shallow minima, the
validity of the second approximation follows from the first along with Eq. . For critical
bubbles connecting deep minima such an approximation is not valid in general, yet we verified
a posteriori that it holds in the region of interest, i.e. where the bounds lie, see Fig. In the
limit where the field reacts slowly, we just perform an expansion in p/Qs < 1. After the dust
settles, we end up with

(E-B) ~ (7.94)

B2R%Qs [ (m —2), > Qg
47T2T5 T, 1% < QS )

where we only kept the leading order terms. Note that the difference between the fast and slow
limits is due to the time-dependent piece of the dipole, which is relevant only in the first case.
For such a leading order averaged dipole, the transition radius is given by

REM _— <aB§RgQS)1/5{(7T_2)1/57 /L>>QS7
T

 \8r% Afo0? /5, p< Qs (799)

where we chose ¢ = 1. Clearly, REM is much larger for shallow minima (62 < 1) than for deep
ones (62 ~ 1), since the size of the critical electromagnetic field is much smaller for the former
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than for the latter. The condition that RP™ > Rg, which is equivalent to the statement that
the critical value of 7 is reached somewhere before the surface of the star, is certainly necessary
for a bubble to form (equivalent to the condition ((px) > (. in the relaxion models previously
discussed). However, since E-B = 0 for r < Rg , the conditions for the formation and expansion
to infinity of the bubble sets a lower bound on the size of the region RE™ — Rg which is always
more stringent than just n(Rs) > 7.. For shallow minima, the condition for the formation of a
27 f bubble is roughly given by

REM — Ry 2> LQ o~ J; (technicolor; shallow) (7.96)
AR ATC

This is the same condition leading to the escape of a bubble to infinity, since when 62 < 1 the
change in the potential from the inside to the outside of the transition region r ~ RTM is barely
appreciable. We can explicitly verify that this is the case by considering the equation of motion
of the bubble wall within the background electromagnetic field,

52 R%M 5
1+1—52< R )

where € is the energy density inside the bubble. Its R-dependence is due to the R-dependence of
n. It is then clear that for a shallow minimum, where 62 < 1 and therefore ¢/ = do/dR ~ 0, the
condition for the bubble to escape is, to good approximation, given by Eq. . Note that we
have neglected O(1) factors as we did in Eqgs. , , yet we expect them to be different
here due to the non-spherical morphology of the system.

When the condition in Eq. is satisfied, the phase transition implies a change in vacuum
energy that is experimentally too large for 27rA% > 102A,, see Eq. . This allows us to
exclude large regions of parameter space of the technicolored relaxion, as shown in the left panel
of Fig. [[.11] To evaluate such a condition, we have taken as rotating neutron star properties,
Ry = Rys, and typical values for the surface angular velocity and magnetic fields of NSs,

. 9
URZG—EU—JI, e(R) = 2mAL

, (7.97)

Oxs ~ 10Hz, Bys ~ 10T, (7.98)

see e.g. [348]. The relaxion coupling to photons is given in Eq. , where we set ¢ = 1 (and
a ~ 1/137); note that only if ¢ > 0 the rolling term is larger than in vacuum (¢ < 0 would instead
make the minimum deeper in the electromagnetic background). In Fig. (left panel), the
region to the right of a given labelled line is excluded, where each line corresponds to a different
value of the relaxion decay constant (from f = 102 to 10'%GeV). Therefore, for a given f,
large values of M/+/Z, are excluded depending on Ag ~ Arc. As Arc increases, a certain critical
value is reached where the size of the critical region quickly decreases and becomes smaller than
Rys. The condition REM 2 Ry is independent of f, which is why all the excluded regions share
the same upper boundary. The red band marks the region where the field neither reacts fast
nor slowly compared to the rotation frequency, i.e. u(REM) ~ Qg. Given that REM in Eq. (7.95)
does not depend explicitly on f, the red band does not either. Within the band we expect O(1)
deviations from the naive interpolation, shown as dashed lines in Fig. [7.11]

Interestingly, the presence of large electromagnetic fields around NSs would also lead to non-
trivial constraints in the case of a bubble which connects deep minima. If the condition 1 > 7.
is satisfied, the condition for formation of a deep bubble is easily satisfied. This is because since
ne > 1, the slope of the potential is much larger in the region r < REM than in vacuum. The
relevant condition that leads to a phase transition is then the one concerning the escape of the
bubble. We derive such a condition under the conservative simplification that past the transition
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Figure 7.11: Regions excluded (inside labelled lines for several values of f[GeV]) by the
formation and escape of a TC relaxion bubble induced by the electromagnetic fields generated
by rotating NSs. Left panel: for a bubble connecting shallow minima, 6> < 1 or equivalently
Ar ~ Arc. The red band shows u ~ g for a critical bubble. Right panel: for a bubble
connecting deep minima, the depth parametrized by gM3f/AL, = 1 — §%. Dot-dashed lines
show p ~ g for the corresponding decay constant. Note the different range for Arc (recall for
shallow minima Arc ~ Ag) between the two plots.

radius the relaxion potential approximately returns to its in-vacuo form, i.e. n(r > REM) = 0.
This is justified by the rapid decrease of E - B, and therefore of n, with R, see Eq. . Then,
our escape condition follows from requiring that R > 0 in Eq. , taking the minimal value
of €, that is 2rA%, and the value of the tension force at the transition radius, that is 20 /REM,
where note that due to our simplification we have ¢’(r > REM) = 0. Then, a deep bubble escapes
to infinity if

fo1 A
A VI—§2  gM¥’
where we recall that 1 — 62 = AL /A%, < 1 and A} = gM3f. As in the case of relaxion bubbles
seeded by baryon density, this condition implies that it is more difficult for a deep bubble to
escape than a shallow one. The underlying reason is the same as well, in vacuum the bubble-wall
tension is dominated by large potential barriers. Nevertheless, as shown in the right panel of
Fig. for not too small values of A% /A%, a phase transition could still be induced between
deep minima of the technicolored relaxion. As expected, the excluded regions, to the right of
a given line, correspond to small values of the relaxion decay constant (up to f ~ 10°GeV)
and of the technicolor confinement scale. Dot-dashed lines show p ~ g for a given f, and
as can be seen the fast approximation holds where in the region of parameter space where the
bounds lie. We checked explicitly that the expansion Qgr < 1 yields the correct results since
QsREM < 1 for the region of interest. We note that in this case of deep minima, the region we
have excluded due to a phase transition with a too large change of the vacuum energy, is also
ruled out from both CAST [349] and laboratory experiments, e.g. [350]. Still, for the allowed
values f > 1.7x10°GeV and ¢ = 1, there would still be a non-trivial axion configuration around
the neutron star, similar to [227].

RIM — Ry 2 (technicolor; deep) (7.99)
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Finally, we note that the lower bounds we derived on At can be rephrased, given the collider
constraints on v/, as a lower bound on my in Eq. (7.88]).

Dark compact objects

In this section we entertain the possibility that there are dark compact objects [290[-298] in the
universe. These dark stars, similar to standard stars, can induce the instability of a metastable
vacuum. This would be particularly relevant when the periodic term in the landscape potential
Eq. arises from dark dynamics, as in the case of the non-QCD relaxion (especially if the
scalar is sitting in a deep minimum, as in e.g. [335]) or in models where the barriers are Higgs
independent [337,1338]. In addition, we show that this possibility opens the door to late-time
phase transitions for which the associated change in vacuum energy is a priori experimentally
allowed. As shown in Eq. , in the case of standard stars this can only happen for quite
low values of f and if the bubbles are seeded solely by the largest stars known to date, with
Ry ~ 103Rg.

Let us assume then a new species of fermion, which we refer to as dark baryon, whose relic
abundance is non-negligible and which constitutes the main component of the dark stars (yet
not necessarily making up all of the dark matter). Let us note right away that the existence of
these stars requires non-trivial dynamics by which the dark fermion can dissipate their kinetic
energy, accumulate and eventually form a compact object. If this is the case, the smaller dark
stars will only be sustained by the Fermi degeneracy pressure associated with the dark baryon,
thus, employing Eq. , with typical radii and densities

M,
Rs~V8r—5, mnp~m’ (7.100)

m% b
where m; is the mass of the dark baryon.

Before moving on, we note that such a dark baryon is in fact motivated by the non-QCD
relaxion, whose simplest UV realization crucially involves N 7 flavours of SM-neutral fermions,
p, charged under a new confining SU(Ng) gauge group. The associated IR scale, which controls
the size of the relaxion barriers, is given by AL ~ 4w f2my where my = my(h?) < 4rfz is
the mass of the dark quarks (taken degenerate for simplicity), whose dominant contribution
is proportional to the square of the Higgs VEV, Eq. . The mass of the dark baryons,
analogous to the QCD baryons, receives two contributions,

my = 1mo + 6 (my), (7.101)

where mg is purely due to the dark strong dynamics while ¢ is the analogue of the pion-
nucleon sigma term of QCD. Likewise, at finite dark density, the barriers decrease according to
AL — AL(1 — (), where in the linear approximation,

ong m?
((ng) =~ Tgb 47r;3’ (7.102)

where in the last equality we have used Eq. and the fact that ¢ ~ amy if my < fz,
where a = O(1) (yet note that in QCD the analogous coefficient is rather &~ 10). Therefore, for
a sufficiently large dark baryon mass, yet small enough to retain perturbative control, densities
can be enough to seed the formation of a bubble. Finally, the condition that the system is large
enough for the bubble to escape, assuming for simplicity that § ~ 1, and given that the size of
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the dark neutron star is controlled by mj, yields the condition

| M,
m; < Ao 7" : (7.103)

Interestingly, the change in vacuum energy Eq. (7.72)) associated with such a relaxion bubble is
controlled by m; as well. Considering again for simplicity the case Ag ~ Ac,

2 ) 2
AAng<f> z6><10_3A0( ™% )4< / > , (7.104)

My 10keV 10 TeV

where the values of the dark mass and decay constant have been taken to illustrate that the
change can be small enough as to avoid any trivial experimental inconsistency between the early
and late universe. This gives rise to the exciting possibility that the change in the relaxion
minimum could be detected with future cosmological measurements. In addition, if m; or f
are small enough and the dark stars are dense and large enough to destabilize many relaxion
minima (i.e. N > 1, see Eq. and App. , the effects of the continued phase transitions
originating from the ongoing creation of relaxion bubbles interpolating between lower and lower
pairs of consecutive minima could resemble the time evolution of a quintessence field as dark
energy [316]. The dynamics of such a continued phase transition have been studied in [351].

Finally, we note that the in-vacuo relaxion mass, for the range of relaxion parameters where
the change in vacuum energy is smaller than its current value, is

1 /Ao

?2%

me S (7.105)

~ 2% 10" ¥ meV <10 TeV) :

f

which is, as expected, extremely small. Accordingly, the size of the dark compact object,

Rs ~ 1/my, is very large
2w f
s> f1]=~1x10%k 1
RsZ [y 3~ 1% 10 m<10TeV> , (7.106)

which for this value of f is roughly the size of the solar system.

7.3.4 Conclusions

The relaxion mechanism provides a solution to the electroweak hierarchy problem by postulating
a landscape of vacua where the potential barriers between minima depend on the Higgs VEV,
enabling vacuum selection with a small electroweak scale via a period of dynamical evolution.
An immediate concern in postulating a multi-vacuum potential is whether the selected vacuum
is stable on cosmological scales. While one usually considers vacuum transitions of quantum or
finite temperature origin, in this section, we focused on the certainly less studied case of phase
transition seeded by finite density objects such as stars. Using the results from Sec. we
were able to place new bounds on various relaxion models, ruling out regions of parameter space
where such forbidden phase transitions would take place once stars are formed.

We showed that the connection of the relaxion with the Higgs is precisely what is behind
the sensitivity of the relaxion vacua to finite density effects. In particular, in realizations where
QCD dynamics generate the potential barriers, baryonic densities decrease the chiral symmetry
breaking scale, leading to the possibility of QCD-relaxion bubbles. In realizations where instead
new confining dynamics are responsible for the barriers, the change in the Higgs VEV due to the
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background nucleons and muons, although small, is sufficient in some regions of parameter space
to induce the formation of bubbles. Generically, we found that these bubbles easily escape from
the stars where they are formed: NSs, WDs, or main-sequence stars, depending on how small
the overall scale of the non-QCD relaxion potential is. We would also like to point out that our
bounds have been recently investigated in light of stochastic relaxion models [352], which can
open up large portions of previously believed unavailable relaxion parameter space given large
enough inflation scales.

Notably, we discovered that not only matter density but an electromagnetic background can
destabilize a metastable vacuum. This possibility is motivated by some constrained yet still
viable realizations of the relaxion, in which the scalar field has large couplings to photons. We
found that the large electric and magnetic fields of magnetars/pulsars destabilize the metastable
minimum and lead to a phase transition that cannot be confined. Moreover, in this scenario, the
transition can occur not only for shallow minima but also for metastable vacua in which there
is a hierarchical separation between the energy difference and the potential barrier between the
minima.

In general, relaxion phase transitions leading to a very small change in vacuum energy
compared to its measured value could, in fact, have been induced by the formation of large
dense objects in the universe. This is the case for very low relaxion decay constants and for
the largest stars in the universe acting as seeds. We also considered the possibility that these
naively harmless phase transitions may result from the formation of very large dark stars. Such
stars would be sustained by the Fermi degeneracy pressure associated with the light stable dark
baryons motivated by the non-QCD relaxion.

Finally, the new type of bound derived in this section for the relaxion landscape, namely
vacuum instability induced by dense objects, could be relevant for other landscapes if subject
to finite density deformations. These deformations are generically expected if the vacua are tied
to the electroweak scale.
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Chapter 8

Conclusions

Despite the solid and compelling theoretical and experimental indications that the Standard
Model is incomplete, we have yet to detect new physics beyond its boundaries. The absence of
any signals of BSM physics at the LHC has forced some extensions of the SM, such as composite
Higgs and supersymmetry, into a fine-tuned region of the parameter space. While so far no
detection has been observed, on the frontier of weakly coupled light scalar physics, there has
been a notable increase in the innovation and construction of experiments aimed at detecting
the QCD axion and ALPs. This thesis explored the extensive phenomenology of these weakly
interacting light scalars, investigating their interactions with the Standard Model density.

In Chap. 2] we introduced the Strong CP Problem, i.e. the question of why the strong interac-
tions preseve CP and the QCD axion solution as well as an ALP with lighter than expected mass.
In particular, in Sec. we reviewed the vacuum structure of Yang-Mills theories, where we saw
that non-perturbative topological terms play an important role. In Sec. [2:2] we reviewed how
these non-topological terms gave rise to experimentally measurable quantities in the presence of
fermions. To understand this, we reviewed the axial anomaly in QCD, which naturally brought
us to the formulation of the Strong CP Problem. Sec. was concerned with the QCD axion
solution to the Strong CP Problem, which employs the simple idea of promoting the f-angle of
QCD to a dynamical field. We discussed the UV dynamics of both the original Peccei-Quinn-
Weinberg-Wilczek axion as well as two benchmark invisible axion models, the KSVZ and DSFZ
axion. In Sec. we derived the general model-dependent effective theory of the QCD axion in
the IR, with the use of ChPT and precisely determined its couplings to SM matter. We focused
on the couplings to nucleons. In order for the effective theory for nucleons to be valid, they had
to be non-relativistic, which led us to introduce heavy baryon chiral perturbation theory with
the QCD axion. In Sec. 2.5 we reviewed an ALP that behaved similarly to the QCD axion,
except that its mass could be orders of magnitudes below the vanilla prediction. We concluded
the chapter with a discussion on bounds on axions from astrophysical environments such as
stellar remnants and supernovae in Sec.

In Chap. 3] we reviewed the landscape of stellar remnants. In Sec. we reviewed the
physics of white dwarf stars and discussed various refinements of its equation of state, while
Sec. was devoted to neutron star physics. We saw that, while the equation of state of white
dwarfs is quite well understood, the picture is very different for neutron stars. Since QCD
becomes strongly coupled at the densities found in neutron stars perturbativity is lost. Further-
more, numerical advances are hampered by the fact that QCD at finite chemical potential suffers
from an infamous fermion sign problem. In addition to that, we discussed that extrapolations
of Standard Model equation of states including more degrees of freedom, such as mesons and
hyperons generically soften the equation of state, which is clearly disfavored by the observation
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of neutron stars with masses well above two solar masses.

