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Bubble escape

Figure 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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Program to study the physics of well-motivated scalar fields at finite density.
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Figure 3: (M, g)-regions excluded by the formation and escape of a non-QCD relaxion

bubble induced by neutron stars (red), white dwarfs (blue), and the Sun (green), in the case

of shallow minima, �2 ⌧ 1 or equivalently ⇤R ' ⇤C, and for f = 109, 1014, 1019GeV (left,

middle, right pannel). The grey, shaded region is excluded by the requirements ⇤2
C . 4⇡v2

(orange line) and �h
2
< v

2 (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 = ⇤4
R/M

3
f and we have taken `⇤ = 1 in Eq. (4.14).

bounds is beyond the scope of this work.

4.3 Technicolored relaxion

For the QCD and non-QCD relaxion models, the most important density deformation of

their respective landscapes is in the form of a smaller back-reaction term. Now we wish

to point out that in general this is not the only possibility. In this section we present a

scenario in which the leading e↵ect 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 [42, 43]. 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 [40], with the analog of ⇤QCD given by

⇤4
TC ' 4⇡v03mU , (4.16)

where v
0 is the electroweak-breaking order parameter of the technicolor (TC) sector. The

electroweak scale is given by v
2 = v

02 + h
2 and mU = yUh/

p
2 is the lightest techniquark

mass, linearly proportional to the elementary Higgs VEV. The parameters of the relaxion

potential are then identified as ⇤4
R = gM

3
f (like in all the previous models), while ⇤̃B and
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Violation of NDA expectations in the QCD sector.

The puzzling absence of CP violation in the interactions of hadrons.
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QCD infrared dynamics makes axion solve strong CP-problem.
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QCD Axion

Current status of QCD-axion parameter space.

Baryakhtar et al. ’20
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Superradiance Hot DM component

Mehta et al. ’20

Caloni et al. ’22

rev. Caputo, Raffelt ’24

… …



Hook, Huang ’17; Hook ’18

8

Light QCD Axion

Lighter version of the canonical QCD axion.
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✏ ⌧ 1

<latexit sha1_base64="veLiEge/kNxfPGYOx0BeBxCmMGY="></latexit>

V✏(a) = ✏V (a) = �✏m2
⇡f

2
⇡

s

1� 4mumd

(mu +md)2
sin2

a

2fa

hai = 0
<latexit sha1_base64="K6UyZnmOKJkL37MJJfjH+3JBdxo=">AAAB/nicbZDLSgMxFIbP1Futt6q4chMsgqsy4wXdCEU3LivYC7RDyaSnbWgmMyQZoQwFX8WNC0Xc+hzufBvTdhba+kPg4z/ncE7+IBZcG9f9dnJLyyura/n1wsbm1vZOcXevrqNEMayxSESqGVCNgkusGW4ENmOFNAwENoLh7aTeeESleSQfzChGP6R9yXucUWOtTvGgLajsCySUtNWMronbKZbcsjsVWQQvgxJkqnaKX+1uxJIQpWGCat3y3Nj4KVWGM4HjQjvRGFM2pH1sWZQ0RO2n0/PH5Ng6XdKLlH3SkKn7eyKlodajMLCdITUDPV+bmP/VWonpXfkpl3FiULLZol4iiInIJAvS5QqZESMLlClubyVsQBVlxiZWsCF4819ehPpp2TsrX9yflyo3WRx5OIQjOAEPLqECd1CFGjBI4Rle4c15cl6cd+dj1ppzspl9+CPn8wdh1JR2</latexit>

<latexit sha1_base64="qhC+j889RlygQQGslOA59Adq5ic="></latexit>

m2
a = ✏

m2
⇡f

2
⇡

f2
a

mumd

(mu +md)2



<latexit sha1_base64="YSudmeba2mIha4puqTRjaOYjuBI=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0UQLCUpUl0W3biSCvYBTSk300k7dPJgZiKUkJ9w46+4caGIW8Gdf+OkzUJbD8xwOOde7r3HjTiTyrK+jcLK6tr6RnGztLW9s7tn7h+0ZRgLQlsk5KHouiApZwFtKaY47UaCgu9y2nEn15nfeaBCsjC4V9OI9n0YBcxjBJSWBmbFqWDAjgr1f4YdTwBJatiJGJ6kieODGhPgyW2aYm8AA7NsVa0Z8DKxc1JGOZoD88sZhiT2aaAIByl7thWpfgJCMcJpWnJiSSMgExjRnqYB+FT2k9lVKT7RyhB7odAvUHim/u5IwJdy6ru6MttTLnqZ+J/Xi5V32U9YEMWKBmQ+yIs51iFkEeEhE5QoPtUEiGB6V0zGoJNROsiSDsFePHmZtGtVu16t352XG1d5HEV0hI7RKbLRBWqgG9RELUTQI3pGr+jNeDJejHfjY15aMPKeQ/QHxucP6M2dfg==</latexit>

a ! a+
2⇡k

N fa

(Hook ’18; di Luzio et al. ’21)

9

ZN QCD Axion

Lighter QCD axion based from discrete ZN (N odd) symmetry.

<latexit sha1_base64="WVpRQ8x9+IuZMvg3ifACXVwKmY0=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR6LXrwIFe0HtEvJptk2NMmuSVYoS/+EFw+KePXvePPfmG73oK0PBh7vzTAzL4g508Z1v53Cyura+kZxs7S1vbO7V94/aOkoUYQ2ScQj1QmwppxJ2jTMcNqJFcUi4LQdjK9nfvuJKs0i+WAmMfUFHkoWMoKNlTppTwl0fzvtlytu1c2AlomXkwrkaPTLX71BRBJBpSEca9313Nj4KVaGEU6npV6iaYzJGA9p11KJBdV+mt07RSdWGaAwUrakQZn6eyLFQuuJCGynwGakF72Z+J/XTUx46adMxomhkswXhQlHJkKz59GAKUoMn1iCiWL2VkRGWGFibEQlG4K3+PIyaZ1VvVq1dndeqV/lcRThCI7hFDy4gDrcQAOaQIDDM7zCm/PovDjvzse8teDkM4fwB87nD7muj8g=</latexit>

SM
<latexit sha1_base64="mDPA4KPs1JcmgzeyPiTjyKLKx3s=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqV6EohcvQkX7Ae22ZNO0DU2yS5JVyrL/w4sHRbz6X7z5b0zbPWj1wcDjvRlm5gURZ9q47peTW1peWV3Lrxc2Nre2d4q7ew0dxorQOgl5qFoB1pQzSeuGGU5bkaJYBJw2g/HV1G8+UKVZKO/NJKK+wEPJBoxgY6Vu0lEC3d2k3WR84aW9YsktuzOgv8TLSAky1HrFz04/JLGg0hCOtW57bmT8BCvDCKdpoRNrGmEyxkPatlRiQbWfzK5O0ZFV+mgQKlvSoJn6cyLBQuuJCGynwGakF72p+J/Xjs3g3E+YjGJDJZkvGsQcmRBNI0B9pigxfGIJJorZWxEZYYWJsUEVbAje4st/SeOk7FXKldvTUvUyiyMPB3AIx+DBGVThGmpQBwIKnuAFXp1H59l5c97nrTknm9mHX3A+vgH+UJIz</latexit>

SMk=1

<latexit sha1_base64="0u7ZVMt7SHOjZ57x3lNMyL4AUbw=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVC9C0YsXoaL9gDYtm+2mXbrZhN2NUkL+hxcPinj1v3jz37htc9DWBwOP92aYmedFnClt299WbmV1bX0jv1nY2t7Z3SvuHzRVGEtCGyTkoWx7WFHOBG1opjltR5LiwOO05Y2vp37rkUrFQvGgJxF1AzwUzGcEayP1kq4M0P1t2kvGl5W0XyzZZXsGtEycjJQgQ71f/OoOQhIHVGjCsVIdx460m2CpGeE0LXRjRSNMxnhIO4YKHFDlJrOrU3RilAHyQ2lKaDRTf08kOFBqEnimM8B6pBa9qfif14m1f+EmTESxpoLMF/kxRzpE0wjQgElKNJ8Ygolk5lZERlhiok1QBROCs/jyMmlWyk61XL07K9WusjjycATHcAoOnEMNbqAODSAg4Rle4c16sl6sd+tj3pqzsplD+APr8wf/1ZI0</latexit>

SMk=2

<latexit sha1_base64="Lq4zqLSogh24/vda45+aBRW4J6k=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5KIVDdC0Y0bpaJ9QBPLZDpth85MwsxEKCFu/BU3LhRx61+482+ctFlo64ELh3Pu5d57gohRpR3n25qbX1hcWi6sFFfX1jc27a3thgpjiUkdhyyUrQApwqggdU01I61IEsQDRprB8CLzmw9EKhqKOz2KiM9RX9AexUgbqWPvJp7k8PYqvU+GZx5HeoARS67TtGOXnLIzBpwlbk5KIEetY3953RDHnAiNGVKq7TqR9hMkNcWMpEUvViRCeIj6pG2oQJwoPxl/kMIDo3RhL5SmhIZj9fdEgrhSIx6YzuxGNe1l4n9eO9a9Uz+hIoo1EXiyqBczqEOYxQG7VBKs2cgQhCU1t0I8QBJhbUIrmhDc6ZdnSeOo7FbKlZvjUvU8j6MA9sA+OAQuOAFVcAlqoA4weATP4BW8WU/Wi/VufUxa56x8Zgf8gfX5A7J0lxM=</latexit>