In Chap. [4 we explored the effects of finite baryonic density on the QCD axion-nucleon
coupling and found that they significantly change bounds on the QCD axion from supernovae
and neutron star cooling. We started in Sec. to review heavy baryon chiral perturbation
theory at finite density by deriving the nucleon propagator in a finite density background using
real-time thermal field theory. In Sec. we calculated the density contributions to the QCD
axion-nucleon vertex up to next-to-next-to-leading using the proper power counting scheme of
chiral perturbation theory in this limit, discussed in App. With the density modified axion-
nucleon vertex, we integrated the supernova luminosity for KSVZ and DSFZ models including
systematic error bars for the first time. We discussed the implications on the bound derived
from supernova 1987A.

In Chap. 5| we studied the possibility that the QCD axion developed a condensate at baryonic
densities, such as found within neutron stars. We reviewed the basics of quantum field theories
including a chemical potential, and the basics of meson condensation, and studied the QCD
axion potential with Ny = 2 light flavors in the presence of a pion condensate in Sec. We
found that pion condensation for Ny = 2 light flavors can drive down the axion mass while at
the same time increasing the neutral pion mass once in the proper mass eigenbasis, driven by
the density dependent value of the pion condensate. In Sec. we extended the study of the
QCD axion potential at finite baryonic densities to Ny = 3 light flavors and studied the effects
of kaon condensation on the QCD axion potential. Extrapolating to densities of around 3pg, we
found that axion condensation can be triggered. In Sec. we looked to asymptotic densities
where QCD is in a color-flavor-locked phase and explored the potential of QCD axion in this
phase. We found that even though instantons are generally suppressed in this phase, implying
a smaller magnitude for the axion mass, axion condensation can be possible also in this regime.

In Chap. [6] we studied the effects of light scalars with non-derivative coupling to nucleons,
generically present for e.g. the QCD axion, on the structure of stellar remnants. Such a coupling
can in the most economic realizations be thought of as a scalar field-dependent nucleon, or more
generally fermion, mass. We found that such light scalars can dramatically alter the stellar
landscape. In Sec. we saw how light QCD axions change the stellar composition of white
dwarf stars. White dwarfs are very well understood since the relevant physics is mostly captured
by the degeneracy pressure of electrons. Temperature, nuclear physics, and crystallization only
play subdominant roles. Furthermore, there exist catalogs of a plentitude of observed properties
of mass and radii as well as other properties, such as absorption lines, making them ideal
laboratories to test the viability of new physics. We found that the axion led to a new ground
state of nuclear matter within white dwarfs that implies the existence of a radius gap in their
mass-radius curve. We performed numerically verified analytical estimates of the radius gap and
found that confronting the modified mass-radius relation with observational data is incompatible
with large parts of unexplored axion parameter space, allowing us to set stringent constraints.
In Sec. [6.2] we showed how light scalar fields changed the stellar composition of neutron stars.
Depending on the scalar self-interaction scale and the coupling to matter we found that either
a new ground state or a coexistence region within the neutron star is accessible. While the new
ground state led to dramatically stiffer equations of state, supporting more massive neutron
stars, the coexistence region led to much softer hybrid star configurations with a first-order-
phase-transition-like behavior. While we found that for the vanilla QCD axion hybrid star
configurations are in principle possible, modulo the uncertainty of QCD at these densities, light
QCD axions as well as linearly and quadratically coupled scalar fields can lead to new ground
state phases. Therefore, we showed that BSM physics, if a new ground state is realized, can
stiffen the equation of state of neutron stars, which is generally difficult within the Standard
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Model. We also want to point out that a new ground state of nuclear matter implies the
existence of absolutely stable self-bound objects, similar to strange quark matter. It was also
shown that the theories under consideration are equivalent to certain theories of modified gravity,
in particular theories of scalarization. While these theories are able to lead to heavier neutron
stars, the existence of a new ground state of nuclear matter implying the existence of self-bound
objects was so far overlooked in the literature. A future direction, which is currently work in
progress, is to study the effect of light scalars coupled to electrons, muons, and other Standard
Model matter fields.

In Chap. [7] we studied how stars can trigger phase transitions in the late universe if a light
scalar field sits in a meta-stable minimum in vacuum. In Sec. we considered a simple two-
minimum potential with a Zo symmetry ¢ — —¢ that is explicitly broken by a linear term and
derived the condition for bubble formation and escape. We found that if the energy difference
between the true and the false vacuum is large compared to the increase of the barrier with
decreasing density (we explicitly looked at the scenario where barriers decrease with increasing
density), bubbles become unstable and are no longer confined to the star such that they per-
meate throughout the entire universe. We studied the phenomenology of such late-time phase
transitions, namely at redshifts of star formation around z ~ 10. Since they come with a change
of the Cosmological Constant at these times, we used early- vs late-time measurements of the
Cosmological Constant to constrain these types of models. After formulating the Higgs Hier-
archy problem in Sec. we continued in Sec. to apply our findings to relaxion models.
Since relaxion models generally feature meta-stable minima in vacuum, they constituted the
perfect conditions to apply our findings from Sec. We determined the general conditions for
a relaxion bubble to be released from a star and looked at typical benchmark relaxion models.
For the QCD relaxion, which was previously ruled out from the prediction of an order-one QCD
6 angle, we found that our bubbles alone could have done the same job. For the non-QCD
relaxion, we found that, depending on how far down the potential the relaxion relaxion stops,
we can set stringent new constraints in previously unexplored parameter space. Interestingly,
for technicolored relaxions with a coupling to photons, we found that the enhancement of the
linear tilt in the potential triggered by photon background in neutron star magnetospheres leads
to similar bounds. Lastly, we studied the scenario that dark compact objects trigger non-lethal
phase transitions and their possible detection today.

The interplay of light scalar fields with Standard Model matter led to a rich phenomenology
studied in this thesis. This is, however, not the end of the story since it also opens up many
future directions. We are currently finalizing the implications of the density dependence of
QCD axion-nucleon coupling, where we recently found that a model-independent bound can be
set exceeding the current best model-independent bound by up to three orders of magnitude.
Furthermore, we find that with our density-dependent coupling, a bound on the axion neutron
coupling from neutron star cooling can be set for the first time.

Furthermore, we are actively investigating the implications of light scalar fields coupled to
different matter fields such as electrons and muons, which by the compatibility with the observed
stellar structure of white dwarfs and neutron stars, can lead to the most competitive bounds for
these types of models.

Lastly, it is still ongoing work to find a mechanism that allows self-bound objects of axion-
sourced nuclear matter, most likely in some dark sector, to constitute the dark matter. This
would imply spectacular signatures since the QCD f-angle would be changed once such a dark
nugget overlaps with our Earth or in other Standard Model matter environments.
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Appendix A

Couplings of the QCD Axion to
Nucleons at Finite Density

In this appendix we briefly summarize the standard construction of the effective axion chiral
Lagrangian in HBChPT, invariant under charge conjugation (C) and parity (P) up to N2LO
and some selected pieces N®LO, necessary for renormalization. We start by writing down the
relativistic pion axion nucleon Lagrangians and projecting to HBChPT. Relativistic corrections
are also included. For reviews on the subject without the axion, see Refs. [411/48,/49], as well
as Ref. [353] for the HBChPT projection and Ref. [61] which considers the LO axion HBChPT
Lagrangian and some selected terms at N2LO.

A.1 Chiral QCD Lagrangian

We analyse the transformation properties of external sources performing a spurion analysis.
Starting point is the QCD Lagrangian with external isovector axial vector (a,), isoscalar axial

vector (ay,), scalar (s) and pseudo-scalar (p) sources. In absence of isovector and isoscalar vector

sources (v&s) = 0), which is the case for axion ChPT, we can write parity eigenstates in terms of
left- and right handed fields, i.e. rLS) = aﬁf) and Kff) = —aff). The QCD Lagrangian containing
external sources then reads

Lext = " (€ +65,) qr + qry" (ru+73,) ar — G (s — ip) qr — qr (s +ip) qr, (A.1)

where g7,/ are left- and right-handed quark fields. Isovector and isoscalar parts are associated
with the SU(2) and U(1) parts of U(2) respectively. The Lagrangian Lqocp = £qQcp,0 + Lext,
with Lqcep,o given by Eq. (2.55a)), is invariant under local U(2)r, x U(2)g transformations

Or/r()
QL/R — exp | —1 3

) Vir(@)arr, Oyr €U(N)ryr, Viyr € SU(2)Lyr, (A.2)
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as long as the external fields satisfy
ru = VeryVih 4+ VeV,
6 — Vil Vi +ivid v,

S S 1
b, = 6= 001,
(A.3)

1
A gaueR,
(s —ip) — e*%(eL*‘gR)VL (s —ip) V}J%,
(s +ip) — e_%(GR_HL)VR (s +ip) VLT.

The derivative terms cancel analogous terms originating from the kinetic terms in the Lagrangian
and are later used to construct covariant derivatives.
A.2 Effective Pion Lagrangian

In the broken phase, pions are described by the unitary flavor matrix U, see Eq. (2.67). It
transforms linearly under chiral and axial U(1)4 transformations

U — e300 yuv), (A.4)
Since it collects the NGBs, associated with the broken generators of chiral symmetry breaking,

it is charged under axial transformations only. Furthermore, under C and P transformations the
NGBs and U transform as

(x) <, wl(z), w(z) R (Px) (A5)
Ux) S UT(2), U)X Ut (Pa). '
Hence, we find that the covariant derivative is given by the linear representation
VU =0,U —i(ry+r,)U+iU (6, +£), (A.6)
resulting in Eq. . Another spurion in the pion sector can be defined as
X = 2Bm/, = 2B(s + ip), (A7)
see below Eq. , which transforms as
X = VaxVj. (A.8)

In the meson sector, the list of fundamental building blocks that we are interested in i.e. up to
O(p?) is
U v,Uu v, V,Ux. (A.9)

Out of these, the only non-trivial, hermitian, C and P invariant scalars under Lorentz are
collected in the Lagrangian Eq. (2.70b|). Higher order pion terms are not needed for our analysis,
however, writing down the Lagrangian including the axion is straightforward.
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A.3 Effective Baryon Lagrangian
The baryon field transforms non-linearly under chiral transformations
U = e V@O KWV (), V(z),U(z)V, (A.10)

where K(Vz,Vg,U) is the so-called compensator field and defines a non-linear SU(Ny) valued
function of U and V7, Vg, defined by

Uz) = u?(z), u(z)— o' (z) =/ VaUV] = VguK = (Vy, Vg, U), (A.11)

such that the explicit form of K is easily evaluated to

KV, Vi, U) = (W) Wru = <\/VRUVLT>

Since W is a singlet under the axial U(1)4, the presence of an external axial source does not
change its transformation behaviour,

1 VaVU. (A.12)

D,V = (8, +T,) 7,
A.13
r,= % [uT(% —dry)u+u(dy, —il,)ul |, ( )

where I',, is the chiral connection. Since V¥ is a singlet under U(1) 4, there is no term proportional
to the axial isovector current in the covariant derivative, i.e. it is a pure vector quantity. Under
parity and charge conjugation it transforms as

D, *++P,"D,, D, - -DI. (A.14)

One can furthermore construct an hermitian, isovector, axial vector object containing one deriva-
tive, called the vielbein

Uy =1 [uT((?M —ir)u —u(d, — il )ul| =il (9,U —ir, U +iUl,) ul. (A.15)

The transformation behavior under SU(2)r, x SU(2)g, parity (P) and charge conjugation (C) is

S S
e L L R (A16)

u,, sandwiched between a baryon bilinear stays invariant under local chiral gauge transforma-
tions. There exist two identities for the covariant derivative,

1
[DM7DV] = iuuum (A.l?a)
[Dua Ul/] = [Dl/a U,u] . (A.17b)

The first is known as curvature relation and shows that only completely symmetrized products
of D, with itself as well as products of D,, with u, have to be considered. The second relation
shows in a similar way that covariant derivatives on the vielbein have to be taken into account
in a completely symmetrized combination only. We can construct an analogous quantity to the
vielbein from the isoscalar part of the linearly realized covariant derivative

iy = iul (—irgU +iU£) ul = iuf(—2iasU)ul = 245, (A.18)
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which under parity and charge conjugation has exactly the same transformation properties as
u,, but only transforms under U(1) Aﬂ

. U)a . . P U . C_ .7
Uy — Uy — Opan, Uy — =Py, Gy — Gy, (A.19)

Furthermore we need a non-linearly transforming analog to the field y, which we construct as
hermitian and anti-hermitian combinations

xt = ulyul +uxlu, (A.20)
with transformation properties
SU(2)r,xSU(2) p C
X+ ESUUT KN KT, xe = Exa, xe — X4 (A21)

For the construction of the chiral Lagrangian it will be useful to separate every field into isovector
and isoscalar components. Therefore we define

X=X-2(X), (A.22)

where (-) denotes the flavor trace such that X projects out the isovector part of X. The basic
building blocks in this form are therefore uy, @, X+, (x+). Note that, in the special case of
SU(2) one can show that

(XY) ={X,Y}. (A.23)

We are now in the position to construct the chiral nucleon Lagrangian containing the axion. In
the following we, write down the minimal set of operators for which we closely follow Ref. [353].
Invariant monomials take the generic form

VA0, ¥+ hc. . (A.24)

The operator A" is a product of pion and/or external fields and their covariant derivatives,
all of course in the non-linear representation. ©,,. . is a product of Clifford algebra elements
[y, and the symmetrized product of n covariant derivatives Dfj; = {Da,{Dg,{..., Du}}}
acting on the nucleon field.

I'y... contains Clifford algebra elements which are understood to be expanded in the basis
(1,95, Y V57> Opr) and the metric 7, as well as Levi-Civita symbols €,,05. Eq. is not
the most general form. The fact that ©,,. . contains only the totally symmetrized product of
covariant derivatives acting on ¥ is due to the curvature relation, see Eq. . Another
property, namely that no two indices of ©,,,. .. are contracted (except for Levi-Civita symbols)
is due the fact that at a given chiral order I)¥ can always be replaced by —imyW¥. This
explains why a couple of Clifford algebra structures do not need to be considered, e.g. the
LHS of \Ile‘ﬁ"'y\D;‘aﬁm\If + h.c. = —imN\TIAO‘fB"'DZE.\I! is replaced by the RHS. More such

!Note, that if we were to construct only one such axial vector type object associated with the full U(2)z xU(2)r
we would effectively end up with the same structure. However, this would collect both isovector and isoscalar
components in a single building block to which one would naively associate only one constant in the effective
Lagrangian. This would not be the most general approach because the isovector and isoscalar symmetries are
completely independent from each other, e.g. one can only do a, say, U(1)a transformation while leaving the
isovector part completely untouched. So if one started with only one building block one would have to break it
up again into isovector and isoscalar parts to describe this scenario.
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eliminations due to the use of the EOM can me made and the minimal set is shown, ordered by
ascending chiral power, given in Ref. [353] to be

1,
V5Yus Dy (A.25)
N Tpws V5 YuDyvy Dy,

where D, = {D,, D, }.

For the operator A*”- one writes down combinations of fields in every ordering. The number
of Lorentz indices gives the chiral power. Furthermore, it is instructive to write them in terms of
isovector and isoscalar parts. For SU(2) this is equivalent to write every product as commutator,
or as an anticommutator, respectively. This has the advantage to obtain simple transformation
properties for charge conjugation and parity. The transformation behaviour of the Clifford
algebra elements under parity-, charge- and hermitian conjugation in the form
Fﬁu = (il)PuaPVB e Faﬁ s Flc“/ = (:I:l)f‘w,, (A 26)

FLV = (il)VT’YOFW...
and the chiral order (including the metric and the Levi-Civita) are shown in Table [A.1] Note
that the full transformation behavior of YO, 5. ¥ = ¥YI',,, D} 5.“\11 may include an additional
sign due to integration by parts, but is included in Table All relevant operators from the
minimal list of ©,, . are shown, see Eq. 1) The transformation behaviour of the fields

@;w... 1 V5 T V5V | Opv Nuv | €uvdp Du '757;1DV D;w

O(p") | O(1) | O(p) | O(1) | O(1) | O(1) | O(1) | O(1) | O(1) | O(1) | OQ1)
P =+ - — + - + - +
C + + — + — + + - - +
T + - + + + + + - - +

Table A.1: Transformation properties of © ...
AP under parity, charge and hermitian conjugation in the form
Aﬁu = (il)appuapyﬁ .- ‘Aaﬂ... Afw = (il)acAZu... ALV = (il)aTAMV... (A27)

as well as the chiral order (including the metric and Levi-Civita) and the combinations of
covariant derivatives acting on nucleons are shown in Table With the transformation
properties at hand we can write down all operators invariant under parity, charge conjugation and
hermitian conjugation at a given chiral order. At first chiral order O(p) we find the relativistic
pion nucleon Lagrangian, including the axion

L8 =0 (i = m + Lys + i) 0, (A.28)

given in Eq. (2.78)). At the next higher chiral order O(p?) we find the most general Lagrangian
to be

5;2121 = |c (x4) — 7022 (uyuy) DM +hee. | + SBu-u+t 043 [uy, uy] o™
8my, 2 4
(A.29)
. cs . o .
+C5X+ — (87%\7 <U#Ul/> D + hC> + 5911, . /LL:| v,
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O(p)
Uy - |+ |+
a, | —|+ |+

o(»?)
X+ | +|+]+
Oee) |+ |+ ]+
X- |- |+ -
=) | =+ |-
[wpsw] | + | = | =
(upuy) | + | + | +
(Gpuy) |+ | + | +
(Upty) |+ | + | +
[Dy,u| | — | + | +
[Dy,i] | — | + | +

Table A.2: Transformation properties of A, .

Note that we dropped all 1/f£ terms, all terms o [ty,, u,| ~ 0,00, 7 [1,7%] = 0, as well as terms
o [4, 4] = 0. Note that cg 7 are terms proportional to the field strength tensor, which we do not
include here.

Next we treat the nucleons in the HBChPT limit, as described in Sec. We define
projection operators according

P = #, (A.30)
and introduce velocity dependent fields, i.e. velocity eigenstates, N, and H,
N, = ™Vep U, H,=e™N"p,_ (A.31)
satisfying
YNy = +N,, 9YH, = —H,. (A.32)

Note that we drop the subscript in the main text however it should also there be understood as
velocity dependent. Therefore the nucleon field is decomposed as

U(x) = e "MNVT [N, (z) + H,(x)]. (A.33)
Let us consider a positive plane wave solution to the free Dirac equation with momentum p
%()Jr)(a)(m’ #) = ul® (p)e~ 7, (A.34)
(@) (@)
U (p) = E(p) +my op (a) (A.35)
E(p)+my X

where E(p) = p° = /p? + m%, and with our choice of v*, they are given by

Lowo O2x2 O2x2  O2x2
Py = , P = . A.36
* (02><2 02><2> (02x2 12><2> ( )
Therefore, the velocity eigenstates take the form
() . .
N{(z) = /E(p) + mn <8<2 1) —ilE@) -mylitipe, (A.37)
X
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0 . )
Hfga) (I’) _ E(p) n my <E( a)-f2><1X(a)> e—z[E(p)—mN]t-‘rlp-:I:. (A38)
p)—mnN

Next, we integrate out the heavy component. We plug the decomposed nucleon field, Eq. (A.33))
into the leading order EOM from Eq. (2.78)) and get rid of the phase. Then we project out P,
and P,_ components, solve one formally for H, using the definitions

Al =AF —v- Aty v AL =0, A=Al (A.39)
and plug it into the remaining equation, which leads to the following Lagrangian

ﬁ :Nv (ZU D+ %¢L75 + %ﬁj_’%) N, + Nv (Z]DJ_ + %AU CUYs + @U : 7175)

gA 9 -1 ga ; (A.40)
X <2mN +w-D— ?ﬂj_'yg) — EOﬁJ_')/E,) (’ij_ -5 U - Eov . 1175) N,.
Now we define the velocity dependent spin operator
i 1
St = 350" u, = —5 (P =), (S8 = 0Sh0, (A41)

where again we drop the v sub- or superscript in the main text and which in 4-dim has the
properties

1
v-S, =0, {SIS)}= 3 (Y = M), (S, Sy] = i, S]. (A.42)

This definition is very useful since we can trade the 6 different Dirac structures that appear in
Eq. (A.40) with two 4 x 4 matrices, 14x4 and S,. To that end we use the relations

NylyxaNy = NylyxaNy, (A.43a)
NyysNy =0, (A.43D)
NNy = v* Ny N, (A.43c)

Nyy#vsNy = 2N, Sl N, (A.43d)

Ny N, = 2e"7Pv,N,SUN,, (A.43e)
Nyo"~5N, = 2i (U”NUSZNU — v”NUS{fNU) . (A.43f)

We expand the second bracket in the last term of Eq. ({A.40) in orders of 1/m’, and write

A > 1
L=LB+Y L A.44
TN + — (sz)n ) ( )
where the first term is exactly given by
£ = N, (iv- D+ gaS, - u+ goS - @) Ny, (A.45)

which we recognize as the leading pion nucleon HBChPT Lagrangian including the axion, see
Eq. . The first term in the sum leads to relativistic corrections at chiral order O(p?).
Despite relativistic corrections contributing at chiral order O(p?) to /:'Sf]z, from integrating out
the heavy component at leading chiral order, the obvious contribution comes from integrating
out the heavy component from the relativistic Lagrangian at O(p?), Eq. and we write
E2 = L8+ L8 s (A.46)
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(2)

Note that relativistic corrections from integrating out H, from the EOM of £ will enter at
O(p?), which we do not need for our analysis in full generality. Therefore, it is sufficient to
consider the P, projection of the O(p?) EOM and only keep the term proportional to the light
component N,, since the term o« H, will only generate relativistic 1/ m?\, corrections of chiral

order O(p?). Then, using the relations Eq. (A.43)), one finds

L2 e =N ( () + (0 u)? + g (- ) + ea[S, S wauy + 54 +

" (A.47)
+ Z(U ~u)(v-u) 4+ cg (u-ﬂ))Nv.
The relativistic corrections come from the first term in the sum of Eq. (A.44), namely
4(2) _ 1 s
[’ﬂ'Nl/mN - 2mN£
1 _
~ ——N, (ilDLﬂLg*AU'U%%-@v'@%) (MDL— g*AU'U%—g*OU'@%)Nv
2mpy 2 2 2 2
1 _
= ZmNNv[—D2—|—(U'D)2—igA{D-Sv,v-u}—igo{D'Sv,v'ﬂ}
2 2 :
- %4 (v- u)2 - %) (v- 71)2 — g/;go (v-u)(v-u)+ iGquJ [, uy | vag] Ny,
(A.48)
where we used
D P, =D*—(v-D)*— 4 eMP [uy, uy) v,57, (A.49a)
Dy =2D-S,. (A.49b)
The result is therefore
(2) A(2) A(2) _
LN =LiNe, +’C7rN1/mN_
— 1
=N, [—2mN (D2 —(v-D)? +iga{Sy-D,v-u} +igy{S,-D,v- d})
~ 62 2 N 64 . Voo v (A50)
e (xa) + 5 (vu)” + 8 (u-u) + i€ [ug, w] 55
A ¢ . . .
+ C5X++Zg(v'u)(v-u)+09(u-u) Ny,
where ¢; include relativistic 1/my corrections,
2
1
¢1 = cq, 62262—4%, C3 = 3, 4—64—1—47
N my
gAgo (4.51)
és =c5, Cg=Cg———, Cg=0y.
my

)

Now there are still terms in £ wN that can be eliminated by appropriate field re-definitions.
One can for instance eliminate terms o (v - D)2. However, since this term does not contribute

to our process in practice we do without a field redefinition. For completeness, we define

N, s 1+iv'D_gASv-u_goSv-ﬂ

NU7 A 2
dm dmpy dm N (A.52)
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and insert it into Eq. (2.82) gives, up to total derivatives,

4(1) 1 = 2 g% UV PO v 9124 2
=L 3+ MNU —(v-D)" — Zze [y ] 0, S5 — o (v-u) (A.53)

2
+ng(u-u)—gzgo {v-u,v- -0} + gago (u-a)| Ny,

4

and we neglected terms O(1/m3;, 1/f(§) The first term cancels the EOM term in Eq. (A.48),
BChP

while the remaining terms shift the constants in Eq. (A.47). In total, we find the H T
Lagrangian at chiral order O(p?) as the sum 2732, et ﬁf}, 1my T Aﬁg{, to be

L% Lty + DL

- 1 . . N
=N, |- (D*+iga{Sy - D,v-u} +igo{Sy - D,v-a})
2mN

A.54)
al 2 as a4 . wpo v (
— v — (u-u) + —1 Uy, Uy | VS
+mN<X+>+2mN( )+mN( )+ mNE [y, u] 0 Sy
as . a “ a N
+ g+ {v-u,v-u}%—i(u'u) N,
my 8mN my
where
2 2 2
a a a a 1-—
! =1, : 262_89Aa - :C3+89Aa - :C4+4 gA7
my my my My my MmN MmN (A.55)
as asg gAgo ag gAgo
— =C5, ~—— =C8— ;,  —— =~Co+ .
mpy my 2my’  mpy 2my

A.4 Discrete Symmetries

Let us start with parity transformations. First we recall that under a Lorentz transformation
A, implemented by the unitary operator U(A), a Dirac field transforms as

U(A) W (2)U(A) = D(A)Y(A ). (A.56)
A parity transformation is defined as

PH - — (73—1)“” = Diag(+1,-1,-1,-1), P=U(P), P,)P', =1, (A.57)

v

such that we find
U(z) LA 7)_1\1’(33)73 =iy¥(Px),

U(z) A PLU(2)P = —i¥(Px)y
For Weyl fields, comprising a Dirac field, parity therefore exchanges left- and right-handed fields

(A.58)

Pil\I/L/R(.T)'P = Z\IIR/L(,P.’E) (A59)

For fermion bilinears W AW, where A is some combination of gamma matrices satisfying A = A,
A = 4y ATy, such that WAV is hermitian, we let the spinors transform under parity,

(P1UP) A(P1UP) = WAy Y, (A.60)
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which gives the transformation behaviour of A by identifying A? = P~1AP = 49Avy under
parity
P~LAP = 50 A%. (A.61)

Therefore, if we let both, the spinors and A, transform under parity, the result will be invariant.
For basis elements of the Clifford algebra sandwiched between two spinors we therefore find

PP = +1,
PP = —7s,
PP = +PH 0, (A.62)

Pyt P = =P 4",
Plot P = +PH P 507

which we now use to determine transformation properties of the external fields and the derivative,
which couples to v*, under parity

PlsP = +s,
P lpP = —p
Pt {v vff)}”P +P,” {vy, (S)} (A.63)

P- 1{%, ,38)}73_—73 {al,,al(f)}.

We are also interested in the transformation behaviour of the four derivative under parity.
Similarly to v#, we want the spatial components to transform with a minus, while the zero
component should be invariant. We do not want a global minus since it couples to v* and
require the product to be invariant. This is simply achieved by

P0,P =+P," 0. (A.64)
Next we similarly consider charge conjugation. Dirac fields transform as

C'w(z)Cc =cuT,
o . (A.65)
C¥(x)C=T"C, with C =iv27.

Dirac bilinears W AW transform under charge conjugation as

CH(TAD)C = (cTtuc)(ctAC) (Tt we) = vTcA YT = — 0T (AT T =0 (c 1 (49 TC) v

(A.66)
where we made use of CT = C~! = —C and defined A¢ = C"'AC. Requiring invariance of the
full expression we find the transformation property of A under charge conjugation

A=CctA9)Tc = Ac=ctATc (A.67)
Going through the list of Clifford algebra elements we find
C11C = +1,
C1ys5C = +7s,
CTIyHC = —AH, (A.68)
CHy5C =+,
CloMC = —gh.
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Therefore, external fields transform under charge conjugation as

ClsC = +s7,
C'pC =+p",
c! {vﬂ,v;)} C=-— {vg, (v/(f))T} , (A.69)
e {apaf b ¢ = {al. (@f)7}.
C o =0

Note that the transpose for the four derivative is the transpose of a unit matrix in flavor space.
With this knowledge we can continue to the construction of the effective Lagrangian.

In this appendix we show explicitly how certain quantities transform under parity and charge
conjugation

Four derivative

The transformation behaviour of the four derivative under charge conjugation is shown explicitly.
We let the spinors transform as usual

('), (ctwe) = vTco,cu”

— _0CT9,cTV
L (A.70)
=1C 19,0V
_ = ib. _
=00,V "2 _19,U,

where we neglected the transpose, the minus in the second line is from the exchange of two
fermions, and used in the last step that C commutes with 0,. Therefore, the four derivative
transforms under charge conjugation as

C19,C = —0,, (A.71)

and is understood to act on the operator on its right. It is however instructive to keep the
transpose in the end such that we define

o = —ar. (A.72)

Covariant derivatives

The covariant derivative in the non-linear representation acting on nucleon field transforms
under charge conjugation as

DS =0 + % [w* (05 + i) u” +u” (95 +ir))) u*] + 2i(a})”
= [0, — Ty +2i(a3)]"

_ T
=-D!

(A.73)

and under parity it is trivial to show that DI = P,”Dy. Furthermore, with the above, we find

that the anti-commutator of two covariant derivatives D, = {D,, D, } transforms as

D5, = {~Df, D!} = (. DE}" =+,

Db, =+P,*P,D (AT
v p T Hap-
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For the covariant derivative in the linear representation acting on the meson field we find
under charge conjugation

VU = 20" ogu” + e U" —iUTr] — 2i(a)"UT

- T
—2ud,u —ir, U 41U, — QiGZU

A.75
P [2u8uu—m“uU+zU€ — 2ia’ U] ( )
= [@LU —ir, U +1iU/4, — 27,a,uU]
=+ [V, U]"
while under parity we find
V. UP =P (0,U" —it, U +iUlr, + 2iasU"
[ 1% ] P/,L v Wy +1 Ty + a,,
(A.76)
=+ [Prv,Ull.
Note that 7, ¢, aj;, are hermitian.
Isoscalar and isovector vielbein
The transformation behaviour under charge conjugation is
ul, =i [u* (=0 + il )u" —u (=0 +irl)u] =ul, (A.77)
a5 = (2a5)° =4, 78)
while under parity
ul, = =P, uy, (A.79)
ay, = =P, . (A.80)
It is also straight forward to show that w, is hermitian
— —
uL = —i [UT <8M + iru> U—u <3M + Mu) UT]
= i [ul (=0t ir) u— u (=3, + ity ul] (A-81)
= uy.
Since ay, is hermitian so is 4.
Commutators of vielbeins
First, note that two commutators are zero as can be easily seen from [u,,0,] = [y, u,]

[7%,1] = 0 and [ty, 4] o< [1,1] = 0. The transformation behaviour under charge conjugation is

U,u, Uu [ Uy u] [y, UM]T == [um UV]T ) (A.82)
{“/u = { Uy s = {“wuu} =+ {quuu} (A.83)
{&#,u,j ={ g l } = {u,,,uu} =+ {uwu,,} (A.84)
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{ﬁ,wul/}c - {a;{vu:—f - {uV’aH}T =+ {ﬁ#,uV}T,

{umav}c - {U;‘fa ﬁf - {ﬁl/ﬂ uu}T =+ {UW'ELV}T'

Under parity

[uy, u P = [—Puo‘ua, —Pyﬁuﬁ} = +73M°‘73“E [Ua, ug]

{wpy w Y = +P, P, {ua, ug},
{4} = +P,"P,° {ia, g},
{ti,un}P = +P, P, {iia, us},
{uy, P = —i—PuaPuﬂ {ua, s} .

Under hermitian conjugation we get

[uu,u,,]Jr = [ul,uﬂ = — [uu, ),
{u“,uV}Jr = {ui,uL} =+ {uy,u},
i, b = {af,af } =+ i}
{t,,w} = {ul,ﬁL} =+{a,,uw},
(i}t = {a,ﬁ,uL} =+ {up, i} -

Covariant derivative of vielbeins

Under charge conjugation we find

[DLHUV]C = [—DE,UZ] = - [UWDV]T =+ [DmuV]T
[Duvﬁl’]c = [_D;{vﬁ:‘f] - - [ﬁwDV]T =+ [Dmﬁu]T7

while under parity we find

[Dy, )’ = —P,*P,” [Da, tig] .
Under hermitian conjugation we find

«—

~\f 1
(D, u,,]T = <D#u,, — u,,D#> = ulT,D“ — DLuj, = Dyuy, —u,Dy =+ [Dy,u),

[D/uﬂV]T =+ [D/uﬂu] .