SMk=N

<latexit sha1_base64="3Q1ihA1CQbRU+xctZ81GqhKwdJE=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVaT0WvXgRKtoPbNeSTbNtaJJdkqxQlv4LLx4U8eq/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOooUYQ2SMQj1Q6wppxJ2jDMcNqOFcUi4LQVjK6mfuuJKs0ieW/GMfUFHkgWMoKNlR7SrhLo7mbyOOoVS27ZnQEtEy8jJchQ7xW/uv2IJIJKQzjWuuO5sfFTrAwjnE4K3UTTGJMRHtCOpRILqv10dvEEnVilj8JI2ZIGzdTfEykWWo9FYDsFNkO96E3F/7xOYsILP2UyTgyVZL4oTDgyEZq+j/pMUWL42BJMFLO3IjLEChNjQyrYELzFl5dJ86zsVcqV2/NS7TKLIw9HcAyn4EEVanANdWgAAQnP8ApvjnZenHfnY96ac7KZQ/gD5/MHOpqQpQ==</latexit>

SMk

For any N , ✓a = 0 is an extrema of the axion potential. Indeed, using the property
sin(2⇡(N � k)/N ) = � sin (2⇡k/N ) it is straightforward to see that

@VN (✓a)

@✓a

����
✓a=0

=
m

2
⇡f

2
⇡

fa

�

4

N�1X

k=0

sin
�
2⇡k
N

�
q

1 � � sin2 �
⇡k
N

� = 0 . (2.12)

The same holds for any ✓a = 2⇡n/N with n 2 Z, because of the periodicity of the
potential. For N odd the potential V (✓a) has N minima located at

✓a = {±2⇡`/N} for ` = 0, 1, . . . ,
N � 1

2
, (2.13)

which includes the origin ✓a = 0, while for N even the origin becomes a maximum.
This result –valid for any N – can be shown for instance using the exact Fourier series
expansion of the potential in Eqs. (2.8)-(2.11) (see final part of Appendix C). It follows
that N odd is required in order to solve the SM strong CP problem (albeit with a 1/N
tuning in the cosmological evolution [35, 42]). The k 6= 0 worlds have instead non-zero
e↵ective ✓-parameters: ✓k ⌘ 2⇡k/N for h✓ai = 0, see Eq. (2.7). A typical shape of the
axion potential for N = 3 is illustrated in Fig. 3.

�6 �4 �2 0 2 4 6

✓a

0.0

0.2

0.4

0.6

0.8

V
(✓

a
)/

m
2 ⇡
f

2 ⇡
VN=3(✓a)

Vk=0(✓a)

Vk=1(✓a)

Vk=2(✓a)

Figure 3: Z3 axion potential. The contributions from the N = 3 worlds partially cancel each
other, leading to an exponentially small total potential VN=3(✓a) (in blue) that exhibits a
minimum in ✓a = 0.

The di↵erent e↵ective ✓k values translate into slightly di↵erent masses for the pion
mass in each mirror world, m⇡(✓k). At quadratic order in m⇡ a reduction factor of up to
⇠

p
3 results [45],

m
2
⇡(✓k) = m

2
⇡

s

1 �
4mumd

(mu + md)
2 sin2

✓
⇡k

N

◆
. (2.14)

8

<latexit sha1_base64="/73oL3O/d0QMJsj1kEdrbrr44iU="></latexit>

VN (a) ' �m2
⇡f

2
⇡

N 2
cosN a

fa

<latexit sha1_base64="L+7nXhjeGcvDcLPGlH9L1JwgSOo="></latexit>

m2
a =

m2
⇡f

2
⇡

f2
a

s
1� z

⇡(1 + z)
N 3/2zN

<latexit sha1_base64="fhy9D/ixr8BtNfaC7b0s64Do/h0=">AAACFnicbZDLSsNAFIYn9VbrrerSzWAR3FgSkepGKLpxJRXsBZpQTqaTduhkEmYmQgl5Cje+ihsXirgVd76N0zYLbf1h4OM/5zDn/H7MmdK2/W0VlpZXVteK66WNza3tnfLuXktFiSS0SSIeyY4PinImaFMzzWknlhRCn9O2P7qe1NsPVCoWiXs9jqkXwkCwgBHQxuqVT1wOYsApBuzKGV1iN5BAUjdmeJSlbgh6SICnt1nWK1fsqj0VXgQnhwrK1eiVv9x+RJKQCk04KNV17Fh7KUjNCKdZyU0UjYGMYEC7BgWEVHnp9KwMHxmnj4NImic0nrq/J1IIlRqHvumc7KjmaxPzv1o30cGFlzIRJ5oKMvsoSDjWEZ5khPtMUqL52AAQycyumAzBZKJNkiUTgjN/8iK0TqtOrVq7O6vUr/I4iugAHaJj5KBzVEc3qIGaiKBH9Ixe0Zv1ZL1Y79bHrLVg5TP76I+szx8RvZ9e</latexit>

hai = ⇡k

N
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Cosmological Constant / Electroweak Hierarchy Problems

Violation of NDA expectations in the gravitational / Higgs sectors

<latexit sha1_base64="dnujBkYP3CVblRTFfTu7l0ZWDoI="></latexit>

Ld<4 =
p
�g

�
⇤CC +m

2
H
|H|2

�

Theory Experiment
(LHC, Universe)

<latexit sha1_base64="3xoZOgmigweiWpQvHWPIguf2xs4=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0Wom5IUqW6EoptuxAr2AU0Mk+mkHTqThJmJUELWbvwVNy4UcesXuPNvnD4W2nrgwplz7mXuPX7MqFSW9W3klpZXVtfy64WNza3tHXN3ryWjRGDSxBGLRMdHkjAakqaiipFOLAjiPiNtf3g19tsPREgahXdqFBOXo35IA4qR0pJnHjqBQDjlXv2+kqXXXuoIDhss0y94AW9K9olnFq2yNQFcJPaMFMEMDc/8cnoRTjgJFWZIyq5txcpNkVAUM5IVnESSGOEh6pOupiHiRLrp5JQMHmulB4NI6AoVnKi/J1LEpRxxX3dypAZy3huL/3ndRAXnbkrDOFEkxNOPgoRBFcFxLrBHBcGKjTRBWFC9K8QDpLNROr2CDsGeP3mRtCplu1qu3p4Wa5ezOPLgAByBErDBGaiBOmiAJsDgETyDV/BmPBkvxrvxMW3NGbOZffAHxucP+UKZJQ==</latexit>

m
2
H

M2
Pl

= O(1)

<latexit sha1_base64="eMnhkN6CXI0vr6DNj3ctv97aYzA=">AAACFXicbVDLSsNAFJ34rPUVdelmsAgVpCRSqhuh2I0LxQr2AU0Mk8mkHTp5MDMRSshPuPFX3LhQxK3gzr9x2mahrQcGDufcw5173JhRIQ3jW1tYXFpeWS2sFdc3Nre29Z3dtogSjkkLRyziXRcJwmhIWpJKRroxJyhwGem4w8bY7zwQLmgU3slRTOwA9UPqU4ykkhz92PI5wql1pSIeclKLB7DRyLL0esqbLLuvZvAc3pTNI0cvGRVjAjhPzJyUQI6mo39ZXoSTgIQSMyREzzRiaaeIS4oZyYpWIkiM8BD1SU/REAVE2OnkqgweKsWDfsTVCyWcqL8TKQqEGAWumgyQHIhZbyz+5/US6Z/ZKQ3jRJIQTxf5CYMyguOKoEc5wZKNFEGYU/VXiAdI1SRVkUVVgjl78jxpn1TMWqV2Wy3VL/I6CmAfHIAyMMEpqINL0AQtgMEjeAav4E170l60d+1jOrqg5Zk98Afa5w+RjJ3G</latexit>

⇤CC

M4
Pl

= O(1)

<latexit sha1_base64="ynH0CA053t1qcOjgsA6X8Km0x5g=">AAACHXicbVDLSsNAFJ34rPUVdelmsAhuLEkp1WWxGxcKFewDmjRMppN26EwSZiZCCfkRN/6KGxeKuHAj/o3TNgttPTBwOOce7tzjx4xKZVnfxsrq2vrGZmGruL2zu7dvHhy2ZZQITFo4YpHo+kgSRkPSUlQx0o0FQdxnpOOPG1O/80CEpFF4ryYxcTkahjSgGCkteWbVCQTCqXOjIwPkpY7gsNHIsvR2zpss61cz6EjKoW3103O7YmWeWbLK1gxwmdg5KYEcTc/8dAYRTjgJFWZIyp5txcpNkVAUM5IVnUSSGOExGpKepiHiRLrp7LoMnmplAINI6BcqOFN/J1LEpZxwX09ypEZy0ZuK/3m9RAWXbkrDOFEkxPNFQcKgiuC0KjiggmDFJpogLKj+K8QjpOtSutCiLsFePHmZtCtlu1au3VVL9au8jgI4BifgDNjgAtTBNWiCFsDgETyDV/BmPBkvxrvxMR9dMfLMEfgD4+sH6ZKhJA==</latexit>

⇤CC

M4
Pl

⇠ 10�120

<latexit sha1_base64="G/sVu9czXJYqeUfl/tgDTJe7I0U=">AAACEXicbVC7TsMwFHV4lvIKMLJYVEhdqJKCCmMFSxekItGH1KSR4zqtVTuJbAepivILLPwKCwMIsbKx8Te4bQZoOdKVjs+5V773+DGjUlnWt7Gyura+sVnYKm7v7O7tmweHbRklApMWjlgkuj6ShNGQtBRVjHRjQRD3Gen445up33kgQtIovFeTmLgcDUMaUIyUljyz7AQC4ZR7jX41S2+91BEcNlmmX9CRlEPb6qdn51bmmSWrYs0Al4mdkxLI0fTML2cQ4YSTUGGGpOzZVqzcFAlFMSNZ0UkkiREeoyHpaRoiTqSbzi7K4KlWBjCIhK5QwZn6eyJFXMoJ93UnR2okF72p+J/XS1Rw5aY0jBNFQjz/KEgYVBGcxgMHVBCs2EQThAXVu0I8QjoipUMs6hDsxZOXSbtasWuV2t1FqX6dx1EAx+AElIENLkEdNEATtAAGj+AZvII348l4Md6Nj3nripHPHIE/MD5/ALM7nEk=</latexit>

m2
H

M2
Pl

⇠ 10�30

The perplexing existence of a big universe w/ big things in it.