Scalar and pseudo scalar fields

X = 2B(s —ip) transforms under charge conjugation and parity as
X“=2B(s" —ip") = x",
XP =2B(s +ip) = x'.

(A.85)
(A.86)
(A.87)

(A.99)

(A.100)

(A.101)

(A.102)
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For the non-linear version of the above, y+ = ufyul + uxtu, we find under charge and parity

XG = uwxTu +ulul = X1
(A.103)
o = uxTu + ulyu’ = £xa.
Therefore also the isovector and isoscalar components transform as
(x)" =+ (xx),
p_
X+) =£{x+),
< ~>C fT ) (A.104)
X+ = +Xj:7
Xi = £X+

A.5 Construction of the nucleon contact interactions

While the pure nucleon contact terms are well known, we now aim to construct all possible
two-nucleon contact terms which include either the field u,, or #,. Those are the only fields with
chiral dimension one from table We start with the ones including w,. The only terms one
can construct to fulfil the right transformation properties are

NS*NNu,N, NNNS‘u,N, e*e**7y,NS,7°NNS,7°Nu (A.105)

a
"
It can easily be shown that taking the non-relativistic limit and applying Fierz and other
basic identities these are in fact not independent of each other. The explicit relations are
NS“NNUNN = fNNNS“uNN and SNS“NNUMN = eabce“”p(’vgNSVTbNNSpTCNuZ. There-
fore we only need one of them in the Lagrangian which following the literature (e.g. [354]) we
write as

L (NN) (NSHu,N) . (A.106)

D)

For the terms involving 1, things are even Slmpler because 1, is proportional to the identity
matrix in isospin space. There are only two possible combinations satisfying the transformation
properties given by

NNNS"u,N, Nt*NNSHu,mN. (A.107)

Again, it can easily be seen that NTG‘NNSH@NTG‘N = —3NNNS“€LMN and so we find for the
Lagrangian

L (NN) (NS"a,N) . (A.108)

nNN32f2A

This concludes the construction of all terms of the Lagrangian necessary to calculate the cor-
rections to the axion-nucleon coupling.

A.6 Power Counting in Heavy Baryon Chiral Perturbation The-
ory

We already saw the result of the power counting in Eq. which is relevant since we want to
systematically calculate diagrams to a given process up to some fixed chiral oder and therefore
need to organize them by relevance which is called power counting. Here we derive explicitly
this result. Power counting in ChPT but also effective theories in general, was first established
by Weinberg see |5053], for a more recent discussion see als Refs. [49,1355,356]. We expand

186



A.6. PowER COUNTING IN HEAVY BARYON CHIRAL PERTURBATION THEORY

the theory in powers of momentum over mass scale, in this case in powers of (k/A)", where
A, ~ 770 MeV is the the mass of the p meson and £ the momentum involved in the process. A
generic Feynman diagram can always be mapped to the general expression

Vi

6(4)(k)0/(d4q)L1}nH (qdz‘> , (A.109)

7
(@®)" q"

where L is the number of loops, I,, (I,) is the number of internal nucleon (pion) lines, d; is
the number of derivatives or pion mass insertions on the i-th vertex, appearing V; times in the
diagram under consideration. C' counts the number of disconnected subdiagrams. Therefore a
generic diagram is of chiral order v given by

V:4—4C+4L—21p—1n+zvidi (A.110)

We can use now the identities

> Ving =2l + Ey,

' (A.111)
Z Vibi = 2Ip + Ep7

as well as the topological identity

L-C=IL+1,-> V, (A.112)

to simplify this expression. Here E,, (Ep) is the number of external nucleon (pion) lines in the
diagram, n; (p;) is the number of nucleon (pion) lines attached to each vertex with index i. We

can use Eq. (A.111]) to write equation Eq. (A.112) as

2L—C)=—-Ey—E,+ > Vi(ni+pi —2). (A.113)

(]

Using this as well as I,, = 3, V; % — £» we find

En n;
V:4+2(L—C)—7+ZVQ(di+§—2)- (A.114)
(2
As discussed in e.g. Ref. [356], due to the different normalization of the multi-particle states, the
addition of spectator nucleons changes the power counting. This annoyance can be prevented
by adapting the counting and we thus redefine v — v+ %En —4 and fix the number of connected
diagrams C =1 to find

I/ZEn-i-Q(L—C)—i-ZViAi, AiZdi—i-%ni—Q. (A.115)

Since we are eventually only interested in calculating vertex corrections to the axion-nucleon
Bremsstrahlungs process involving one connected diagram (C' = 1) and two external nucleons
(E, = 2) the relevant power counting scheme becomes

1
v=2L+)Y ViA, Ai=di+gni—2, (A.116)

7
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exactly recovering Eq. Note that in HBChPT we effectively perform a double expansion
in powers of k/my and k/A,. In the following we will treat them on the same footing i.e.
k/mn ~ k/A, even though my > A,, which implies that corrections ~ 1/A, slightly dominate.

To include the axion in the power counting we first notice that the axion decay constant fy
is much larger than any other scale in the problem. Eventually we will be interested in processes
with one external axion which implies that the amplitude will at least be suppressed by ~ (1/fg).
All amplitudes including additional internal axion are further suppressed and hence completely
negligible.

Let us compare the axion momenta to pion and residual nucleon momenta. Because of the
splitting of the nucleon momenta in Eq. the residual momentum of the pion and the
nucleon enjoy the relation )

k

ompy’

vk~ (A.117)

which implies that for pions or nucleons any vertex leading to the scaling v -k will be suppressed.
However, for the axion this is not the case. Since its mass is negligible mi ~ (, it follows that

(p3)? = (Po)*. (A.118)

Therefore we find that for the power counting it does not matter if the axion couples as v - pg
or like S - py as can be seen from

2my - my . (A.119)

where k is a typical momentum involved.
With the proper power counting at hand we can go ahead and systematically calculate

A.7 Sample Calculation of V;

In this part of the Appendix, we want to show an explicit finite density loop calculation. We
focus on the vertex correction Vi. The two different contributions are

Vie [ en[- Lo k- pr] [ - 2er - k)] [ S

2fx 2fs
Z, o b s (A.120)
X [ko +p2 — 276 (k° —i—p%)&(kp — |k + pyl) [%U (k—p)T ] [m% — —p)Q] :

Note that for any diagram, we need to take care of the spin and isospin structure separately.
Only then we can evaluate the full integration. We only consider the density dependent part.
Due to the § functions, the dk? are trivial and we get after cancelling some minus signs

[ | o |

1 1 al | Gi
X @e(kF — |k + pol) {m%_(k_mg] - [520 (k—p)7 ] [chpa.pd)} X (A.121)

g0 — k) otk [ ] } .
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We now simple properties of the pauli matrices to find

o (k—p)][o-py]o-(k—p)]= % (oiojor + orojoi) (k —p)i(py)i(k — p)r =
=2[py- (k—p)][o-(k—p)]—[o py](k—p)°

Now plugging this back in, we find

_ [ 94 Qi a G _a
Vi= <2f7r> AT
3 . _— 0'. _— _— 0'. —_— 2
/(;zﬁz;g { LI RLAS AL (,f_”p)z[ pol(k =P | (A123)

(k=)o (k-p)—-o- _ )2
_e(k;F—\kDﬂpd) (k p)][mz(f(kp_)]p)Q[ py] (k —p) }

(A.122)

where we used m2 — (k —p(b)2 =m2Z — (k3 + ngpg +p2) + (k — p¢)2 =m2 + (k- p¢)2 with
ko ~ @ < Q negligible and we called m2

2m

such that we find

2
ga 1 Ci
Vi = <> — 74— 7%
2f7r pgg 2f¢

=m2 — pé. Now we shift one of the integrals by —pg,

Pk [2[py- (k—p—py)l[o-(k—p—py)] — [0 py] (k—p—py)*
3 52 2 +
k| <kp (27) m; + (k—p — py)
_2[py - (k—p)|[o - (k—p)] — [0 py] (k—p)°
mz + (k —p)? '
(A.124)
We can now write this in term of integrals defined below as
ga 1 ,a 4, -
Vi=|—"F]| —=7"—7" 121 (mx,p, —Li(mgz,p+ po, +
1=(57) e U ppo) ~ himep + pocp) 1s)

— 0 - py (L2, D+ D) — Ta(mr, p))] .

A.8 Explicit loop calculations

A.8.1 1-loop corrections

Following the nomenclature of Fig. we calculate the two non-vanishing one loop diagrams,
(e1) and (ez), and give the results in terms of the standard integrals defined in App. and as
in the main text we define

Wp=—V-p, Wq=—0-(p+Dpy)- (A.126)

We split the calculation up in parts since for the same vertex multiple LECs contribute. For the
diagram with the c3 vertex we find

_ (294c3¢u-a\ 3 pov (1 d'k Rk
o= (275) 5 (3) | oot

= - <W> 70 - poa(wa), (A.127a)
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as well as

For the cg vertex we find

[ 394¢9Cyu+d L (1 d*k k. k.,
(e1)2 = < F2f,A > 57pg <z> / (2m)* (k2 — mzr)u(wa k)

_ 39ACICy+d
—- () o monta

and

(e2)2 = — <W> o - pyJa(wp). (A.129)

For the last diagram with the ¢4 vertex we find

(e = <_ 29AC4Cu—d> v <1> / (d4]~C (S - k)(Ps - k) = (S - po)k?

PR i) ) @ot (R —m2)(w.—v-k)
=27 <W> o - pyJa(wa),
as well as
(e2)3 = 273 (%) o - poJa(wy). (A.130)

Summing up all the contributions leads to

(e1) + (e2) = (e1)1 + (e1)2 + (e1)3 + (e2)1 + (e2)2 + (e2)3
= le}z [(263 — 4¢4) cy_at® + 3égcu+d] [J2 (wa) + Ja (wp)] S - pa
= Sﬁ;fﬁ [(263 — 4¢4) Cou—dT> + 369cu+d] {1617r2 [mfr (wq + wp) — (wg + w;»)

4 (m2 —w2)"? cos™? <_‘"> — 4 (m2 - w?)*? cos™! <—%>}

My M

(A.131)

—A(N) (6m$r (Wa +wp) — 4 (wg + wg)) }S “ Da-

Here A()) is a function collecting the scale dependent and divergent pieces in dimensional

regularization given by
1 My

(A.132)

A.8.2 Density insertions

The relevant vertex diagrams at 1-loop finite density are given in figure Figs. and We
calculate them explicitly in the following and give the results in terms of the standard integrals
defined in [A.0

The diagrams contributing at order v = 0 evaluate to

0 kr 73
[ 9ACu—aPy ab/F d°k o-(k—p—py)
la) = —i | o2 | e, _
(12) Z( Af2 s )63 T o @nPF 2+ (k—p—py)?
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47 _ Pa 5 @ Pa . @
/’/ /’/ Pa a , /f /

s |/ 7TI/ /// 7r[l g L !

p+paT p+paT z'>+paT p+paT
(1a) (1b) (2a) (2b)

pe, pe,
——————— a ———mm-- g
p+pa‘ p+pa|
(Aa) (Ab)

p+pa‘ p+pa‘ P+ Pa

(Ba) (Bb) (C)

Figure A.1: 1-loop finite density diagrams contributing at chiral order v =0
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W
W(/ ﬂﬁjfga
p+paT\ p+paT
(4a) (4b) (5) (D)

Figure A.2: 1-loop finite density diagrams contributing at chiral order v = 1

0
CufdgquS 3 -~
= ————71°I3(Mx, 0+ py), A.133a
2p2f, 4) (A-133a)
0
Cu—dgAp¢ 3
1b - - I Ty 9 Al b
(1b) =~ 1y 7 Iy p) (A.133b)

as well as

(2a)__<g§;ézv> 1 /:F d°k [20-(k—p—p¢)p¢-(k—p—p¢)—0-p¢(k—p—p¢)2

—_— - mﬂ-, 5 . m 5 5 . a
(2b) = < éN > [21 (”hr p ) g-p 1 ( T P)] (A 134b)
s My ° m 5 . .

For the diagrams at v = 1 we have different vertices contributing to the same diagram. Therefore
we split up the calculation for the diagram into parts. For diagram (4) we find

a0 = (%) [ [U.(k_p_pgb)(%'(k_p‘p@ )

ﬁ 27)3 52 k—p— 2
e o Ttk mp ) (A.135a)
Cy—dC 5 ~
:(?%J;)ﬁUWWW+WWW‘@WhWWP+mﬂ7
(4a), = ° (mw) /k &k [o-(k=p—py)(ps- (k—p—ps)+p})
22\ 2oy ) o (2m)3 m2 + (k—p—py)? (A.135b)

39A090u+d> - 2 ~
57— | 1M, D+ g, De) — |Ps|" I3(Mr, 0 + Dg)|
(oAt [+ poo00) = oo P+ )

k 3 2
__(9acu—aca) 3 [*" d°k [o-py(k—p—Ppy) —0-(k—p—p¢)p¢>-(k—p—p¢)]
== (%5) 7 | o | 2+ (k—p - po)?

Cy—dC ~ )
B <W> 7 (11 (ns p + Doy Do) — (- o) Lo, p + 1)
™ X

(A.135c¢)
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JEWY (2m)3 [m2 4 (k —p — py)?
_ (69A65m§sf¢

@@4:<®MW%m>A“'fk[Nawk—p—w>
(A.135d)

I3(Mr, ,
7in, ) 3(My, p+ Dg)

and

(4b), = gAc“_dC?’) 711 (M, D, pg) » (A.136a)

<M
<3QACQCu+d> 11 (s 9y o) (A.136b)

(4b)2 2f7%f¢Ax

W) 72 (L1 (M, p, pg) — (0 - Py) T2 (M, )] (A.136¢)

2
(4b), = (W) I3(mx, p). (A.136d)
TEX

(4b);

The calculation of diagram (5) is straight forward and we find

1 ke @3k
=5 r A (CDCu—dTg + 5Dcu+d) (0’ . p¢) /
2/7foAx o (2m)?
__ K
S 1272 f2f,A

(5)
(A.137)

(CDCu_de + 6Dcu+d) (0’ : p¢).

Moving on to diagram (D) we find that the only non vanishing part comes from the vertex
with the coupling c3 and evaluates to

2 k 3
_ P Ly
D) — 4,3 (gAcu ng) o p é /
(D) 72y ) ¢%ﬁ—@o (2m)3

2k3.gACu—_dc3 2
_ 3 i u .
‘T<3ﬂﬁmmﬁ(“p“

(A.138)

" L0
mZ—p;
goes to zero for mg — 0.

As discussed in Sec. for an arbitrary matter configuration, one needs to repeat the

calculation with the modified propagator Eq. (4.33]). For the above diagrams, one finds

= (c;g?;) [Pol Is(mn, p) + Is(x, p + po)] (A.139)

” -
(2) - — < 45 ) L (2 (L1 (e, p + Pgs D) — L1 (Mr, py0g)) — (0 - Pg) (T2(r, p + ) — I2(mr, p))] -

8f3fs) vy
(A.140)
GACy—dC3 ~ 2 ~
(%h%<fﬁwx>MOM@+%&@-@M&W%W+WH (A.141a)
GACICy ~ -
(4a), — — (229Xd> 73 [ (i,  + Do Do) — |Po 23 (Mer, p + Do) ] (A.141b)
f’]’l’fd) X
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Cy—dC - -
(4a); — — (g?Zfd,X 4) 1 (M, p 4 D Dg) — (0 Py) L2 (Tr, p + D) (A.141c¢)
mJex

69A05m2f -

(4a), — + (W) 7 I3(r, p + pg) (A.1414)
TEX
gACy—dC3
(4b), — <> I (mx, p, pg) (A.142a)
! f£f¢Ax ¢

(4b)2 - (gAchu+d> T3Il (mﬂ7p7p¢) (A142b)

2f7rf¢AX

Cy—dC
(4b); — — (W) (L1 (e, p, pg) — 0 - Pyla(Mr, p)] (A.142c)

mJox

6g.acsm? f

(4b), — — (W) 7 I3(mx, p) (A.1424)

TEX

3
_RP . 3\ (o

(5) — 12722 [, A, (¢cpCu—a + epcurar) (o - py) (A.143)

For diagram (D), the non-vanishing vertices change: ¢5 and ¢9 both contribute. We find

4k%gAC5f¢m2
. ¢ 3 (o
- < 3m2m2 fAA 7 'p¢>)7

(D) — B 2 (A.144)
o (SHER) e Pty 0
We find that both contributions go to zero in the limit mg — 0.
A.9 Useful Integrals
For the vacuum loops, the following standard integrals also defined in [49] are useful
1 [ d% 1 1 m
Ar=—= =2m2 ( L(\ In—" ) +0(d—4), (A.145
i/(zw)dkz—mgﬂn m”( <)+(4w)2nx>+ (d—4), (A.145)
1 dek {1, ky, kuky }
- U2 = y v , (A.14
i / (27T)d (k:2 _ m72r + ”7) (w —v-k + Zn) {JQ(W),U,u,Jl(OJ),gM JQ(C«)) + 'UM'U J3(w)} ( 6)
Ly = 2 s ) 1) (A.147)
T mz\a—4 2T ’ ‘
where
2w My 1 —w
Jo(w) = —4wL + e (1 —2In T) — mvm% — w? arccos p +0(d—-4),
J = wJ, Ar,
tw) =w 10(“’) * (A.148)
R0) = 7 [0n2 ) ) — ]
J3(w) = wJi(w) — J2(w)
At finite density, the relevant standard integrals, also given in [357,1358], read
k‘p 1 kz
Lo(mag,p) = dk d ) A.149
o(m,p) /0 /_1 jEm%—|—p2—i-kQ+2plmc ( 2)
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kp 1 k3x/p
I x D) = dk d , A.149b
1(mz.p) / / xm2+p2+k2+2pkx (A.149b)
ke k* (1 —a?) /2
Lo (my, dk dx A.149
2(m, p) / / m2 + p? + k% + 2pkx’ ( )
kr k:4 322 )/(Zp )
o di A.149d
(e, ) / / m2—|—p + k% + 2pka’ ( od)

For the calculation provided in section [4.2] it additionally turns out to be useful to define

ke Bk o - (k+p)g- (k+p)
1 Ty Py =
e = [ G5 s g

= ﬁ (o - q@)T2(mz,p) + (o - p) (q-p) (To(mz,p) + 2T1 (M, p) + Ts(mx,p))]
(A.150a)
kr 13 ) 3
Ty (o, p) = /0 (;ZW’;S ﬁ;i’l;_’i;@ _ ﬁ (22 —m Fo(mﬁ,p)> (A.150D)
kr 43 o -
Bmep) = [ s B — (o) (Tame, ) + Do) (A1500)

The functions F;(p, k:%/ " pg) used in the main text are as cumbersome as uninsightful to write
down and will explicitly be given in a supplementary mathematica file in [16].
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Appendix B

The QCD Axion at Finite Density

B.1 Axion mass calculation with instantons

We calculate the axion mass by integrating out the neutral pions {mg, 7,7’} in the Ny = 3 chiral
Lagrangian, from the potential

Vo = b(Tr[UTMy] + hc.) — e(e /Tt /E) L he), (B.1)
where in vacuum, b is
m2 f2
b= — "1 — B.2
2(my +mq) (B.2)

and effectively ¢ — oo, while b = —A3A2% and ¢ = AS/A? in the CFL phase when instantons
dominate. Note that the 7’ is normalized differently in the CFL phase. This procedure pro-
duces the correct leading order result for the axion mass but neglects (some of) the subleading
corrections. In the generic basis of Eq. , the potential then reads

n n
Qup T Qup ™53 1o
V =2bm,, cos — - + 2bmyg cos + -
< f({) f7r Bfn’ ¢ f(i) fﬂ' 3f77’

Qs¢ 20 '\ n’_(Tr[%]—l)qﬁ)
+2l)mscos< 3 +\/§f7r an/> 2c cos <fn/ i, , (B.3)

with Qg = Diag[Qu, Qq4, Qs]. We integrate my out by using its equation of motion at linear order

in the fields
_ (muQu - mde) ﬁ M ﬁ ,
T gty <f¢¢> i (ma +my) (\/37] * fn,n) ‘ (B.4)

Next, we similarly integrate n out

_ \/3 (_mdmst + mgmy (Qd =+ Qu) - msmuQs) (fﬂ(b)

2 (mgms + mymg + mgmy,) fs

(mg (ms — 2my,) + mgmy,) (ﬂT ,)
- 2\/§ (mdms + mymg + msmu) f77' ) (B'5)

Finally, we integrate out n’

) —bmgmsmy, Tr[Qg] + ¢ (mgms + mymg + memy,) (Tr[Qg] — 1) &gb
" —bmgmsmy, + ¢ (mgms + mymg + mgmy,) fs '

(B.6)
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The potential is minimized around (¢) = (mp) = (n) = (') = 0 and we find the following axion
mass

—2bemymy
PR +ma) (e [1+ gttt | — b ||
Once we have diagonalized the mass matrix, one could be concerned with the effect of the
O(fr/fs) kinetic mixing, which is generically induced by the derivative couplings of the axion.

Let us explicitly show that this does not affect the leading order results for the axion mass. Our
starting point, without loss of generality, is the following Lagrangian

ctette s 2) () hine 0 (b (). oo

where b = Diaglby, .., b,] is an n x n diagonal matrix of O(1) numbers, d is a vector of n O(1)
numbers, ¢ is an O(1) number, and £ = fr/fs is our expansion parameter. Let’s start by
performing the orthogonal rotation R; in the meson subspace, such that

(B.7)

2 _
my =

Rid = (0,...,|d]). (B.9)
We rewrite the Lagrangian in this basis

1 oty

1 RibRT 0 ™ 1 - :

L=-m2(xm < 1 ><>—|—87r . Oy, O ) :
(9 (g c?)\¢) 2 (O " ) 1 Jdle | | 9
ldl¢ 1 ote
(B.10)

We diagonalize and canonically normalize the lower 2 x 2 block in the second term by rotating
and rescaling the fields

(5)=7 () JI(I)W ¢1§W (%) (B.11)

=Ro

=T
Our mass matrix in the new basis now reads
T
m2TRY <[R1b§1 L 022> RoT. (B.12)

T can be expanded T = 1 + 1|d|éos + O(£2). At leading order 7' = 1 and the mass matrix
can be re-diagonalized by performing the inverse orthogonal rotation R5 ! bringing it back to
the diagonal form of Eq. . One concludes that the axion mass receives no leading order
correction due to the kinetic mixing.

B.2 Baryon-ChPT with non-trivial vacuum alignment

We generalize the Ny = 3 chiral Lagrangian with baryons for a non-trivial ground state orien-
tation, Uy # 1 with UgUo = 13, e.g. in the kaon-condensed phase

cosf 0 ¢sind
Up(0) = 0 1 0 . (B.13)
7sinf@ 0 cos@
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We denote Uy(0/2) = &(0) (such that £ = Uy) and drop for brevity the explicit #-dependence.
The standard SU(3)r x SU(3)r generators are given by the Gell-Mann matrices

T8 =\, T4 =)\". (B.14)

It should be understood that the L and R operators act on different indices and therefore
commute. We define the following rotated generators

(TH)o = S(T)E  (Th)e = & (TR (B.15)
The broken and unbroken generators are given by
X = (Tt)o — (Tg)o, T*=(Tt)o+ (Th)o, (B.16)

respectively. The fluctuation around the vacuum are parametrized by the Goldstone matrices

'i a . a)\a 7'i a , a)\a
¢ =TT = grexp | S &, er=e"tm TR = clexp -z F (B.17)
2fx 2fx
with transformation properties
& — L&V, &r= RERVY (B.18)

with Vy a NGB-dependent transformation under the unbroken SU(3) subgroup of SU(3)r x
SU(3)R, the transformations under the latter denoted by L and R respectively. As usual, it is
convenient to construct

z:&wgz@wﬁﬁfj@, (B.19)

which transforms as ¥ — LY RT. Following standard notation,

o 4 M + +
vt T K
— Y
TN = V2 a -tk Koo, (B.20)
K- Ko =/
We introduce the (6-rotated) baryon octet as linearly-transforming fields, Bz R
B¢ - LBYLY, BY% = RBYR', (B.21)

where we use the f-superscript because the finite-density backgrounds we consider consist of a
non-vanishing ensemble of the standard (non-rotated) baryons, given by

B =¢Bl&, Br=&DB%, (B.22)
with the usual parameterization
o | A +
R UE A i
BL,R = Y _7% + NG . (B23)

n
=— = _./2
= =0 \/;A LR
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The Lagrangian in this basis is given by

L=LY+LY+ Lo+ L), (B.24)
2

LY = Z”Tr[G#UTéWU], (B.25)

LY = iTr[BI4"8,BY] + iTr[ B0, B%]) — MpTr[BLUBLUT + h.cl, (B.26)

Ly =— <qg>0Tr[UTM]
+ o T [B! MBLUT + ay T BLUT MU BYU)
+ ayTe[BOUTBY M + ao Tr[ BOU BLUT MU

+asTe[BIUBSYT + BGUT BLUIT[UTM] + hec. (B.27)
L) =" U(ir" 0y — my)L. (B.28)
l=e,u

where we recall the quark mass matrix spurion transforms as M — LMR', we dropped some
terms at the same order in derivatives (acting on the U matrices) that are irrelevant for our
discussion, and we included leptons.

B.2.1 Adding chemical potential

We add chemical potentials for the three mutually commuting abelian symmetries associated
with neutron and proton numbers and electric charge (from here on, we neglect the other
baryons). Under U(1),,, ¥ — €' for 1) = n,p respectively, while under U(1)gy electro-
magnetism,

Brr — €99 By pemi0Qc | T - 10Qcyemi0Qc gy o7y (B.29)

with
Qe == -1 . (B.30)

Chemical potentials are introduced following the prescription in Eq. (5.2)), i.e. by, modifying
temporal derivatives as

U — oU + i, U], (B.31)
doBr.r — d0Br g +ilit, BL ) + ifinpBrLr, (B.32)
(‘30£ — 805 — z',uﬁ, (B33)
where we denoted
fo=pQe, finp = Diagluy, — , pin, 0] . (B.34)

We then get the following additional terms to the Lagrangian (B.24)

2
oty = £ + 1= (miagu [ U] - T, U060 (B.35)

£y = £% — (Te[B 1 BY) + Tr[ Bl BR)
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— (DB finp BY) + T B i p B ) (B.36)
Ly =Ly+p Yy 0 (B.37)
l=e,u

B.2.2 Non-linear field basis

It is usually most convenient to work in a field basis for the baryons in which these only transform
under the non-linearly realized unbroken SU(3) subgroup of SU(3)r, x SU(3)g,

B) — VyBIV), BY=VyBV], (B.38)
with the dressed fields
BY = ¢hBhén, Bl =¢Bler. (B.39)

In this basis there are no non-derivative interactions of the mesons with the baryons from the
mass terms in Eq. (B.27)). Besides, in complete analogy to Eq. (B.22)), the standard (non-rotated)
baryons are given by

Br, =& Bley, Br=&B%¢). (B.40)

In terms of such fields, which we recall make up the finite-density background, the baryon
Lagrangian is given by

LYy = iTr[By* D, B) — MpTr[BB] — uTr[BA°[Qe, B]] — Tr[B f1u.aB], (B.41)

where the baryon covariant derivative is given by D, B = 0,,B + [e,, B], with

ey = % (gg(eL)ufo + fo(eR)ufg)) ey = Zfzaquv (er)u = ig%aﬂgR? (B42)

and
Qe = 5 (el Qutrbo + EohQetngy) (5.43)

reproducing Eq. (5.54]). The part of the Lagragian proportional to the quark mass matrix reads

Ly = —@ghmm + a1 Tr[BL M Bg] + a1 Tr[Br M By
+ CLQTI‘[BRBLM] + C_LQTI“[BLBRM] + ang“[BLBR + BRBL]TI“[M] +h.c..
where we defined the dressed mass matrix

M = glel Mérg] . (B.44)

as in Eq. (5.30). From Ly, in this form it becomes apparent that the L ++ R exchange symmetry
of QCD implies a1 2 = a; 2, which allows us to write

Lar = — 5 Trl{aa)n(NT + 311, (B.45)
(@Q)n = (qq)ols — 2a1 BB — 2a3 BB — 2a3Tr[BB]1;. (B.46)
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From this expression one can derive the density-dependent quark condensate of Eq. ([5.41)), since
in the non-relativistic limit BB = B~yB and in the mean-field approximation we can treat the
baryons as fixed classical background fields, thus

pp = Dyop — (Pyop) = nyp (B.47)

and likewise for the neutron. Besides, note that the baryon masses m,, and m, are given in
terms of {o;n,xN,0s} in Egs. (5.39), (5.40) respectively. One can then relate the coefficients
{a1,as,a3} of the baryon chiral Lagrangian to the sigma terms

OxrN = —2771(@1 + 20,3) , (B48)
67rN =2Am ai , (B.49)
s = —2mg(ag + as) . (B.50)

Finally, we recall that at zero temperature all the states with E(p) = ,/p*+ m?p < iy are

occupied, such that

_ E(p)<py g3
mo= Bahos@) =as [ = e - i), (B.51)

with gy counting the internal degrees of freedom, e.g. gy = 2 for a fermion. In Sec. [5.2.1) we
fixed the values of {n,n,} by implicitly fixing the values of {1, fin }

oy = \/(37T2np)2/3 +m3, (B.52)

o, = \/(3772nn)2/3 +m2. (B.53)

Note that one can fix {n, n,} while still keeping the charge chemical potential p free by choosing
the appropriate value of p,, namely if p — p + dp, then p, — p, — op.
B.3 Axion mass in Kaon-condensed phase

Tree-level mixing with the mesons in the kaon-condensed phase are removed when the matrix
Q4 satisfies the following condition

{(@)n, €M Qubo + EMQuel} o< 15 (B.54)
If Re(Up) is a diagonal matrix, such that [Re(Up), (qq)n] = 0, the Q4 matrix given by

o _ Xp PRI G (/) e RN (1) iy
Q=g X0 =M (Gl + 10 ) (B.55)

satisfies Plugging Eq. (B.55)) in Eq. (5.30)), we find the axion mass

(m3)o = —5 T [(@0)e (9M(@260 +£M(QL16)) ] (B.56)
¢
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Appendix C

Heavy Neutron Stars from Light
Scalars

C.1 Derivation of the TOV equations coupled to a scalar field

The Lagrangian under consideration, including gravity is, see Eq. (6.28])

1
Ly = V=g |¥ (ie":7" Dy = ma(0)) ¥ + 56" (9,6)(000) = U(9) | , (C.1)
where the metric g, is
ds? = e*Mdt? — "M dr? — 12d6% — 2 sin® Od . (C.2)

We assume that the energy momentum tensor is the one of a perfect fluid with e(u, ) =

em (1, ms(4)) + U(¢) and p(u, d) = pm(p, m«(¢)) — U(9) given by Eq. (6.34). In addition we
get a contribution from the scalar gradient

= 0,00, — g,wgaﬂa $0° ¢ (C.3)

The full energy momentum tensor is

T;w = (6 + p) Uy Uy — Guvp + au¢8u¢ uugaﬁa ¢aﬁ¢

1 (C4)
= (em + D) Uty — D + amam 59 (9050°00%6 — 20(0))

where u* = (1/,/900,0,0,0) is the 4-velocity of the fluid, satisfying g, u#u” = +1. The trace is

T =€e—3p— guod'¢pd” ¢

C.5
= €m — 3pm - guuau¢ay¢ + 4U((Z5) ( )
The scalar field equation of motion is obtained by varying the action w.r.t ¢
A v av
08 =0 = —intd*z\/—g | —gu0" (0¢) 0" + %&b
(C.6)
1 av
= _Zntd4x - |: Val/@u + —=0" ny "¢+ :| 4] )
V=9 |9u o+ = (Fg,)cﬁdgﬁcﬁ
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with
VY6 = j_;ga,ﬁ (vV=99"0,9) (1)
and
V(¢) =U(9) — ip [F(¢) — F(do)] (C.8)
we get
V2= —e° [qﬁ” + (i +2 ;U ) ¢>’] - —fl‘;. (C.9)

Varying the action w.r.t the metric gives the Einstein equations

1
R, =k (TW — 2gu,,T> , (C.10)

with kK = 87(G. The non-trivial Christoffel symbols are

/

I = %? o = —re 7,
r _ _ _—0O -20 Fr_yilufo
bp = e T Sin s t = B e ;
1 .
F?e = Fz)d) = —sinfcosf, (C.11)
1
¢ _ ¢ _
Fmﬁ_;’ F%—cotﬁ,
/
F:t == 5.