11

Landscapes

Low-energy dimensionful parameters are not fundamentally calculable by finelly scanned.

<latexit sha1_base64="WEPgmcNiZvtFrESJLS815z+rxMs=">AAAB8HicbVBNSwMxEJ2tX7V+rXr0EixCvZRdFfVY9OKxgv2QdinZNNuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzwoQzbTzv2ymsrK6tbxQ3S1vbO7t77v5BU8epIrRBYh6rdog15UzShmGG03aiKBYhp61wdDv1W09UaRbLBzNOaCDwQLKIEWys9NisdJMh67HTnlv2qt4MaJn4OSlDjnrP/er2Y5IKKg3hWOuO7yUmyLAyjHA6KXVTTRNMRnhAO5ZKLKgOstnBE3RilT6KYmVLGjRTf09kWGg9FqHtFNgM9aI3Ff/zOqmJroOMySQ1VJL5oijlyMRo+j3qM0WJ4WNLMFHM3orIECtMjM2oZEPwF19eJs2zqn9ZPb+/KNdu8jiKcATHUAEfrqAGd1CHBhAQ8Ayv8OYo58V5dz7mrQUnnzmEP3A+fwAE+Y/o</latexit>

V (�i)

<latexit sha1_base64="RSjmMkhOZWzEUV1JZWslT2Z+klo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9lVUY9FLx4r2A9ol5JNs21sNglJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXKc6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqaa0AaRXOp2hA3lTNCGZZbTttIUJxGnrWh0O/VbT1QbJsWDHSsaJnggWMwItk5qdtWQ9YJeueJX/RnQMglyUoEc9V75q9uXJE2osIRjYzqBr2yYYW0Z4XRS6qaGKkxGeEA7jgqcUBNms2sn6MQpfRRL7UpYNFN/T2Q4MWacRK4zwXZoFr2p+J/XSW18HWZMqNRSQeaL4pQjK9H0ddRnmhLLx45gopm7FZEh1phYF1DJhRAsvrxMmmfV4LJ6fn9Rqd3kcRThCI7hFAK4ghrcQR0aQOARnuEV3jzpvXjv3se8teDlM4fwB97nDz3ijus=</latexit>

�1

<latexit sha1_base64="YznWAyen3dZkBpCiYUA+0tSNLSs=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0V9Rj04kkimAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63t7S8srq2Xtgobm5t7+yW9vYbRqWa0DpRXOlWhA3lTNK6ZZbTVqIpFhGnzWh4M/GbT1QbpuSDHSU0FLgvWcwItk5qdJIB6951S2W/4k+BFkmQkzLkqHVLX52eIqmg0hKOjWkHfmLDDGvLCKfjYic1NMFkiPu07ajEgpowm147RsdO6aFYaVfSoqn6eyLDwpiRiFynwHZg5r2J+J/XTm18FWZMJqmlkswWxSlHVqHJ66jHNCWWjxzBRDN3KyIDrDGxLqCiCyGYf3mRNE4rwUXl7P68XL3O4yjAIRzBCQRwCVW4hRrUgcAjPMMrvHnKe/HevY9Z65KXzxzAH3ifP2nWjwg=</latexit>

�N
CC ✘

CC ✔

Arguably the best explanation for the tiny size of the cosmological constant.

Weinberg ’87; Bousso, Polchinski ’00, …

[along w/ selection mechanism of our vacuum among the multiverse of vacua]
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Landscapes
Agrawal et al. ’97

Alternative to standard symmetry approaches: supersymmetry/compositeness.

<latexit sha1_base64="WEPgmcNiZvtFrESJLS815z+rxMs=">AAAB8HicbVBNSwMxEJ2tX7V+rXr0EixCvZRdFfVY9OKxgv2QdinZNNuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzwoQzbTzv2ymsrK6tbxQ3S1vbO7t77v5BU8epIrRBYh6rdog15UzShmGG03aiKBYhp61wdDv1W09UaRbLBzNOaCDwQLKIEWys9NisdJMh67HTnlv2qt4MaJn4OSlDjnrP/er2Y5IKKg3hWOuO7yUmyLAyjHA6KXVTTRNMRnhAO5ZKLKgOstnBE3RilT6KYmVLGjRTf09kWGg9FqHtFNgM9aI3Ff/zOqmJroOMySQ1VJL5oijlyMRo+j3qM0WJ4WNLMFHM3orIECtMjM2oZEPwF19eJs2zqn9ZPb+/KNdu8jiKcATHUAEfrqAGd1CHBhAQ8Ayv8OYo58V5dz7mrQUnnzmEP3A+fwAE+Y/o</latexit>

V (�i)

<latexit sha1_base64="RSjmMkhOZWzEUV1JZWslT2Z+klo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9lVUY9FLx4r2A9ol5JNs21sNglJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXKc6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqaa0AaRXOp2hA3lTNCGZZbTttIUJxGnrWh0O/VbT1QbJsWDHSsaJnggWMwItk5qdtWQ9YJeueJX/RnQMglyUoEc9V75q9uXJE2osIRjYzqBr2yYYW0Z4XRS6qaGKkxGeEA7jgqcUBNms2sn6MQpfRRL7UpYNFN/T2Q4MWacRK4zwXZoFr2p+J/XSW18HWZMqNRSQeaL4pQjK9H0ddRnmhLLx45gopm7FZEh1phYF1DJhRAsvrxMmmfV4LJ6fn9Rqd3kcRThCI7hFAK4ghrcQR0aQOARnuEV3jzpvXjv3se8teDlM4fwB97nDz3ijus=</latexit>

�1

<latexit sha1_base64="YznWAyen3dZkBpCiYUA+0tSNLSs=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0V9Rj04kkimAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63t7S8srq2Xtgobm5t7+yW9vYbRqWa0DpRXOlWhA3lTNK6ZZbTVqIpFhGnzWh4M/GbT1QbpuSDHSU0FLgvWcwItk5qdJIB6951S2W/4k+BFkmQkzLkqHVLX52eIqmg0hKOjWkHfmLDDGvLCKfjYic1NMFkiPu07ajEgpowm147RsdO6aFYaVfSoqn6eyLDwpiRiFynwHZg5r2J+J/XTm18FWZMJqmlkswWxSlHVqHJ66jHNCWWjxzBRDN3KyIDrDGxLqCiCyGYf3mRNE4rwUXl7P68XL3O4yjAIRzBCQRwCVW4hRrUgcAjPMMrvHnKe/HevY9Z65KXzxzAH3ifP2nWjwg=</latexit>

�N

CC ✘
EW ✘

CC ✔
EW ✘

CC ✔
EW ✔

[along w/ selection mechanism of our vacuum among the multiverse of vacua]

Low-energy dimensionful parameters are not fundamentally calculable by finelly scanned.

see e.g. O. Matsedonskyi talk
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Relaxion
Graham, Rajendran, Kaplan ’15

Dynamical selection of small electroweak scale via weakly-coupled light axion-like scalar.Model

�
<latexit sha1_base64="FxEMg/L76rzyknCN09EP/eFzjXQ=">AAAB0HicbU/LSsNAFL1TXzW+qi7dDBbBVUmqoMuiG5dV7APaUCbTSTt0MjNkJmIJRdy6cKt/4rf4NyZtFtp64MLhnHO59wRacGNd9xuV1tY3NrfK287O7t7+QeXwqG1UElPWokqouBsQwwSXrGW5FayrY0aiQLBOMLnN/c4Tiw1X8tFONfMjMpI85JTYXOrrMR9Uqm7NnQOvEq8gVSjQHFS++kNFk4hJSwUxpue52vopiS2ngs2cfmKYJnRCRqyXUUkiZvx0/usMn2XKEIcqzkZaPFd/b6QkMmYaBVkyInZslr1c/M/rJTa89lMudWKZpItDYSKwVTgvjrHjZE295V6rpF2veRe1+v1ltXFTdC7DCZzCOXhwBQ24gya0gMIY3uEDPtEDekYv6HURLaFi5xj+AL39AKUDgl8=</latexit>

<latexit sha1_base64="EmsPXbN6AerznRnkfxoYe8pKJY4=">AAAB03icbU9NS8NAFHxbv2r8qnr0sliEeimJVPRY9OKxgmkLbSib7aZdutldshuhhF7Eqwev+kP8Lf4b0zYHbR14MMzM470JteDGuu43Km1sbm3vlHedvf2Dw6PK8UnbqDShzKdKqKQbEsMEl8y33ArW1QkjcShYJ5zcz/3OM0sMV/LJTjULYjKSPOKU2FzqtGt9PeaXg0rVrbsL4HXiFaQKBVqDyld/qGgaM2mpIMb0PFfbICOJ5VSwmdNPDdOETsiI9XIqScxMkC3eneGLXBniSCX5SIsX6u+NjMTGTOMwT8bEjs2qNxf/83qpjW6DjEudWibp8lCUCmwVnnfH2HHypt5qr3XSvqp713X3sVFt3hWdy3AG51ADD26gCQ/QAh8oTOAdPuAT+ShDL+h1GS2hYucU/gC9/QADgIMk</latexit>

V (�)

<latexit sha1_base64="FcY44s6Y1W+5iewMOstDR4T6i/s="></latexit>

F̃

✓
�

f

◆
=

✓
�

�c
� 1

◆k/2

⇥(�� �c)