These lead to non-trivial components of the Ricci tensor

Vv—o
Ry = € [V (4—rd') + rv'? + 2r/"]
R, = ! (1/0' . 2V”) + O;/ (C.12)
rr 4 r I

1
Rog = Ry sin~26 = 5670 (—7'1/ +ro’ + 2¢° — 2) .

We can write component wise

e ' 12 1" e’
tt " [V (4—rd') +rv —|—27‘1/}:/<;?[6+3p},
Loy, 2 1" o' e’ —o (12
T Z[VU_V —2y]+7=/€?[6—p+26 (d’)], (C.13)
1 , , r?
60 - ie"’ [—r/ +ro’ +2¢7 — 2] =Ry [e —p],
which gives
i 11 N2 " 47/_ e
: —o'V' + (V) + 2" + — =2ke? [e+ 3p],
T
. /.1 N2 " 40/_ o —o( 1 I\2
T —o v+ W) +2v - = —2ke [6—p+2€ (gb)}, (C.14)

2
00:  2+r/ —ro =2 —%(e—p)—i—l :
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C.1. DERIVATION OF THE TOV EQUATIONS COUPLED TO A SCALAR FIELD

which gives

4/

tt : — oV (V)2 + 2+ "L = 2ke” [e + 3p]
T

T Vi +o =rkre’ [e+p+e7(¢)?], (C.15)

2¢° 2
00 : V’—a':i[—ﬁ;(e—p)—kl—e_g]v
which gives
Iy N2 " 4/ o

tt —o'v + (V) 4+ 20" + — = 2ke? [e + 3p],
r

S I ey

T Vv = Kre [p—i— 5 ((ﬁ)}—i- ra (C.16)

06 : o' = kre? [e—i—e;g(qﬁ'f] —60_1.

r

In the limit ¢ = 0 for all r one can integrate the #6 component and obtain the usual result

e 7 (ro'=1) =0, (re’ %) =1- krle = e =1- 2GTJW(T), (C.17)

with M(r) = 47 [ dzz* ¢(x) the enclosed mass. We take the derivative of the 7 component
and, using the equation for ¢/, obtain

g

7= [y« 5 (@ o) 7 [T

—0o —o —o
— ke’ |:{2—60+I€T’260 <€—|—€2(¢/)2>}p+7“p'+e2¢’ (¢/+2T¢//) +e° <€+ e2(¢/)2):| —
(C.18)
Using the expression for v/ and v” in the ¢t component and solving for p’, we end up with

e — 1

r2

/__(6+p)60 R 2 _(¢/)2 70_’{77”2 _ —o
p = 5y [1 e —|—m”p] " 1+e 4(6 3p)| —e ¢,
—o o _1
v = e [p+ S5 @) + S (C.19)
- e ? 2 e’ —1
o = kre [6+2(¢')} mat

At this point we notice that we have a set of three coupled differential equations which can be
integrated numerically, by assigning an equation of state € = e¢(p(r), ¢(r)) namely

(6 + p) e’ —o 2 (¢/)2 —0 HTQ —0
P=—g e rrp] = = 14 e = = (e = 3p)| —e7¢d",
—o °c_1
o' = kre? |:€+e2(¢,)2:|_€ pa (C.20)
v 21+ Kr2e® B r_ oAV
R s

205




APPENDIX C. HEAVY NEUTRON STARS FROM LIGHT SCALARS

Using the expression for ¢” in the first equation we finally end up with

Pt <dv> e [l—e“’mr? (p+e;(¢’)2>},

do 2r
o = kre? [e + % (qb’)Q] . r_ 1, (C.21)
w2 1+e” Kr2e® _ r_ oAV
o+ 2| T g =

As a sanity check we take the limit ¢ = ¢’ = ¢” = 0 and obtain

€E+p _
p=— o [1—e 7+ rrip| e”

o = L [1—e (1-nr)],

(C.22)

which we recognize as the regular TOV equations (simply e” = (1 — 2GM/r)™"). Taking instead
k — 0 (with e — 1 as kK — 0) we end up with

Y] 2 / ny _ el
p=-9 <T¢ +¢>> ¢ <b (C.23)
or in terms of p,,, together with the equation of motion
av oU -
¢<d¢ 0¢> e (8 ')s.
(C.24)
o+ 2¢ ov B
3(;5 8¢)

gives the equations we know from finite flat space.

C.2 Dimensional analysis and negligible gradient limit

It is useful to rewrite the EOMs Eq. (3.1)) in terms of dimensionless quantities, which we define
as

p=p/m*, é=e¢/m*, F=r/a, M=M/(a*m?), (C.25)
V=V/AY, () =ma(8)/m,  ps = (mps) /AL,

where A* ~ mi f? is the typical scale associated with the scalar potential. The EOMs are then
given by

201 M\ 2 M ! 11 (0
9“<1 — C; ) + ;9’ (1 - le —2mcy 72 (€ — ﬁ)) = c3 (?g + Ps aﬂge( )> ,  (C.26a)

Meé p Ami? 1 2¢1 M
;a’:cﬁf[wﬂ 14— (p+cz0’2{1 “ })]
é M 2 T
(C.26b)

1—

7

et af/w I
263 89 309 3

7

261M] -
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. 1 2c1 M
M’ = 472 <é + 5029,2 [1 - C; D , (C.26¢)

where we identify three relevant dimensionless coefficients
o2mA 2 a2 \4

Cl:v}z, CQ:W, C3:?

(C.27)
« is an arbitrary length scale, to be chosen at convenience. For instance, the typical size of
a gravitationally-bound star is determined by the condition c¢;(a = R) = 1, which implies
R = M,/m?. On the other hand, the typical scale associated with the scalar field is given by
the condition csMax{1, ps}(a = Ay) ~ 1, which strictly speaking is a locally defined property
since ps depends on 7. This typical scale of the scalar field, which changes with density, is what
we refer to as the wavelength of the field.

The negligible gradient approximation and in-medium wavelength

To understand the negligible gradient approximation, let us focus on Eq. (C.264)),

y 2y (07 o
0 —l—fﬂ —C3<60 + Ps 50 | (C.28)

where we neglected the O(1) deformation of the scalar derivatives due to gravity, as they do not
play a significant role in the following discussion. Over a region of size 79 — 71 = A7, around
the mean position %(ﬁg + 71) = 7. where 6 changes by A#f, the LHS scales as ~ (AA%. This is
true both in the case where the transition occurs when 7. > Af?, in which case the 6’ term is
O(A7/7.) suppressed w.r.t to the 8” term, or when the transition happens for 7. ~ A7, in which
case the ¢ and 6" term scale the same.

Consider then the scalar profile 6(r) derived from the EOS Eq. (6.36]), where p; = ps(r) as
follows from the solution of Eq. . By construction this ensures that the RHS of Eq. ((C.28])
vanishes. This is a good approximation to the full coupled system of EOMs if the corrections
due to the scalar field derivatives #'(r) and 6”(r) in Eq. can be considered small, in
which case the EOMs reduce indeed to Eq. and Eq. . Let us assess the validity of
this approximation by separating the discussion into two qualitatively different cases depending
on the behavior of 6(r), (1) 6 varies continuously in a finite region and (2) € is discontinuous,
i.e. jumps from one value to another, forming a so-called bubble wall. In both of these regions,
we argue that while #” and 6” do not vanish, 6(r) can nonetheless be considered a good approx-
imate solution overall under certain conditions. We shall derive an upper bound on f which
ensures these conditions are satisfied, with the strongest bound coming from the condition for
the formation of the bubble wall.

We start with the case where 0(r) is continuous. This is typical in linearly coupled models
(n =1 in Eq. , see Sec. , at least at small enough densities. While it is easier to
characterize the gradient corrections in this region, as we show below it typically provides a
weaker bound on f when both (1) and (2) behaviors of # can happen within the same scalar
theory. Consider a region where 6(r) undergoes an O(1) change in its value from 6y to 6
such that 0 = (0o + 09)/2 ~ A0 = 05 — 0y = O(1), within a region of size A#. The LHS
of Eq. scales like Af/A7? as previously explained. Since the RHS vanishes at leading
order by construction, it is sensible to Taylor expand it and evaluate it at §. By demanding that
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the change in 6 takes place within the confines of a star, i.e. A7 < 1 in units @ = R, and that
deviations from the assumed profile are at most of order Af, we arrive at the condition

where mi(é)f2—6<8v(9)+ am*>

2 f—
> =20\ 90 TP a0

(C.29)

m2(6) 0=
This condition can also be interpreted as an energy requirement, identifying f2/R? as the gra-
dient energy density associated with the smooth change of the scalar field, and mi(&) f? at the
gain in effective potential energy. Note that these types of continuous transitions also occur
in models where the 6, phase is ultra-relativistic, which is the common case in the models in

Sec. as well as in part of the parameter space of the models in Sec. [6.2.3]

A different condition associated with the negligible gradient approximation, typically leading
to a stronger upper bound on f, corresponds to the case in which 6(r) exhibits a discontinuity.
This happens for instance in quadratically coupled models (n = 2 in Eq. ) just above the
critical density for scalarization. The gradient energy density associated with such a jump in 6
is naively infinite, since 6’ and 6" are singular. Clearly, this is not a sensible result, and indeed
the bubble wall is not infinitely thin but it has a finite size, determined by the in-medium wave-
length of the scalar field, Ag. Since in the transition region (i.e. inside the wall), 0(r) solving
Eq. is not a good approximation, we return to Eq. and set the units to a = Ay.
We then find that at low densities, the wavelength can be estimated as

VAGF
V(OV/00)|p—g

where Af = 0, — 0 is the jump in § and § = (A +00)/2, and as before we generically consider
AO ~ 0 = O(1). By using this definition, as opposed to the vacuum Compton wavelength
defined as m;l = f/\/(02V/062)|g—p,, we avoid potentially misidentifying the relevant scaling
of the RHS of Eq. , which can be dominated by higher order terms in the potential once 6
is sufficiently far away from 6y. This can occur for scalar potentials that feature more than one
scale, like in the quadratic coupling model discussed in Sec. [6.2.3] where the potential can be
dominated by the quartic term. This effect, which admittedly requires some fine-tuning in the
potential, is nonetheless captured by the definition in Eq. . In natural potentials defined
by a single scale, i.e. fy ~ f, )\};W reduces to m;l as expected, like in the models discussed in
Sec.

We emphasize however that A;’W does not actually play an important role in determining the
upper bound on f from the requirement of negligible gradient energy, but rather the in-medium
or high-density effective wavelength, identified as

_ VALf
)\¢ = — 77
V/ Ps|0m./00][o_g

where p;g is the typical scalar density at the internal edge of the transition region, i.e. roughly the
scalar density at the lowest pressure of the internal phase. The fact that A4, rather than )\Z;W, is
what determines the relevant size of the scalar bubble stems from the requirement that, for the
scalar field to be significantly sourced, a sufficiently large scalar density is needed, in particular
mps 2 mifQ(qu/f)”, following the discussion after Eq. and using Eq. . Still, )\i;’w
is interesting in cases where )\ld‘:w 2 R (while Ay < )\;’W). In this case, the scalar profile extends
to the region outside the star, resulting in a scalar halo and potentially interesting effects like
long-range forces between stars [186].

low
Ag

(C.30)

(C.31)
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Having determined Ay, note that the gradient energy density associated with a bubble wall
is typically larger than that of a continuous scalar profile discussed above, given that the former
scales as f?/ )\i, thus enhanced w.r.t. the latter by (R/)s)?. Nevertheless, the condition

Ao < R, (C.32)

is the correct one to ensure first that the scalar can be sourced when 6(r) solving Eq. is dis-
continuous, and second that its contribution to the TOV equations Eq. and Eq.
is subleading. For A4 > R, the formation of the bubble is not energetically favorable, leading
to the trivial # = 6y solution. This regime can be understood as a decoupling limit f/M, > 1,
given the scaling with f of Eq. and that R ~ M,/m?. For Ay ~ R, the effects of the
gradient energy are no longer negligible and the full coupled system of Eq. must be solved
(also when 1/my(0) ~ R in Eq. ) Therefore, only when Eq. (C.32) holds the bubble can
be formed, and its contribution to the total energy (mass) of the star be safely neglected, given
that it is localized to a thin region much smaller than the total size of the star.

C.3 Analytic discussion of constant density objects

In this appendix, we derive the main results presented in Sec. In models that allow a
NGS, the total core pressure for all configurations on the stable branch balances two distinct
contributions,

P(0) = po = APgray. + APgraa. - (C.33)
with
A —/Rdre’ oV |, om (C.34)
pgrad. - 0 69 Ps 80 ) .
f o M(r)e(r)
Apgrav. =~ _A d?" W) (035)

where we took for simplicity the Newtonian limit of the TOV equations, which, as discussed
below, suffices for the estimations in this section.

Self-bound objects (SBOs) are such that Ap,... < Apg.a, they are composed of matter in
the NGS and are held together by the gradient pressure of the scalar field. The opposite limit,
APgray. > APDgraa., corresponds to stars. The smallest possible configurations on the stable branch
are of size R ~ A4, and both gravitational and gradient pressures are spread across the object,
thus Ap,,... and Ap,,.. must be calculated by summing up the contributions from r = R until
the core. For a given f, these smallest configurations can either be self- or gravitationally-bound.

In order to analytically characterize, up to O(1) factors, these objects in different regimes,
we make the following simplifying assumptions. First, we consider large systems, R > )y, in
which p! . is localized at the boundary of the object where the transition occurs. Second, we
assume a simple linear energy density profile from the core €(0) = zpengs to the edge of the
object e(R) = zRenas,

e(r)/exas = (kg —xr)(1 —7r/R) + =R . (C.36)

Next, we calculate the gravitational pressure using the Newtonian limit of the TOV equations,
neglecting O(1) general relativistic corrections as well as the contribution of the localized gradient
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energy to the energy density. Lastly, for simplicity, we assume the NGS phase is non-relativistic.
This approximation is typically applicable when m.(6) is bounded, in which case the NGS can
be anything between non- and ultra-relativistic. For an ultra-relativistic NGS phase, a similar
derivation is straightforward. When m.(#) is unbounded, the NGS is typically ultra-relativistic
and has a fixed ps. Also in this case, a similar derivation is straightforward.

Under these assumptions, we can approximate the internal pressure as

5/3 , 5/3
N R251%1Gs$3 n J\/EnasTr dm ~ EN/GS(xO/ —-1) (C.37)
PO= "2 R L—om. g5 ‘
Ap‘grmv. Apgrad.

where Ap,,.q. is calculated over a small transition region from R to R + Ay, approximating the
scalar profile as a linear transition, i.e. ' ~ 1/\, = const., and taking the leading order term in
the A\y/R < 1 expansion. We also approximated aa";* ~ m dmy. For simplicity, we assume in the
following that dm, < 1. This assumption can be relaxed by rescaling dm, — dm, /(1 — dm,) in
all the expressions below. Finally, the last equality in Eq. is a self-consistency condition

due to the assumed non-relativistic EOS at the core, i.e. pg = p(e(0)).

Self-bound objects: Ap,,..,. < ADgraa.

An interesting prediction for finite f is the existence of SBOs, for which gravity does not a play
role, and therefore their pressure, energy density, and scalar field profiles can be computed by
solving the M, — oo limit of the coupled TOV equations, Eq. . In the R > Ay limit, they
are well-described by constant profiles. They are held together by the gradient pressure exerted
at the edge of the object, where the transition occurs in the form of a scalar bubble wall of size
Ag that “traps” the matter inside and prevents it from expanding.