<latexit sha1_base64="G51X5qeRxC1dE0pEgcrwlCudxYs="></latexit>

V (�) = �⇤4
roll

✓
�

f

◆
� ⇤̃4

brF̃

✓
�

f

◆
cos

✓
�

f

◆

5

EW ✔

<latexit sha1_base64="PKP/G/k7PwOhGBALkdr6Fd5PpYs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGiQRG1Zrbt2dA60SryA1KNAaVr8Go5ikgkpDONa677mJ8TOsDCOcziqDVNMEkwke076lEguq/Wx+6wydWWWEwljZkgbN1d8TGRZaT0VgOwU2kV72cvE/r5+a8MbPmExSQyVZLApTjkyM8sfRiClKDJ9agoli9lZEIqwwMTaeig3BW355lXQu6t5V/fKhUWveFnGU4QRO4Rw8uIYm3EML2kAggmd4hTdHOC/Ou/OxaC05xcwx/IHz+QMWJI5H</latexit>

�

<latexit sha1_base64="7xDd3XT4WsvemSrPo/FvHwxnRPY=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBHqpeyqqMeiF48V7Ae0S8mm2TY0mw1JVihLf4QXD4p49fd489+YtnvQ1gcDj/dmmJkXKsGN9bxvtLK6tr6xWdgqbu/s7u2XDg6bJkk1ZQ2aiES3Q2KY4JI1LLeCtZVmJA4Fa4Wju6nfemLa8EQ+2rFiQUwGkkecEuukVrPSVUN+1iuVvao3A14mfk7KkKPeK311+wlNYyYtFcSYju8pG2REW04FmxS7qWGK0BEZsI6jksTMBNns3Ak+dUofR4l2JS2eqb8nMhIbM45D1xkTOzSL3lT8z+ukNroJMi5Vapmk80VRKrBN8PR33OeaUSvGjhCqubsV0yHRhFqXUNGF4C++vEya51X/qnrxcFmu3eZxFOAYTqACPlxDDe6hDg2gMIJneIU3pNALekcf89YVlM8cwR+gzx+GfI8M</latexit>

V (�)

<latexit sha1_base64="iHR44CcSkF+50VNpGrIPWX+UFzo="></latexit>

⇤4
B(hhi) & ⇤4

R
<latexit sha1_base64="91XHFQqUOOCR5ll/XXyehlrc3eA="></latexit>

m2
� ' ⇤4

C

f2
�

<latexit sha1_base64="Kq5foJbXAlAL5hvn+uyRIu9ao/Y="></latexit>

⇤4
B(h) ⇠ m2

⇡f
2
⇡

mumd

(mu +md)2
h

v

Non-vanishig Higgs VEV triggers QCD-like* barrier that stops relaxion’s evolution.

* QCD-axion:

<latexit sha1_base64="xvMggpABCjQCbNkKyLmJkGY25yI="></latexit>

V (�) = �⇤4
R

�

f
+ ⇤4

B(h) cos
�

f
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Properties of scalar coupled to conserved charge change in system w/ non-vanishing density.
<latexit sha1_base64="aGS/Tg25o6U8qgLjqVE26ku4dFM=">AAACHHicbVBLSwMxGMzWV62vVY9egkWoB8tuleqx6MWDhwr2Ad21ZNNsG5rNhiQrlKU/xIt/xYsHRbx4EPw3ZtsetHUgYZj5PpKZQDCqtON8W7ml5ZXVtfx6YWNza3vH3t1rqjiRmDRwzGLZDpAijHLS0FQz0haSoChgpBUMrzK/9UCkojG/0yNB/Aj1OQ0pRtpIXfvUi5AeYMTSmzH0VCIU0dATA3pfgV6ApOGKTq8T2CxlznHXLjplZwK4SNwZKYIZ6l370+vFOIkI15ghpTquI7SfIqkpZmRc8BJFBMJD1CcdQzmKiPLTSbgxPDJKD4axNIdrOFF/b6QoUmoUBWYyi6LmvUz8z+skOrzwU8pFognH04fChEEdw6wp2KOSYM1GhiAsqfkrxAMkEdamz4IpwZ2PvEialbJbLVdvz4q1y1kdeXAADkEJuOAc1MA1qIMGwOARPINX8GY9WS/Wu/UxHc1Zs5198AfW1w/VL6CN</latexit>

L � �2 ̄ � V (�)

<latexit sha1_base64="+ggMTnE4kbP/JfAojB5yDAyTLiY=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9lVUY9FLx4rWFtol5JNs21okg1JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvUpwZ6/vfXmlldW19o7xZ2dre2d2r7h88miTVhLZIwhPdibChnEnassxy2lGaYhFx2o7Gt7nffqLasEQ+2ImiocBDyWJGsM2lnjKsX635dX8GtEyCgtSgQLNf/eoNEpIKKi3h2Jhu4CsbZlhbRjidVnqpoQqTMR7SrqMSC2rCbHbrFJ04ZYDiRLuSFs3U3xMZFsZMROQ6BbYjs+jl4n9eN7XxdZgxqVJLJZkvilOObILyx9GAaUosnziCiWbuVkRGWGNiXTwVF0Kw+PIyeTyrB5f18/uLWuOmiKMMR3AMpxDAFTTgDprQAgIjeIZXePOE9+K9ex/z1pJXzBzCH3ifPybbjlI=</latexit>

 

<latexit sha1_base64="4ENw7Zzl/vpFqQ10fTJ1797EPJA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL+IponlAsobZSScZMju7zMwKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmMrqd+8wmV5pF8MOMY/ZAOJO9zRo2V7m8f3W6x5JbdGcgy8TJSggy1bvGr04tYEqI0TFCt254bGz+lynAmcFLoJBpjykZ0gG1LJQ1R++ns1Ak5sUqP9CNlSxoyU39PpDTUehwGtjOkZqgXvan4n9dOTP/ST7mME4OSzRf1E0FMRKZ/kx5XyIwYW0KZ4vZWwoZUUWZsOgUbgrf48jJpnJW9Srlyd16qXmVx5OEIjuEUPLiAKtxADerAYADP8ApvjnBenHfnY96ac7KZQ/gD5/MHxhaNew==</latexit>

J0

<latexit sha1_base64="EMWnmYVe0tBXsmZo1EZX7Igibvc=">AAACJ3icbVDLSgMxFM34rPU16tJNsAiuyoxIdaMU3YirCvYBnbFk0jttaCYzJhmhlP6NG3/FjaAiuvRPTNtBtPVAwuGcc0nuCRLOlHacT2tufmFxaTm3kl9dW9/YtLe2aypOJYUqjXksGwFRwJmAqmaaQyORQKKAQz3oXYz8+j1IxWJxo/sJ+BHpCBYySrSRWvaZwKfY40R0OOCrWwd7csI9xSK4+7G8gEjsJYplV5Zq2QWn6IyBZ4mbkQLKUGnZL147pmkEQlNOlGq6TqL9AZGaUQ7DvJcqSAjtkQ40DRUkAuUPxnsO8b5R2jiMpTlC47H6e2JAIqX6UWCSEdFdNe2NxP+8ZqrDE3/ARJJqEHTyUJhyrGM8Kg23mQSqed8QQiUzf8W0SySh2lSbNyW40yvPktph0S0VS9dHhfJ5VkcO7aI9dIBcdIzK6BJVUBVR9ICe0Ct6sx6tZ+vd+phE56xsZgf9gfX1Da7NpKk=</latexit>

n = hJ0i ' h ̄ i
<latexit sha1_base64="TDZ5kXVcRihTN/44IH5FtXDuleA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfFwXWvdFnGU4QzO4RI8aEIL7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEXGo5K</latexit>

�

<latexit sha1_base64="TDZ5kXVcRihTN/44IH5FtXDuleA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfFwXWvdFnGU4QzO4RI8aEIL7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEXGo5K</latexit>

�

<latexit sha1_base64="1Svu+eu8NL8V0+GMkZjjoLgbsJY=">AAACAnicbZDLSgMxFIbP1Futt1FX4iZYhLopM0WqG6GoC5cV7AU6tWTSTBuayQxJRiiluPFV3LhQxK1P4c63MdN2oa0/BD7+cw4n5/djzpR2nG8rs7S8srqWXc9tbG5t79i7e3UVJZLQGol4JJs+VpQzQWuaaU6bsaQ49Dlt+IOrtN54oFKxSNzpYUzbIe4JFjCCtbE69oF3TbnGqF7w4j47QRdIoJTuSx077xSdidAiuDPIw0zVjv3ldSOShFRowrFSLdeJdXuEpWaE03HOSxSNMRngHm0ZFDikqj2anDBGx8bpoiCS5gmNJu7viREOlRqGvukMse6r+Vpq/ldrJTo4b4+YiBNNBZkuChKOdITSPFCXSUo0HxrARDLzV0T6WGKiTWo5E4I7f/Ii1EtFt1ws357mK5ezOLJwCEdQABfOoAI3UIUaEHiEZ3iFN+vJerHerY9pa8aazezDH1mfP3hrlZI=</latexit>

�V (�) = n�2

NR



Finite Density Effects

15

Properties of scalar coupled to conserved charge change in system w/ non-vanishing density.
<latexit sha1_base64="aGS/Tg25o6U8qgLjqVE26ku4dFM=">AAACHHicbVBLSwMxGMzWV62vVY9egkWoB8tuleqx6MWDhwr2Ad21ZNNsG5rNhiQrlKU/xIt/xYsHRbx4EPw3ZtsetHUgYZj5PpKZQDCqtON8W7ml5ZXVtfx6YWNza3vH3t1rqjiRmDRwzGLZDpAijHLS0FQz0haSoChgpBUMrzK/9UCkojG/0yNB/Aj1OQ0pRtpIXfvUi5AeYMTSmzH0VCIU0dATA3pfgV6ApOGKTq8T2CxlznHXLjplZwK4SNwZKYIZ6l370+vFOIkI15ghpTquI7SfIqkpZmRc8BJFBMJD1CcdQzmKiPLTSbgxPDJKD4axNIdrOFF/b6QoUmoUBWYyi6LmvUz8z+skOrzwU8pFognH04fChEEdw6wp2KOSYM1GhiAsqfkrxAMkEdamz4IpwZ2PvEialbJbLVdvz4q1y1kdeXAADkEJuOAc1MA1qIMGwOARPINX8GY9WS/Wu/UxHc1Zs5198AfW1w/VL6CN</latexit>

L � �2 ̄ � V (�)

<latexit sha1_base64="+ggMTnE4kbP/JfAojB5yDAyTLiY=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9lVUY9FLx4rWFtol5JNs21okg1JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvUpwZ6/vfXmlldW19o7xZ2dre2d2r7h88miTVhLZIwhPdibChnEnassxy2lGaYhFx2o7Gt7nffqLasEQ+2ImiocBDyWJGsM2lnjKsX635dX8GtEyCgtSgQLNf/eoNEpIKKi3h2Jhu4CsbZlhbRjidVnqpoQqTMR7SrqMSC2rCbHbrFJ04ZYDiRLuSFs3U3xMZFsZMROQ6BbYjs+jl4n9eN7XxdZgxqVJLJZkvilOObILyx9GAaUosnziCiWbuVkRGWGNiXTwVF0Kw+PIyeTyrB5f18/uLWuOmiKMMR3AMpxDAFTTgDprQAgIjeIZXePOE9+K9ex/z1pJXzBzCH3ifPybbjlI=</latexit>

 

<latexit sha1_base64="4ENw7Zzl/vpFqQ10fTJ1797EPJA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL+IponlAsobZSScZMju7zMwKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmMrqd+8wmV5pF8MOMY/ZAOJO9zRo2V7m8f3W6x5JbdGcgy8TJSggy1bvGr04tYEqI0TFCt254bGz+lynAmcFLoJBpjykZ0gG1LJQ1R++ns1Ak5sUqP9CNlSxoyU39PpDTUehwGtjOkZqgXvan4n9dOTP/ST7mME4OSzRf1E0FMRKZ/kx5XyIwYW0KZ4vZWwoZUUWZsOgUbgrf48jJpnJW9Srlyd16qXmVx5OEIjuEUPLiAKtxADerAYADP8ApvjnBenHfnY96ac7KZQ/gD5/MHxhaNew==</latexit>

J0

<latexit sha1_base64="EMWnmYVe0tBXsmZo1EZX7Igibvc=">AAACJ3icbVDLSgMxFM34rPU16tJNsAiuyoxIdaMU3YirCvYBnbFk0jttaCYzJhmhlP6NG3/FjaAiuvRPTNtBtPVAwuGcc0nuCRLOlHacT2tufmFxaTm3kl9dW9/YtLe2aypOJYUqjXksGwFRwJmAqmaaQyORQKKAQz3oXYz8+j1IxWJxo/sJ+BHpCBYySrSRWvaZwKfY40R0OOCrWwd7csI9xSK4+7G8gEjsJYplV5Zq2QWn6IyBZ4mbkQLKUGnZL147pmkEQlNOlGq6TqL9AZGaUQ7DvJcqSAjtkQ40DRUkAuUPxnsO8b5R2jiMpTlC47H6e2JAIqX6UWCSEdFdNe2NxP+8ZqrDE3/ARJJqEHTyUJhyrGM8Kg23mQSqed8QQiUzf8W0SySh2lSbNyW40yvPktph0S0VS9dHhfJ5VkcO7aI9dIBcdIzK6BJVUBVR9ICe0Ct6sx6tZ+vd+phE56xsZgf9gfX1Da7NpKk=</latexit>

n = hJ0i ' h ̄ i
<latexit sha1_base64="TDZ5kXVcRihTN/44IH5FtXDuleA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfFwXWvdFnGU4QzO4RI8aEIL7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEXGo5K</latexit>

�

<latexit sha1_base64="TDZ5kXVcRihTN/44IH5FtXDuleA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfFwXWvdFnGU4QzO4RI8aEIL7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEXGo5K</latexit>

�

<latexit sha1_base64="1Svu+eu8NL8V0+GMkZjjoLgbsJY=">AAACAnicbZDLSgMxFIbP1Futt1FX4iZYhLopM0WqG6GoC5cV7AU6tWTSTBuayQxJRiiluPFV3LhQxK1P4c63MdN2oa0/BD7+cw4n5/djzpR2nG8rs7S8srqWXc9tbG5t79i7e3UVJZLQGol4JJs+VpQzQWuaaU6bsaQ49Dlt+IOrtN54oFKxSNzpYUzbIe4JFjCCtbE69oF3TbnGqF7w4j47QRdIoJTuSx077xSdidAiuDPIw0zVjv3ldSOShFRowrFSLdeJdXuEpWaE03HOSxSNMRngHm0ZFDikqj2anDBGx8bpoiCS5gmNJu7viREOlRqGvukMse6r+Vpq/ldrJTo4b4+YiBNNBZkuChKOdITSPFCXSUo0HxrARDLzV0T6WGKiTWo5E4I7f/Ii1EtFt1ws357mK5ezOLJwCEdQABfOoAI3UIUaEHiEZ3iFN+vJerHerY9pa8aazezDH1mfP3hrlZI=</latexit>

�V (�) = n�2

<latexit sha1_base64="2Eyc97OAIyLKs6xn2QMaBmgS22M="></latexit>

n = 2

Z kF d3k

(2⇡)3
=

k3F
3⇡2

Free Fermi gas:
<latexit sha1_base64="s4NxILPTh/QQGgzTofwMvJNRKX0=">AAACGXicbVDLSgMxFM34rPVVdekmWAQLWmaKVDdCURCXCvYBnXHIpKkNTWbG5I5Qhv6GG3/FjQtFXOrKvzHTdqHVA4GTc84luSeIBddg21/WzOzc/MJibim/vLK6tl7Y2GzoKFGU1WkkItUKiGaCh6wOHARrxYoRGQjWDPpnmd+8Z0rzKLyGQcw8SW5D3uWUgJH8gt33z/dcmZTwCXb1nYLUXG4q+ADLm8oQu/vYve4xIFkmE0t+oWiX7RHwX+JMSBFNcOkXPtxORBPJQqCCaN127Bi8lCjgVLBh3k00iwntk1vWNjQkkmkvHW02xLtG6eBupMwJAY/UnxMpkVoPZGCSkkBPT3uZ+J/XTqB77KU8jBNgIR0/1E0EhghnNeEOV4yCGBhCqOLmr5j2iCIUTJl5U4IzvfJf0qiUnWq5enVYrJ1O6sihbbSD9pCDjlANXaBLVEcUPaAn9IJerUfr2Xqz3sfRGWsys4V+wfr8BpTnnYs=</latexit>

kF (µ) =
p

µ2 �m2 ⇥(µ�m)

Formally, fermion loops evaluated w/ finite density (T = 0) propagator:
<latexit sha1_base64="IWxbulVEIrsQFq4vKJgmMdEwvLU="></latexit>

iG(p) = (/p+m)


i

p2 �m2 + i✏
� 2⇡�(p2 �m2)⇥(p0)⇥(kF � |~p|)

�

vacuum medium (Fermi sea)

NR
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<latexit sha1_base64="aGS/Tg25o6U8qgLjqVE26ku4dFM=">AAACHHicbVBLSwMxGMzWV62vVY9egkWoB8tuleqx6MWDhwr2Ad21ZNNsG5rNhiQrlKU/xIt/xYsHRbx4EPw3ZtsetHUgYZj5PpKZQDCqtON8W7ml5ZXVtfx6YWNza3vH3t1rqjiRmDRwzGLZDpAijHLS0FQz0haSoChgpBUMrzK/9UCkojG/0yNB/Aj1OQ0pRtpIXfvUi5AeYMTSmzH0VCIU0dATA3pfgV6ApOGKTq8T2CxlznHXLjplZwK4SNwZKYIZ6l370+vFOIkI15ghpTquI7SfIqkpZmRc8BJFBMJD1CcdQzmKiPLTSbgxPDJKD4axNIdrOFF/b6QoUmoUBWYyi6LmvUz8z+skOrzwU8pFognH04fChEEdw6wp2KOSYM1GhiAsqfkrxAMkEdamz4IpwZ2PvEialbJbLVdvz4q1y1kdeXAADkEJuOAc1MA1qIMGwOARPINX8GY9WS/Wu/UxHc1Zs5198AfW1w/VL6CN</latexit>

L � �2 ̄ � V (�)

<latexit sha1_base64="Pnhb4/SuctJ6vLOV63gaJQkv3+k=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9kVqR6LXjxWsB/QLiWbZtvQbBKSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpuGZlqQptEcqk7ETaUM0GblllOO0pTnESctqPx3cxvP1FtmBSPdqJomOChYDEj2Dqp3ar01Ihd9Etlv+rPgVZJkJMy5Gj0S1+9gSRpQoUlHBvTDXxlwwxrywin02IvNVRhMsZD2nVU4ISaMJufO0XnThmgWGpXwqK5+nsiw4kxkyRynQm2I7PszcT/vG5q45swY0KllgqyWBSnHFmJZr+jAdOUWD5xBBPN3K2IjLDGxLqEii6EYPnlVdK6rAa1au3hqly/zeMowCmcQQUCuIY63EMDmkBgDM/wCm+e8l68d+9j0brm5TMn8Afe5w+Hco8P</latexit>

V (�)
<latexit sha1_base64="NfOKsvSLojGcKSBvwMcgrsRav/w=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4NFqAglKVJdFt24rGAv0MYymU7aoZNJmJmIpfRV3LhQxK0v4s63cdJmoa0/DHz85xzOmd+POVPacb6t3Nr6xuZWfruws7u3f2AfFlsqSiShTRLxSHZ8rChngjY105x2Yklx6HPa9sc3ab39SKVikbjXk5h6IR4KFjCCtbH6drFV7sUjdobOkUApPVT7dsmpOHOhVXAzKEGmRt/+6g0ikoRUaMKxUl3XibU3xVIzwums0EsUjTEZ4yHtGhQ4pMqbzm+foVPjDFAQSfOERnP398QUh0pNQt90hliP1HItNf+rdRMdXHlTJuJEU0EWi4KEIx2hNAg0YJISzScGMJHM3IrICEtMtImrYEJwl7+8Cq1qxa1VancXpfp1FkcejuEEyuDCJdThFhrQBAJP8Ayv8GbNrBfr3fpYtOasbOYI/sj6/AGCqJLU</latexit>