We apply the simple model of Eq. by taking xg = xr = Zsgo 2 1, which describes a

constant energy density system. This allows us to write the SBO radius as a function of its core
energy density (or equivalently, in this approximation, its core number density)

8/3¢ 1/2 1/2
My~ 0 x
RSBO (xSBO) ~ 7/6 f 5/§BO 5 (038)

ENas Tsgo — 1

where Ap,,., was neglected. From Eq. (C.38)), it is clear that SBOs become smaller (larger) as
the central density, i.e. xspo, increases (decreases). Their total mass is given by

47 f35m2/2m§ xg]/fo
3 5/2 ( 5/3 1)3'

ENas Zspo —

4
MSBO(QCSBO) = ?xSBOENGSRgBo(xSBO) =

(C.39)

For finite f, SBOs are bounded in size both from above and from below. The smallest object
possible would have RZi% ~ Mg, for which the approximation R > A4 breaks down. This also
implicitly defines the maximal possible density of the self-bound object. For very low densities
the object becomes large, reaching the point where Ap,,., can no longer be neglected. We then
define the maximal SBO radius at the equilibrium point Apg,... ™~ Apgaq.. Using Eq. , we

can analytically estimate it in two limiting cases

oo 172\ 1/3
() () () =
Rrsngg ~ jTWG7S 1/6 1/2 ) f . (C40)
m*
() omi* (4&5) () > 1
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The first case corresponds to Zspo ~ 1, in which the equilibrium happens when the SBO is close
to its ground state density. The second case corresponds to zsgo > 1, in which the equilibrium
happens when the SBO is much denser than its ground state density, and thus the maximal
radius is independent of the NGS properties.

Constant energy density gravitationally-bound objects: Ap,,... > Apgaa.

As the core pressure increases, gravity pressure becomes the dominant component. We return
to our simple model of Eq. (C.37)), and note that, in the absence of a sizeable gradient pressure,
vanishing Fermi pressure at r = R requires us to set xg ~ 1, while we have z¢ 2 1, finding

5, 53 1/2
R(xo) ~ (W) : (C.41)
x  Enasd

Around xp ~ 1, the radius increases with increasing core energy density, in contrast to the
SBOs which exhibited the opposite behavior. Still, in the limit, 6mi/2(mf/€NGS)(f/Mp) <1,
these smallest gravitationally-bound systems can also be approximated as of constant energy
density since although their pressure drops away from the core, it is sufficiently low that the
EOS is always close to € ~ eygs. At large enough core pressures, the constant energy density
approximation breaks down, and any further increase in core pressure leads to a decrease in
radius, which is the typical behavior for gravitationally-bound objects described by a Fermi gas;
indeed, the radius Eq. decreases with increasing core energy density for zg > 1.

Finally, recall that for (5mi/2(mﬁ/€NGs)(f/MP) > 1, the most massive and largest SBOs
have € > eygs (i.e. Zspo > 1). Therefore, any increase in pressure would lead to a swift
breakdown of the constant energy approximation as follows from the EOS, and a return to the
typical radius decrease with increasing core pressure. As a result, the maximal mass of the
gravitationally-bound stars in the NGB coincides with that of the SBOs in this limit.

To conclude, we can approximate the maximal star radius, up to O(1) factors, as

M2 1/2 6m1/2m4f 1/ 1/2 [ m? f
L ) - () mm e () (o) <
R T 1/6 12 . ) (0'42)
_ max my f
(ter) - ol (25) (o) »

which are the analytic estimates used in the main text in Eq. (6.48)).

Comparison with numerical results of BM1 ALP model

Let us check our analytical estimates with the numerical results we presented for the BM1
benchmark in Sec. [6.2.3] For this purpose, it is useful to zoom in on the right panel of Fig.
at low masses and small radii, see Fig. Our numerical results agree with our estimates for
R33© given in Eq. and are indeed well-described at low pressures by the curve defined
by Eq. independently of f. The visible deviations from the line at low radii is a finite
gradient effect explained by our modeling of the SBOs described in this appendix. The smallest
SBOs can have a central number and energy densities which can be a few times larger than
Pnags and eygs, respectively. Therefore, the energy density can be larger than eygs, leading to
configurations that lie above the curve defined by Eq. . For the smallest objects, with
R ~ RSBC the size of the transition region becomes comparable to the size of the object, and

the assumptions of constant pressure and number density, on which our description depends on,
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Figure C.1: The low-mass and small-radius region of the M-R curves of the benchmark BM1 in
the ALP model of Sec. The free Fermi gas without axion (solid black), the negligible gra-
dient limit (dashed black), and including finite gradient effects for f = {5 x 10'¢,1016,10'5}GeV

in red, purple, and blue respectively.

are no longer valid. Note that the dashed line describing the M-R curve in the negligible gra-
dient limit (f/M, — 0) describes gravitationally-bound constant-density objects since gravity
is the only force in this limit. However, as long as the object is dilute enough, i.e. p ~ pyes,
it has constant energy density exgs and Eq. is valid, regardless of whether it is a self-
or gravitationally-bound object. Note also that for the most massive NGS stars, the effects of
the gradient pressure at the edge of the star is increasingly negligible, making the properties
of the gravitationally-bound stars essentially f-independent, clearly visible in the right panel of

Fig. [6.14

As shown in Fig. [C:2] the numerical solutions agree with our simple modelling of the SBOs
given above. The smallest SBOs are the densest and exhibit the highest internal pressure.
These properties are in fact f-independent, e.g. the maximal pressure is given in this case by

SBO

P == 9MNPras & €0/2. (C.43)

for the BM1 benchmark. The maximal density can be found by solving Ap,,... = pS2Q numer-

ically, which results in p,., ~ 10pngs. These results match, up to O(1) factors, the numerical
results shown in Fig. [C.2] confirming the f-independent behavior of the smallest SBOs in num-
ber density (left panel) and pressure (right panel). Note that the smallest SBOs are the least
compatible with the underlying assumptions of our modeling of SBOs, namely constant density
and small transition region. Fig. also confirms our f-dependent predictions, i.e. the minimal
and maximal size of the SBOs. The qualitative behavior of the curves follows the description
given above; the smallest SBOs with R ~ RS2© are the densest and have the highest pressures.
As the number density decreases and p approaches pyas, the object becomes larger, more dilute
and the internal pressure decreases. This continues until R ~ RS9 where gravity becomes

important and matter must be added inside in order to counter the increasing gravitational
pressure. From this point on, the mass and radius increase as the central number density and
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Figure C.2: Left panel: The NGS configurations in the {p(0), R} plane, where p(0) is the
central number density. p(0) is shown in units of the (f-independent) NGS number density
given in Eq. , while the radius is given in units of the (f-dependent) minimal radius
expected for the SBOs, given in Eq. . The numerical results agree with the analytical
estimates of the maximal density and minimal size up to O(1) factors. Right panel: The NGS
configurations in the {p(0), R} plane, where p(0) is the central pressure. p(0) is plotted in units
of the (f-independent) maximal pressure given in Eq. , while the radius is given in units
of the (f-dependent) maximal radius expected for the SBOs, given in Eq. (6.78). The numerical
results agree with the analytical estimates of the maximal pressure and size up to O(1) factors.
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pressure increase. For both f =5 x 1016GeV and f = 10'9GeV, we find that the maximal size
of the gravitationally-bound stars coincides with R??, consistent with the analytic estimates in
Eq. (C.42).

C.4 Large nucleon mass reduction in f(¢)G%, models

Prompted by Eq. (6.100]), we present here a simple model that can lead to a large reduction of
the nucleon mass, thus populating most of the parameter space of Fig. [6.11] albeit at the cost
of some tuning. Above the QCD scale, we consider the following Lagrangian

1 800 g, Blae) M,
Lo= 50007~ 91(6) 267Gy - 29 Fovgp(6), (C.44)

where f(¢) is a dimensionless function of the scalar field ¢ such that f(0) = 0, and ¢ is a
dimensionless coefficient (introduced in analogy to the ALP ¢ factor in Eq. ) The last
term in Eq. is the UV contribution to the potential, naturally expected from closing
a gluon loop at leading order in gf(¢), where Myy is the cutoff of the scalar theory and we
allowed for tuning in the UV by introducing the parameter ¢ < 1. Note that Eq. could
be generalized by adding interaction terms with the light quarks > g—ud.s fq(#)mqGq. As seen
for the QCD axion in Sec. these interactions lead to a comparatively smaller coupling to
nucleons, and we disregard them, along with quark masses, in the following.

Below the QCD scale, we use the well-known fact that the divergence of the dilatation current
can be used to obtain the matrix element [280-282]

(N IBQ(ZS)GWGMM = mo, (C.45)

S

where mg ~ 869.5 MeV [359] is the nucleon mass in the chiral limit. This allows to match the

theory in Eq. (C.44) to

_ M4
£ 5 -y 1= £ o) - (£ 3555 v enten ) o). (C.46)

at leading order in ¢f(¢) and neglecting the difference in 3/gs between the scale at which
Eq. is defined and the QCD scale, Aqgcp. Note that g, = my/mg ~ 1.08, yet since we
are neglecting quark masses we will consistently take g, = 1. We also added an IR contribution
to the scalar potential in Eq. , generated by the interaction of ¢ with the gluons and
proportional to QCD contribution to the cosmological constant, which we have estimated as

B(Gs)
<0|2(gS)G“ Gu|0) = Aoy s (C.47)
with ¢ = O(1).

At this point, we can map the function f(¢) to either the ALP model of Sec. with
f(@) = (1 —cosp/f)/2, or to the linearly and quadratically coupled models of Secs. and

with gf(¢) = ¢/M, and gf(¢) = (¢/M¢)2, respectively. Let us note that in deriving
Eq. (C.46]) we kept only the leading order term in gf(¢), while a large (in-medium) reduction

of the nucleon mass requires gf(¢) ~ 1. As a result, for small values of m,(0~) (recall O is
the high-density limiting value of ¢/ f), control over such non-linear terms is required.
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Finally, evaluating the scalar potential in Eq. (C.46)) at 0, we find

V(6a0) = <eﬂ Mo +cA;§CD) <1 - W) = V(0o <1 - W) S (cas)

;327T2 my my

By canceling the UV and QCD contributions to the potential, a significant fraction of the
parameter space of Fig. [6.11] is populated. In particular, note that the larger the degree of
tuning, the smaller V' (6,) can be, which is the regime where larger departures (e.g. in the mass
and radius of NSs) are found w.r.t. the standard GR prediction. In Fig. the blue curve
correspond to Eq. with Vp(0s0) ~ (0.17GeV)4.
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Appendix D

Density Induced Instabilities

In this appendix we give some additional analytic estimates that back up some of the approxi-
mations used in Sec. [7

D.1 Linear Profile Approximation

The parametric dependence of the results in Sec. [7.1.4] can be reproduced by considering a
simpler, linear approximation for the scalar profile (recall A¢(0) = ¢(0) — ¢_)

¢(0> r < RZ'
o(r) =3 ¢(0) - 229 (r —R) Ri<r<Ry, (bubble; linear) (D.1)
o r > Rp

and treating both ¢(0) and R; as variational parameters determined by the minimization of the
energy of the bubble E(¢(0), R;), i.e. Eq. (7.17) with R = R;. Expressing it in terms of A¢(0)
and the width z =1 — R;/ Ry, the energy is given by

Ap(0 aA¢(0
E(A¢(0),z) = —Ey q}( ) 1-3z+2°—12°-3 fi( ) (1—z+32%)|, (D.2)
where Fg = 47” p?f2R3 and we have defined
4
a= GR)E (D.3)

During the formation of the system, R; is small and therefore o > 1. Minimization of the
energy with respect to both A¢(0) and = yields x = 1 and

A4(0) _1 ) (D.4)
f o

Therefore, we find a proto-bubble (R; = 0) in which the field displacement at the origin is

A¢(0)/f ~ (uRy)?, which is the result of an optimal balance between the gradient and potential

energies. Parametrically, this matches the result in Eq. , albeit with a different numerical

coefficient. As soon as the slowly-growing star is large enough that the in-density minimum

(¢+), can be reached, which happens when o < f/((¢+), — ¢—), it should be energetically
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favorable for the profile to develop a core where the scalar value is fixed to ¢(0) = (¢4),. Then,
minimization of the energy with respect to x leads to

1 Ja((¢4)p —¢-)
:c—2\/+f—|—0(a), (D.5)

This matches the result in Eq. , except for a numerical factor. Likewise, the energy of the
bubble in the thin-wall limit o < f/((¢+), — ¢—) is given by Eq. where € and o scale as
in Egs. , respectively, € = u? f((¢4), — ¢—) and o0 = ((¢4), — d—)V/e.

The linear profile Eq. has the advantage that it is simple to estimate the importance
of departures from the approximation of a linear potential, Eq. , we have worked under
in the main text. In particular, we can compute the effects of including the barrier term in
Eq. at finite density, i.e. with Ay — Ag(n). While € remains unchanged in the thin-wall

limit, the tension receives a correction

A A4
20 V3 Ag(n) : (D.6)
o 10 Af

where we have assumed that the bubble is thin enough as to probe a fixed density.

D.2 Gravitational Force

In the equation of motion of the bubble, Eq. , we have neglected the gravitational force
that the star exerts on the wall. While this does not change the conclusions we derived in the
main text, it can lead to O(1) numerical changes of the bubble’s escape condition, at least for
the densest stars, i.e. neutron stars.

In the non-relativistic and weak-field limits, the gravitational force of the star on the bubble
wall per unit area (i.e. the pressure), is given by

1 m(R)o

FB) =5z e

(D.7)

where m(R) is the enclosed mass of the star and o the wall tension. Using a simple estimate for
the neutron star number density n ~ m? and radius Rys ~ V87 Mp/m2, obtained by equating
(Fermi-degeneracy) kinetic and gravitational energy densities and where m,, is the neutron mass,
we find m(R) ~ 8t M2R3/R%,. Therefore, for a neutron star

NS: F(;(R)N

(D.8)

while for less dense stars the gravitational force is much smaller, i.e. for white dwarfs it is
suppressed by m./m,. This additional force leads to a modification of the bubble wall equation
of motion, in the non-relativistic limit (weak-field) and for R < Rys

.. 20 R?
UR:E_R<1+2_R§S>_OJ, (Dg)

which is subleading to the tension force except for R ~ Ryg. Likewise, once if the bubble leaves
the star, the enclosed mass is the total mass of star and therefore for R > Rys

UR:6—2—U <1+RNS> , (D.10)

R 2R

which once again introduces an O(1) change only when R ~ Rys.
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D.3 Linear Tension Approximation

The simplest modelling of o(R), that is a constant o', allows us to analytically derive the
condition Eq. (7.40)). Let us then consider a linear increase of the tension with R, starting at Ry
and ending at Rg = Ry + ARy, thus with o/ = [0(Rs) —o(Rr)]/ ARy constant. The equilibrium

position of the bubble wall is determined by R(R = Req) = 0, and reads

2[c'Ry — o(Ry)]

30’ — ¢

Req = , Ry > o(Ry)/o’ and 30’ > ¢, (D.11)
where the inequalities ensure that this is indeed an equilibrium position, i.e. with E”(Req) > 0,
where E(R) is the energy of the bubble (note that R o —E’). For consistency, we should also
require Req = Ry, since that means that the bubble can in fact enter the transition region,
where ¢’ # 0. This happens only if the star has grown large enough

20(Ry)

€e—o'

Ry >

(entry transition region) (D.12)

This condition is equivalent to the requirement R(Ry) ¢ O and it only makes sense for € > o”.
If the condition Eq. is not satisfied, it just means that R.q = Ry and the bubble is trapped
inside the star. In addition, note that whenever the bubble is able to enter the transition region
but the conditions in Eq. are not satisfied, then the bubble automatically escapes the
star, since there is no stable radius R > Ry for which R = 0 and E” > 0. If instead the
conditions in Egs. , are satisfied, then there is indeed an equilibrium position at
Req > Ry, which increases as the star gets larger. This last fact generically leads to a smaller
force from the term 20 /R in Eq. . Eventually, the equilibrium condition is lost when the
position of the wall reaches the outer edge of the star, i.e. Req = Rs. This takes place when

30(Rs) — o(Ry) — eARy

€e—o'

Ry > (exit transition region) (D.13)

With the linear approximation for o(R) we then conclude that, as long as the volume energy of
the bubble is larger than the rate of change of the tension, there is a minimum transition radius
such that the bubble can permeate through the transition region, Eq. , and another for
which the bubble can reach the surface of the star, Eq. . From that point outwards the
bubble expands throughout the whole universe, since R(R > Rg) > 0. Moreover, we also learn
that if € > 30’, the only equilibrium position is Req = Ry, and this is lost as soon as the star is
large enough as to satisfy Eq. (D.12). Importantly, let us note that when e > 30’, Eq. (D.12)
is in fact approximately the same as the condition for the formation of the bubble, Eq. (D.4)),
thus in this case the formation and escape of the bubble take place simultaneously.