V (�) + n�2

Vacuum Medium

<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 <latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 

<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 
<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 
<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 
<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 
<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 
<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 <latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 <latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 <latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 <latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 

<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 
<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 
<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 

<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>
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Properties of scalar coupled to conserved charge change in system w/ non-vanishing density.
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Finite Density Effects
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<latexit sha1_base64="+ggMTnE4kbP/JfAojB5yDAyTLiY=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9lVUY9FLx4rWFtol5JNs21okg1JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvUpwZ6/vfXmlldW19o7xZ2dre2d2r7h88miTVhLZIwhPdibChnEnassxy2lGaYhFx2o7Gt7nffqLasEQ+2ImiocBDyWJGsM2lnjKsX635dX8GtEyCgtSgQLNf/eoNEpIKKi3h2Jhu4CsbZlhbRjidVnqpoQqTMR7SrqMSC2rCbHbrFJ04ZYDiRLuSFs3U3xMZFsZMROQ6BbYjs+jl4n9eN7XxdZgxqVJLJZkvilOObILyx9GAaUosnziCiWbuVkRGWGNiXTwVF0Kw+PIyeTyrB5f18/uLWuOmiKMMR3AMpxDAFTTgDprQAgIjeIZXePOE9+K9ex/z1pJXzBzCH3ifPybbjlI=</latexit>

 

Properties of system coupled to scalar change if scalarization take place.
<latexit sha1_base64="MMASkN4uLPe+kAbf8GrtT4pwOHI=">AAACJXicbVBLSwMxGMzWV62vVY9egkXwYtktUj14KHrx4KGCfUB3Ldk024ZmsyHJCmXpn/HiX/HiwSKCJ/+K2XYP2jqQMMx8H8lMIBhV2nG+rMLK6tr6RnGztLW9s7tn7x+0VJxITJo4ZrHsBEgRRjlpaqoZ6QhJUBQw0g5GN5nffiJS0Zg/6LEgfoQGnIYUI22knn3lRUgPMWLp3QR6KhGKaOiJIX2sQi9A0nBF59cZjBaknl12Ks4McJm4OSmDHI2ePfX6MU4iwjVmSKmu6wjtp0hqihmZlLxEEYHwCA1I11COIqL8dJZyAk+M0odhLM3hGs7U3xspipQaR4GZzDKpRS8T//O6iQ4v/ZRykWjC8fyhMGFQxzCrDPapJFizsSEIS2r+CvEQSYS1KbZkSnAXIy+TVrXi1iq1+/Ny/TqvowiOwDE4BS64AHVwCxqgCTB4Bq/gHUytF+vN+rA+56MFK985BH9gff8AAWqkUQ==</latexit>

L � �2 ̄ �m ̄ 

<latexit sha1_base64="+ggMTnE4kbP/JfAojB5yDAyTLiY=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9lVUY9FLx4rWFtol5JNs21okg1JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvUpwZ6/vfXmlldW19o7xZ2dre2d2r7h88miTVhLZIwhPdibChnEnassxy2lGaYhFx2o7Gt7nffqLasEQ+2ImiocBDyWJGsM2lnjKsX635dX8GtEyCgtSgQLNf/eoNEpIKKi3h2Jhu4CsbZlhbRjidVnqpoQqTMR7SrqMSC2rCbHbrFJ04ZYDiRLuSFs3U3xMZFsZMROQ6BbYjs+jl4n9eN7XxdZgxqVJLJZkvilOObILyx9GAaUosnziCiWbuVkRGWGNiXTwVF0Kw+PIyeTyrB5f18/uLWuOmiKMMR3AMpxDAFTTgDprQAgIjeIZXePOE9+K9ex/z1pJXzBzCH3ifPybbjlI=</latexit>

 
<latexit sha1_base64="joGVlCNotIBDj+2gWt9Dc6AHTLU=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyURqS6LblxWsA9oQplMJ+3QySTMTIQair/ixoUibv0Pd/6N0zQLbT1w4cw59zL3niDhTGnH+bZKK6tr6xvlzcrW9s7unr1/0FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML6Z+Z0HKhWLxb2eJNSP8FCwkBGsjdS3jzyOxZBT5CUjhjyZP/p21ak5OdAycQtShQLNvv3lDWKSRlRowrFSPddJtJ9hqRnhdFrxUkUTTMZ4SHuGChxR5Wf59lN0apQBCmNpSmiUq78nMhwpNYkC0xlhPVKL3kz8z+ulOrzyMyaSVFNB5h+FKUc6RrMo0IBJSjSfGIKJZGZXREZYYqJNYBUTgrt48jJpn9fceq1+d1FtXBdxlOEYTuAMXLiEBtxCE1pA4BGe4RXerCfrxXq3PuatJauYOYQ/sD5/ABG/lP8=</latexit>

h�i

<latexit sha1_base64="qsxYvdG2Tzw5HxdJQxWAar530N8=">AAACBHicbVA9SwNBEJ3zM8avU8s0i0GwCnci0TJoYxnBfEAuhL3NJFmyt3fu7gkhpLDxr9hYKGLrj7Dz37hJrtDEBwNv35thZ16YCK6N5307K6tr6xubua389s7u3r57cFjXcaoY1lgsYtUMqUbBJdYMNwKbiUIahQIb4fB66jceUGkeyzszSrAd0b7kPc6osVLHLQSCyr5AEiQDTgKVPSTeE6/jFr2SNwNZJn5GipCh2nG/gm7M0gilYYJq3fK9xLTHVBnOBE7yQaoxoWxI+9iyVNIIdXs8O2JCTqzSJb1Y2ZKGzNTfE2MaaT2KQtsZUTPQi95U/M9rpaZ32R5zmaQGJZt/1EsFMTGZJkK6XCEzYmQJZYrbXQkbUEWZsbnlbQj+4snLpH5W8sul8u15sXKVxZGDAhzDKfhwARW4gSrUgMEjPMMrvDlPzovz7nzMW1ecbOYI/sD5/AFxgJdV</latexit>

h�i 6= 0
<latexit sha1_base64="1wHa5K/OvuKQS/eiRRU5QR5rHMU=">AAACEHicbVC7SgNBFJ2Nrxhfq5Y2g0GMTdgNEm2EoBaWEcwDsmuYndwkQ2Znl5lZISz5BBt/xcZCEVtLO//GyaPQxAMD555zL3fuCWLOlHacbyuztLyyupZdz21sbm3v2Lt7dRUlkkKNRjySzYAo4ExATTPNoRlLIGHAoREMrsZ+4wGkYpG408MY/JD0BOsySrSR2vaxdw1cExwWvLjPTvAF9jgRPQ54XGNPTor7UtvOO0VnArxI3BnJoxmqbfvL60Q0CUFoyolSLdeJtZ8SqRnlMMp5iYKY0AHpQctQQUJQfjo5aISPjNLB3UiaJzSeqL8nUhIqNQwD0xkS3Vfz3lj8z2slunvup0zEiQZBp4u6Ccc6wuN0cIdJoJoPDSFUMvNXTPtEEqpNhjkTgjt/8iKpl4puuVi+Pc1XLmdxZNEBOkQF5KIzVEE3qIpqiKJH9Ixe0Zv1ZL1Y79bHtDVjzWb20R9Ynz9TNpuL</latexit>

�m(�) = h�i2

Scalar-dependent grand-canonical potential:
<latexit sha1_base64="I4tbFIhNml8gaZsyVW263J4H2fM=">AAACAnicbZDLSsNAFIZP6q3WW9SVuBksQgUpiUh1IxTduLOCvUATymQ6bYfOJGFmIpRQ3Pgqblwo4tancOfbOG2z0OoPAx//OYcz5w9izpR2nC8rt7C4tLySXy2srW9sbtnbOw0VJZLQOol4JFsBVpSzkNY105y2YkmxCDhtBsOrSb15T6ViUXinRzH1Be6HrMcI1sbq2HvejaB9jC7QDEqeSI69eMCOOnbRKTtTob/gZlCETLWO/el1I5IIGmrCsVJt14m1n2KpGeF0XPASRWNMhrhP2wZDLKjy0+kJY3RonC7qRdK8UKOp+3MixUKpkQhMp8B6oOZrE/O/WjvRvXM/ZWGcaBqS2aJewpGO0CQP1GWSEs1HBjCRzPwVkQGWmGiTWsGE4M6f/BcaJ2W3Uq7cnharl1kcediHAyiBC2dQhWuoQR0IPMATvMCr9Wg9W2/W+6w1Z2Uzu/BL1sc3OU2WDw==</latexit>

⌦ = ⌦(µ,�)

<latexit sha1_base64="6X59H9GDwDg03kIh6uYjWaBUtig=">AAACJ3icbVBNS8NAEN3Ur1q/qh69LBbBU0lEqhel6MWbFWwVmlI220m7uJuE3YlQYv6NF/+KF0FF9Og/cVt7UOuDgcd7M8zMCxIpDLruh1OYmZ2bXygulpaWV1bXyusbLROnmkOTxzLW1wEzIEUETRQo4TrRwFQg4Sq4OR35V7egjYijSxwm0FGsH4lQcIZW6paPfQkhVqkfasYzP2EaBZPUP1fQZ/kPIRmInPpa9Ad41818leb0iLrdcsWtumPQaeJNSIVM0OiWn/1ezFMFEXLJjGl7boKdbLSFS8hLfmogYfyG9aFtacQUmE42/jOnO1bp0TDWtiKkY/XnRMaUMUMV2E7FcGD+eiPxP6+dYnjYyUSUpAgR/14UppJiTEeh0Z7QwFEOLWFcC3sr5QNmE0MbbcmG4P19eZq09qperVq72K/UTyZxFMkW2Sa7xCMHpE7OSIM0CSf35JG8kFfnwXly3pz379aCM5nZJL/gfH4Bp2umaw==</latexit>

@⌦

@�

����
µ

= 0

<latexit sha1_base64="50Va8OAHRUQImpMGMM/DQ7oqXd0=">AAACJ3icbVDLSgMxFM3UV62vqks3wSK4KjMi1Y1SdOPOCrYKnVIy6Z02mMwMyR2hjPM3bvwVN4KK6NI/Ma1dqPVA4HDOfeSeIJHCoOt+OIWZ2bn5heJiaWl5ZXWtvL7RMnGqOTR5LGN9HTADUkTQRIESrhMNTAUSroKb05F/dQvaiDi6xGECHcX6kQgFZ2ilbvnYlxBilfqhZjzzE6ZRMEn9cwV9lv8QVJpTX4v+AO+6Vh6InB5RO6DiVt0x6DTxJqRCJmh0y89+L+apggi5ZMa0PTfBTjbawiXkJT81kDB+w/rQtjRiCkwnG9+Z0x2r9GgYa/sipGP1Z0fGlDFDFdhKxXBg/noj8T+vnWJ42MlElKQIEf9eFKaSYkxHodGe0MBRDi1hXAv7V8oHzCaGNtqSDcH7e/I0ae1VvVq1drFfqZ9M4iiSLbJNdolHDkidnJEGaRJO7skjeSGvzoPz5Lw579+lBWfSs0l+wfn8AgXrpqk=</latexit>

@⌦

@µ

����
�

= n

Finite Density Effects



<latexit sha1_base64="joGVlCNotIBDj+2gWt9Dc6AHTLU=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyURqS6LblxWsA9oQplMJ+3QySTMTIQair/ixoUibv0Pd/6N0zQLbT1w4cw59zL3niDhTGnH+bZKK6tr6xvlzcrW9s7unr1/0FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML6Z+Z0HKhWLxb2eJNSP8FCwkBGsjdS3jzyOxZBT5CUjhjyZP/p21ak5OdAycQtShQLNvv3lDWKSRlRowrFSPddJtJ9hqRnhdFrxUkUTTMZ4SHuGChxR5Wf59lN0apQBCmNpSmiUq78nMhwpNYkC0xlhPVKL3kz8z+ulOrzyMyaSVFNB5h+FKUc6RrMo0IBJSjSfGIKJZGZXREZYYqJNYBUTgrt48jJpn9fceq1+d1FtXBdxlOEYTuAMXLiEBtxCE1pA4BGe4RXerCfrxXq3PuatJauYOYQ/sD5/ABG/lP8=</latexit>

h�i

17

<latexit sha1_base64="+ggMTnE4kbP/JfAojB5yDAyTLiY=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9lVUY9FLx4rWFtol5JNs21okg1JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvUpwZ6/vfXmlldW19o7xZ2dre2d2r7h88miTVhLZIwhPdibChnEnassxy2lGaYhFx2o7Gt7nffqLasEQ+2ImiocBDyWJGsM2lnjKsX635dX8GtEyCgtSgQLNf/eoNEpIKKi3h2Jhu4CsbZlhbRjidVnqpoQqTMR7SrqMSC2rCbHbrFJ04ZYDiRLuSFs3U3xMZFsZMROQ6BbYjs+jl4n9eN7XxdZgxqVJLJZkvilOObILyx9GAaUosnziCiWbuVkRGWGNiXTwVF0Kw+PIyeTyrB5f18/uLWuOmiKMMR3AMpxDAFTTgDprQAgIjeIZXePOE9+K9ex/z1pJXzBzCH3ifPybbjlI=</latexit>

 

Properties of system coupled to scalar change if scalarization take place.
<latexit sha1_base64="MMASkN4uLPe+kAbf8GrtT4pwOHI=">AAACJXicbVBLSwMxGMzWV62vVY9egkXwYtktUj14KHrx4KGCfUB3Ldk024ZmsyHJCmXpn/HiX/HiwSKCJ/+K2XYP2jqQMMx8H8lMIBhV2nG+rMLK6tr6RnGztLW9s7tn7x+0VJxITJo4ZrHsBEgRRjlpaqoZ6QhJUBQw0g5GN5nffiJS0Zg/6LEgfoQGnIYUI22knn3lRUgPMWLp3QR6KhGKaOiJIX2sQi9A0nBF59cZjBaknl12Ks4McJm4OSmDHI2ePfX6MU4iwjVmSKmu6wjtp0hqihmZlLxEEYHwCA1I11COIqL8dJZyAk+M0odhLM3hGs7U3xspipQaR4GZzDKpRS8T//O6iQ4v/ZRykWjC8fyhMGFQxzCrDPapJFizsSEIS2r+CvEQSYS1KbZkSnAXIy+TVrXi1iq1+/Ny/TqvowiOwDE4BS64AHVwCxqgCTB4Bq/gHUytF+vN+rA+56MFK985BH9gff8AAWqkUQ==</latexit>

L � �2 ̄ �m ̄ 

<latexit sha1_base64="+ggMTnE4kbP/JfAojB5yDAyTLiY=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9lVUY9FLx4rWFtol5JNs21okg1JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvUpwZ6/vfXmlldW19o7xZ2dre2d2r7h88miTVhLZIwhPdibChnEnassxy2lGaYhFx2o7Gt7nffqLasEQ+2ImiocBDyWJGsM2lnjKsX635dX8GtEyCgtSgQLNf/eoNEpIKKi3h2Jhu4CsbZlhbRjidVnqpoQqTMR7SrqMSC2rCbHbrFJ04ZYDiRLuSFs3U3xMZFsZMROQ6BbYjs+jl4n9eN7XxdZgxqVJLJZkvilOObILyx9GAaUosnziCiWbuVkRGWGNiXTwVF0Kw+PIyeTyrB5f18/uLWuOmiKMMR3AMpxDAFTTgDprQAgIjeIZXePOE9+K9ex/z1pJXzBzCH3ifPybbjlI=</latexit>

 
<latexit sha1_base64="joGVlCNotIBDj+2gWt9Dc6AHTLU=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyURqS6LblxWsA9oQplMJ+3QySTMTIQair/ixoUibv0Pd/6N0zQLbT1w4cw59zL3niDhTGnH+bZKK6tr6xvlzcrW9s7unr1/0FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML6Z+Z0HKhWLxb2eJNSP8FCwkBGsjdS3jzyOxZBT5CUjhjyZP/p21ak5OdAycQtShQLNvv3lDWKSRlRowrFSPddJtJ9hqRnhdFrxUkUTTMZ4SHuGChxR5Wf59lN0apQBCmNpSmiUq78nMhwpNYkC0xlhPVKL3kz8z+ulOrzyMyaSVFNB5h+FKUc6RrMo0IBJSjSfGIKJZGZXREZYYqJNYBUTgrt48jJpn9fceq1+d1FtXBdxlOEYTuAMXLiEBtxCE1pA4BGe4RXerCfrxXq3PuatJauYOYQ/sD5/ABG/lP8=</latexit>

h�i

<latexit sha1_base64="qsxYvdG2Tzw5HxdJQxWAar530N8=">AAACBHicbVA9SwNBEJ3zM8avU8s0i0GwCnci0TJoYxnBfEAuhL3NJFmyt3fu7gkhpLDxr9hYKGLrj7Dz37hJrtDEBwNv35thZ16YCK6N5307K6tr6xubua389s7u3r57cFjXcaoY1lgsYtUMqUbBJdYMNwKbiUIahQIb4fB66jceUGkeyzszSrAd0b7kPc6osVLHLQSCyr5AEiQDTgKVPSTeE6/jFr2SNwNZJn5GipCh2nG/gm7M0gilYYJq3fK9xLTHVBnOBE7yQaoxoWxI+9iyVNIIdXs8O2JCTqzSJb1Y2ZKGzNTfE2MaaT2KQtsZUTPQi95U/M9rpaZ32R5zmaQGJZt/1EsFMTGZJkK6XCEzYmQJZYrbXQkbUEWZsbnlbQj+4snLpH5W8sul8u15sXKVxZGDAhzDKfhwARW4gSrUgMEjPMMrvDlPzovz7nzMW1ecbOYI/sD5/AFxgJdV</latexit>

h�i 6= 0
<latexit sha1_base64="1wHa5K/OvuKQS/eiRRU5QR5rHMU=">AAACEHicbVC7SgNBFJ2Nrxhfq5Y2g0GMTdgNEm2EoBaWEcwDsmuYndwkQ2Znl5lZISz5BBt/xcZCEVtLO//GyaPQxAMD555zL3fuCWLOlHacbyuztLyyupZdz21sbm3v2Lt7dRUlkkKNRjySzYAo4ExATTPNoRlLIGHAoREMrsZ+4wGkYpG408MY/JD0BOsySrSR2vaxdw1cExwWvLjPTvAF9jgRPQ54XGNPTor7UtvOO0VnArxI3BnJoxmqbfvL60Q0CUFoyolSLdeJtZ8SqRnlMMp5iYKY0AHpQctQQUJQfjo5aISPjNLB3UiaJzSeqL8nUhIqNQwD0xkS3Vfz3lj8z2slunvup0zEiQZBp4u6Ccc6wuN0cIdJoJoPDSFUMvNXTPtEEqpNhjkTgjt/8iKpl4puuVi+Pc1XLmdxZNEBOkQF5KIzVEE3qIpqiKJH9Ixe0Zv1ZL1Y79bHtDVjzWb20R9Ynz9TNpuL</latexit>