D.4 Ultra-high Densities

In Sec. we centered our discussion of the bubble dynamics on the case where densities in
the core of the star, while above critical, are not much larger than n.. This is because a fully
formed bubble for which the field at its center is (¢4), ~ ¢+ already allows for the possibility
of a classical phase transition to the true vacuum.

!This requirement does not depend on o’ being constant, and the condition on Rt in Eq. (D.12) holds in
general with ¢’ — ¢’ (Rr), under our approximation that ¢’ turns on at Rr.
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In this appendix we extend our analysis to the case of ultra-high densities, by which we mean
¢ — 1. In this situation, the only minimum of the in-medium potential is found at (¢4), > ¢,
see Eq. . As we explain in the following, we find that the escape of a bubble of the true
vacuum can take place regardless of the scalar inside the star reaching the in-density minimum
of the potential, i.e. ¢(0) < (¢4),, but it is enough that the field displacement is at least
Ap(0) 2 ¢4 — ¢—. As a matter of fact, if the star is large enough as to allow ¢(0) > ¢4, the
correspondingly large field displacement inside the (proto)-bubble makes it easier for a bubble
to escape from the star.

The key point is that, for what concerns the possibility of a bubble of the true vacuum
escaping from the star, one only needs to focus on a “sub-bubble” with a field displacement
A¢gup, = ¢+ — ¢_ ~ 2f. The energy density of such a sub-bubble is simply ez, ~ A, while its

tension scales as
Teub(Rr) ~ /Ap(0) fAS . (D.14)

The latter is enhanced by a factor (A¢(0)/A¢gu)'/? with respect to the naive expectation, due to
the higher potential energy difference of the large (proto-)bubble that contains the sub-bubble,
(AV)] ~ A¢(0)AL/f. This simple estimate holds as well if we assume that the in-density
minimum is reached, i.e. ¢(0) = (¢1),.

Such an enhancement of the tension facilitates the escape of the sub-bubble, since it decreases
the contracting force associated with ¢’ in Eq. (7.37). In particular, we now have ol , ~
[0(Rs) — 0sub(Rr)]/ ARy, which is smaller than when ¢(0) ~ ¢4, see Egs. (7.38)), (7.39); in fact
it could even be negative. Notice that instead the force associated with the surface tension of
the wall at the transition radius, 20g,,(Ry)/ Ry, remains constant, since Ry ~ /A¢(0)/fu~t.
Therefore, the net result is that it is much easier for the escape condition Eq. to be
satisfied. The larger (proto-)bubble supporting the sub-bubble helps the latter permeate through
the entire star. The proper condition that determines if the sub-bubble of true vacuum expands
throughout the whole universe is then

(D.15)

We have explicitly verified this result via our numerical simulations. For a bubble connecting
shallow minima, 6% < 1, this condition translates into

f

Rs 2 Az (sub-bubble; shallow) (D.16)
R

a requirement that is automatically satisfied given that Ry > R,. For a bubble connecting deep
minima, 62 ~ 1, we find instead

S
AR V1—02

This is similar to the escape condition for a deep bubble, Eq. (7.74]), yet on Rg instead of ARy.

Rs 2 (sub-bubble; deep) (D.17)

D.5 Sudden Approximation

We have been assuming that the bubble, during either its formation or expansion through the
star, is always found in a nearly-static (R = 0) equilibrium position, with its radius evolving
slowly only because Ry = Ry(f) does, as the star is being formed. Only at the point where
equilibrium is lost, R > 0 and the bubble is free to gain kinetic energy. This was justified in

220



D.6. FORMATION AND ESCAPE OF N > 1 BUBBLES

Sec. on the basis that the characteristic reaction time of the scalar field, p~!, is much
shorter than the evolution time of the star Tg5. In this section we wish to comment on the
opposite situation, where uTs < 1.

In this limit, the star is formed instantaneously, with a large region r < Ry where the in-
density potential allows for the scalar field to start classically rolling. If such a region was of
infinite extent, i.e. if the system was spatially homogeneous, the field would roll, accelerate,
and finally oscillate around the true minimum. However, in a finite-size system, one needs to
crucially take into account the contribution of the spatial gradient to the energy of the field
configuration. Indeed, ¢ moves in an effective potential V (¢) + %qb’Q that becomes large towards
the transition region, where the field must return to its vacuum value ¢_. Therefore, the sudden
formation of the star and the corresponding gain of kinetic energy %gf)Q does not automatically
imply that a first order phase transition will proceed via the escape of a scalar bubble from the
dense system. As a matter of in fact, the situation is not much different that in the quasi-static
case, as we now explain.

Concerning the formation of the bubble, the main difference with respect to our discussion
in Sec. can be phrased in terms of the maximal value that A¢(0) = ¢(0) — ¢_, the field
displacement at the center of the star, can take. Indeed, because of the kinetic energy the field
acquires by rolling down the in-medium potential, A¢(0) will generically be larger than what
found in Eq. for the same Ry, yet oscillating in time. Accordingly, the whole scalar profile
will necessarily oscillate in time as well. Then, if the size of star, specifically Ry, is still not large
enough for ¢(0) to reach ¢, the field value corresponding to the true minimum of the scalar
potential in vacuum, then such an oscillating scalar profile remains trapped within the star, in a
sort of oscillon that, even after eventually losing its kinetic energyﬂ remains as a confined static
bubble (see e.g. [360] for a recent discussion of such type of field configurations in vacuum).

Otherwise, if A¢p(0) 2 2f, then whether the scalar bubble remains confined to the dense
region or escapes to infinity follows from the same analysis as in Sec.[7.1.5] yet with the properties
of the bubble, i.e. the potential energy difference between the two sides of the bubble wall and
the tension, now oscillating in time.

We stress again that the main difference between the quasi-static and sudden scenarios
concerns the value of Ry for which a given field displacement is attained. Another way to
interpret this fact is to compare, for the same value of Ry, the dynamics of the bubble wall
between the two scenarios. Because of the larger field displacement in the sudden case, the
maximum values of €(t) and o(R,t) will both be larger, while o/(R,¢) will be smaller, than
in the quasi-static case. This situation resembles the quasi-static evolution of a bubble in the
limit that n > n,, discussed in App. [D.4] Therefore, we could similarly conclude that in the
sudden approximation and for Ry > pu~!, the condition that determines if the bubble expands
indefinitely is
20(Rs)

€

Rs 2

~

(D.18)

D.6 Formation and Escape of N > 1 Bubbles

In the main text we have concentrated on bubbles interpolating between two consecutive relaxion
minima, located at the period ¢, outside the bubble and at ¢, + 1 inside it. However, the relaxion
displacement at the core of the star could be much larger than 27 f, in particular A¢(0) ~ 27 f N
with V > 1 is expected to naturally occur for relaxion bubbles at densities significantly above
the critical one, see Eq. . In this appendix we provide a discussion of the fate of the

2This could proceed via radiation of ¢ quanta, or because of the interactions of ¢ with the environment.
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Figure D.1: N > 1 bubble in equilibrium at R ~ Ry (solid) and sub-bubble that has already
escaped from the star (dashed).

relaxion bubbles in such a situation, following closely [13] while avoiding the detailed derivation
presented there.

For the first in-density minimum to be reached, the energy in the in the field’s gradient,
~ (2rfN/R1)?, needs to be compensated by the gain in potential energy inside the bubble,
~ 27 A4 N. This can only happen if the core of the star is large enough

N
Rz VY, (D.19)

where we recall that = A2/f. If this is the case, a large bubble with a field displacement
of A¢p(0) ~ 27 fN is fully formed. The properties of such a bubble, that is its volume energy
density and tension can be simply estimated as,

€~ U2 fAG0) ~ 2TALN (D.20)
o ~ Ap(0)y/e ~ A2 f(2nN)>/2. (D.21)

This large relaxion bubble can be thought as made of a series of N sub-bubbles, each corre-
sponding to a field displacement w.r.t. to the next of 27 f, see Fig. This is motivated by the
fact that in vacuum each relaxion minimum is separated by a potential barrier, so the escape of
relaxion bubbles from the star takes place in discrete steps, starting with the outermost bubble,
within which the relaxion sits just one period away, i.e. at £, + 1, from its in-vacuo value. This
sub-bubble has then a volume energy density and tension

€sub ~ 2TAL (D.22)
b (Rr) ~ A2 f(2mN)Y/2. (D.23)

Note in particular that the wall tension is enhanced by a factor v/ N w.r.t. the one of a standard
relaxion bubble. It is this enhancement that facilitates the sub-bubble escape from the star.
Indeed, the characteristic contracting force of bubbles propagating through a star, o/ ~ Ac/ARy
associated with a radius-dependent tension, is mitigated because Ao ~ ogup(Rs) — ogup(Rr)
decreases (or could even become negative) at large N. We have explicitly verified this effect via
numerical simulations of the sub-bubble’s dynamics.

The condition for the expansion, beyond the confines of the star and towards infinity, of
this 27 f bubble then coincides with the condition that the bubble does not contract in vacuum,
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€sub 2 205ub (Rs)/Rs, where oy, (Rs) is the tension of the wall in vacuum. For shallow minima,
since the potential barrier Eq. ([7.68)) is very small, this tension is simply oy, (Rs) ~ 27 f/€sub-
Therefore, the condition reads

Rs 2 A—“’; ) (sub-bubble; shallow) (D.24)
R

which is automatically satisfied given that Rg > Ry and Eq. (D.19). Instead, for deep minima
we can use the thin-wall approximation to compute the wall’s tension g, (Rs) ~ 8fA2, and the
correct condition is then

1

PP S T
AZ /1 =62

(sub-bubble; deep) (D.25)

Finally, let us note that if the conditions for a sub-bubble to escape are satisfied, this will
also be the case for subsequent sub-bubbles (with N — N —1), up until NV becomes so small that
the enhancement in the sub-bubble tension oy, is not enough to guarantee that € > o', that is
that the outwards pressure due to the gain in ground state energy is not enough to overcome
the tension’s gradient.

D.7 Opposite-sign Back-reaction

The discussion in the main text has been restricted to densities that, while allowing for the field
to classically move inside the star, i.e. ((n) > (. = 62, are still such that the back-reaction term
in the potential is non-vanishing, even if negligibly small. In this section we want to consider
instead the possibility that {(n) > 1, such that the wiggles not only vanish but change sign in
some region inside the star.

In this situation, we can identify another inner core radius R/, such that for r < Rl
minima of the in-density potential reappear due to opposite-sign barriers. This is fixed by
C(RL) = 2— 42, where § is defined, as in vacuum, as the difference between the size of the rolling
and back-reaction terms at the minimum of interest, see Eq. . Because of the different
sign of the back-reaction term, the minima are now shifted by m with respect to those for ¢ < 1,
i.e. they are located at (27lyp, + 04, + ) f. The field displacement, or equivalently the value of
., where the relaxion sits for r < R/, is determined by the size of the region between the two
core radii, AR, = Ry — R/,. This difference sets, in the same fashion as Eq. , the field
displacement from the in-vacuo value, A¢(RL)/f ~ (nARY)?. From this point on, the fate of
the bubble (or sub-bubble) is not much different than what already discussed in Sec. and
App. In particular, if AR/ > u~!, the relevant dynamics is that of a 27 f sub-bubble, for
which the condition Eq. determines if it escapes the star and expands to infinity. The
only subtlety arises for A¢(R/.) = wf. In this case the potential energy density of the bubble
receives a contribution from the back-reaction term in addition to the rolling term. We find
€ ~ A +2(¢C —1)AY, where we recall that we are dealing with densities such that ¢ > 1. While
for sufficiently large ¢ this extra contribution naively helps the bubble expand, as soon as the
bubble wall goes through the outer transition region of the star, r > Rr, € decreases because the
relaxion value inside the bubble, (27¢, + ) f, is not a minimum of the potential in vacuum. This
eventually prevents the bubble from escaping. This type of confined bubble (yet with Ag = 0)
has been found to be a plausible consequence of the QCD axion [11], or special deformations
thereof [186], in neutron stars.
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D.8 Bubble Interactions with the Environment

In the main text we have treated the density profile as a non-dynamical classical background
field, upon which a non-trivial scalar field develops. In this appendix we study in some more
detail the interactions of the scalar bubble with the dense environment.

Let us discuss first the force exerted by individual nucleons, N, on the bubble wall. We focus
on the case of the QCD relaxion, since the interactions of non-QCD relaxions with protons and
neutrons are much weaker, being mediated by Higgs exchange. The interaction with nucleons is
of the form ~ o,y NN cos(¢/f). This constitutes a contribution to their mass that depends on
the relaxion field, and therefore on space-time, m;n(r) ~ ozn cos(¢(r)/f). Recall that most of
the mass of a nucleon comes from a term independent of the quark masses and thus independent
of ¢, my = Mp + myyn with Mp > m,n. It is precisely this interaction of the relaxion with
nucleons that gives rise to the leading linear correction to the back-reaction term in the limit of
small baryonic densities, after substituting NN — ny, as given in Eq. . Note however that
for this treatment to hold, one is implicitly assuming that the scalar field interacts classically
with the density profile, or in other words that single nucleons are able to penetrate the bubble
wall with negligible quantum-mechanical reflection.

Let us have a look then at the one-dimensional quantum mechanics of a nucleon in the
potential associated with its space-time dependent mass, m,n(r). This follows the discussion
in [254], with some important modifications. Before proceeding, let us note there are two
qualitatively different types of potentials depending on the relaxion profile. For bubbles in
which the scalar field displacement is A¢(0) = 27 f (our focus in the main text) the overall
change of the nucleon mass between inside and outside the bubble vanishes, while at the center
of the bubble wall, where A¢ = 7/2, m;n ~ —on; the potential thus resembles a well. If
instead the field displacement is A¢(0) = 7 f (briefly discussed in App. , we have that the
change from outside to inside the bubble Amy ~ —20,y, and the potential is a downwards
step. In any of these cases, in order to properly compute the force that the nucleons exert
on the bubble wall, it is important to realize that the relevant scales of the problem are the
thickness of the wall, of order u~! ~ f/A%, and the nucleon wavelength, given by Ay ~ 1/myv,
where v is the relative velocity of the nucleons with respect to the wall, which we expect to be
non-negligible (either because of their Fermi momentum, temperature, or the initial yet small
velocity that the bubble acquires when it forms). We therefore expect Ayu < 1, which already
indicates that the nucleons interact with the potential classically. Focussing for concreteness on
the step-like potential, we can go further and split it in J small patches, each of them of size Ay,
where quantum mechanical effects become important. In each step the nucleon mass decreases
by an amount dmy = |[Amy|/J ~ 20,n/J. Therefore, for each step the quantum-mechanical
reflection coefficient is given by

(k —k')? dmi

R = o~ D.26
YTk + k)2 4m3 vt ( )

where k is the momentum of the nucleon before traversing the wall, and &’ its momentum once
inside the bubble. In the second equality we have taken the non-relativistic limit, k ~ mv and
k' ~ \/k%Z + 2mpydmy, and expanded in dmpy. Taking into account all the J barriers, the total
reflection coefficient is bounded by

2
Amiy,

R<JR, ~ N _
~ v 4m?vv4,]

(D.27)

which vanishes in the limit J > 1. This agrees then with the naive expectation that for Ayu < 1
the system behaves classically, without reflection. In fact, one can also compute the total force
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on the bubble wall associated with the gain in momentum of the nucleons as they pass through it.
For a single nucleon, after going down all the J steps, the force is fy = J(K' — k)T ~ |Ampy|/v.
Therefore, for an ensemble of nucleons with density n;, the total force reads

FN = nbva ~ QUﬂNnb. (D.28)

This precisely matches the piece of the volume force associated with the change of the potential
barriers derived in App.|D.7| (opposite-sign back-reaction), ~ 2CA% ~ 20 nny. For the potential-
well case (i.e. for 27 f bubbles), with this quantum-mechanical treatment we find, as expected,
F = 0. However, given that the wall appears to the individual nucleons as a classical potential
well, these tend to accumulate at the wall, i.e. the density (as well as temperature) increases at
the wall; this in turn means that the wall gets thicker. Therefore, it appears that as the bubble
expands through the star, it carries with it a local (of size p~!) increase in density. However,
for most of the star the density profile remains unaltered.
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