�m(�) = h�i2

Scalar-dependent grand-canonical potential:
<latexit sha1_base64="I4tbFIhNml8gaZsyVW263J4H2fM=">AAACAnicbZDLSsNAFIZP6q3WW9SVuBksQgUpiUh1IxTduLOCvUATymQ6bYfOJGFmIpRQ3Pgqblwo4tancOfbOG2z0OoPAx//OYcz5w9izpR2nC8rt7C4tLySXy2srW9sbtnbOw0VJZLQOol4JFsBVpSzkNY105y2YkmxCDhtBsOrSb15T6ViUXinRzH1Be6HrMcI1sbq2HvejaB9jC7QDEqeSI69eMCOOnbRKTtTob/gZlCETLWO/el1I5IIGmrCsVJt14m1n2KpGeF0XPASRWNMhrhP2wZDLKjy0+kJY3RonC7qRdK8UKOp+3MixUKpkQhMp8B6oOZrE/O/WjvRvXM/ZWGcaBqS2aJewpGO0CQP1GWSEs1HBjCRzPwVkQGWmGiTWsGE4M6f/BcaJ2W3Uq7cnharl1kcediHAyiBC2dQhWuoQR0IPMATvMCr9Wg9W2/W+6w1Z2Uzu/BL1sc3OU2WDw==</latexit>

⌦ = ⌦(µ,�)

<latexit sha1_base64="6X59H9GDwDg03kIh6uYjWaBUtig=">AAACJ3icbVBNS8NAEN3Ur1q/qh69LBbBU0lEqhel6MWbFWwVmlI220m7uJuE3YlQYv6NF/+KF0FF9Og/cVt7UOuDgcd7M8zMCxIpDLruh1OYmZ2bXygulpaWV1bXyusbLROnmkOTxzLW1wEzIEUETRQo4TrRwFQg4Sq4OR35V7egjYijSxwm0FGsH4lQcIZW6paPfQkhVqkfasYzP2EaBZPUP1fQZ/kPIRmInPpa9Ad41818leb0iLrdcsWtumPQaeJNSIVM0OiWn/1ezFMFEXLJjGl7boKdbLSFS8hLfmogYfyG9aFtacQUmE42/jOnO1bp0TDWtiKkY/XnRMaUMUMV2E7FcGD+eiPxP6+dYnjYyUSUpAgR/14UppJiTEeh0Z7QwFEOLWFcC3sr5QNmE0MbbcmG4P19eZq09qperVq72K/UTyZxFMkW2Sa7xCMHpE7OSIM0CSf35JG8kFfnwXly3pz379aCM5nZJL/gfH4Bp2umaw==</latexit>

@⌦

@�

����
µ

= 0

<latexit sha1_base64="50Va8OAHRUQImpMGMM/DQ7oqXd0=">AAACJ3icbVDLSgMxFM3UV62vqks3wSK4KjMi1Y1SdOPOCrYKnVIy6Z02mMwMyR2hjPM3bvwVN4KK6NI/Ma1dqPVA4HDOfeSeIJHCoOt+OIWZ2bn5heJiaWl5ZXWtvL7RMnGqOTR5LGN9HTADUkTQRIESrhMNTAUSroKb05F/dQvaiDi6xGECHcX6kQgFZ2ilbvnYlxBilfqhZjzzE6ZRMEn9cwV9lv8QVJpTX4v+AO+6Vh6InB5RO6DiVt0x6DTxJqRCJmh0y89+L+apggi5ZMa0PTfBTjbawiXkJT81kDB+w/rQtjRiCkwnG9+Z0x2r9GgYa/sipGP1Z0fGlDFDFdhKxXBg/noj8T+vnWJ42MlElKQIEf9eFKaSYkxHodGe0MBRDi1hXAv7V8oHzCaGNtqSDcH7e/I0ae1VvVq1drFfqZ9M4iiSLbJNdolHDkidnJEGaRJO7skjeSGvzoPz5Lw579+lBWfSs0l+wfn8AgXrpqk=</latexit>

@⌦

@µ

����
�

= n

Free Fermi gas:
NR

<latexit sha1_base64="zV+2nW9ALmqyfNAAOz8cE+tTDAU=">AAACMnicbVDNS8MwHE39nPOr6tFLcAiCMFqR6UUYetHbBPcBaxlplm5hSVqSVBilf5MX/xLBgx4U8eofYboV1M0Hgcd775fk94KYUaUd58VaWFxaXlktrZXXNza3tu2d3ZaKEolJE0cskp0AKcKoIE1NNSOdWBLEA0bawegq99v3RCoaiTs9jonP0UDQkGKkjdSzb7xQIpx6MZKaIgZb2Q/34iHN4DEUcCbE50IX0OnZFafqTADniVuQCijQ6NlPXj/CCSdCY4aU6rpOrP00vxczkpW9RJEY4REakK6hAnGi/HSycgYPjdKHYSTNERpO1N8TKeJKjXlgkhzpoZr1cvE/r5vo8NxPqYgTTQSePhQmDOoI5v3BPpUEazY2BGFJzV8hHiJTjzYtl00J7uzK86R1UnVr1drtaaV+WdRRAvvgABwBF5yBOrgGDdAEGDyAZ/AG3q1H69X6sD6n0QWrmNkDf2B9fQMlWqqn</latexit>

@V

@�
+ n

@m

@�
= 0

<latexit sha1_base64="bFLX0I14ulTIq9uoEINFWWT/pnE=">AAACIHicbZDLSsNAFIYn9VbrLerSzWARWpSSiLRuhKIbd1awF2hCmEyn7dCZJMxMhBL6KG58FTcuFNGdPo3TJAutHhj4+P9zOHN+P2JUKsv6NApLyyura8X10sbm1vaOubvXkWEsMGnjkIWi5yNJGA1IW1HFSC8SBHGfka4/uZr73XsiJA2DOzWNiMvRKKBDipHSkmc2nBtORqji8PjEica0Ci9gJnmJE0k6Sx1eSb0qPIadDD2zbNWstOBfsHMog7xanvnhDEIccxIozJCUfduKlJsgoShmZFZyYkkihCdoRPoaA8SJdJP0wBk80soADkOhX6Bgqv6cSBCXcsp93cmRGstFby7+5/VjNTx3ExpEsSIBzhYNYwZVCOdpwQEVBCs21YCwoPqvEI+RQFjpTEs6BHvx5L/QOa3Z9Vr99qzcvMzjKIIDcAgqwAYN0ATXoAXaAIMH8ARewKvxaDwbb8Z71low8pl98KuMr2/+XqD/</latexit>

⌦(µ,�) = ⌦ (µ,m(�)) + V (�)

<latexit sha1_base64="bPoKL2ugvmOWfliP06pj/Dm4WoQ=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgqsyIVJdFNy4r2Ad0hiGTZtrQJBOSjFhqf8WNC0Xc+iPu/Bsz7Sy09cCFwzn3JveeWDKqjed9O6W19Y3NrfJ2ZWd3b//APax2dJopTNo4ZanqxUgTRgVpG2oY6UlFEI8Z6cbjm9zvPhClaSruzUSSkKOhoAnFyFgpcquBRMpQxKJAjuhTFPAscmte3ZsDrhK/IDVQoBW5X8EgxRknwmCGtO77njThNH8XMzKrBJkmEuExGpK+pQJxosPpfPcZPLXKACapsiUMnKu/J6aIaz3hse3kyIz0speL/3n9zCRX4ZQKmRki8OKjJGPQpDAPAg6oItiwiSUIK2p3hXiEFMLGxlWxIfjLJ6+Sznndb9Qbdxe15nURRxkcgxNwBnxwCZrgFrRAG2DwCJ7BK3hzZs6L8+58LFpLTjFzBP7A+fwBiauUyA==</latexit>

@�|µ

Finite Density Effects
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Vacuum Medium

<latexit sha1_base64="MMASkN4uLPe+kAbf8GrtT4pwOHI=">AAACJXicbVBLSwMxGMzWV62vVY9egkXwYtktUj14KHrx4KGCfUB3Ldk024ZmsyHJCmXpn/HiX/HiwSKCJ/+K2XYP2jqQMMx8H8lMIBhV2nG+rMLK6tr6RnGztLW9s7tn7x+0VJxITJo4ZrHsBEgRRjlpaqoZ6QhJUBQw0g5GN5nffiJS0Zg/6LEgfoQGnIYUI22knn3lRUgPMWLp3QR6KhGKaOiJIX2sQi9A0nBF59cZjBaknl12Ks4McJm4OSmDHI2ePfX6MU4iwjVmSKmu6wjtp0hqihmZlLxEEYHwCA1I11COIqL8dJZyAk+M0odhLM3hGs7U3xspipQaR4GZzDKpRS8T//O6iQ4v/ZRykWjC8fyhMGFQxzCrDPapJFizsSEIS2r+CvEQSYS1KbZkSnAXIy+TVrXi1iq1+/Ny/TqvowiOwDE4BS64AHVwCxqgCTB4Bq/gHUytF+vN+rA+56MFK985BH9gff8AAWqkUQ==</latexit>

L � �2 ̄ �m ̄ 

<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 <latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 

<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 
<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 
<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 
<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 
<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 
<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 <latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 <latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 <latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 <latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 

<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 
<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 
<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 

<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 

<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 

<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>
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m� h�i2

Properties of system coupled to scalar change if scalarization take place.
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h�i 6= 0

Finite Density Effects
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Stars
Compact stellar objects: finite size, spherically symmetric, dense systems.

r
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R
<latexit sha1_base64="dWkUAPh2fHe9B9P4kdpR4I10AaQ=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsB7VKyabYNTbJLkhXK0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewsbm1vVPcLe3tHxwelY9POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G07vM7z5RpVkkH80spr7AY8lCRrDJJFlVl8Nyxa25C6B14uWkAjlaw/LXYBSRRFBpCMda9z03Nn6KlWGE03lpkGgaYzLFY9q3VGJBtZ8ubp2jC6uMUBgpW9Kghfp7IsVC65kIbKfAZqJXvUz8z+snJrzxUybjxFBJlovChCMToexxNGKKEsNnlmCimL0VkQlWmBgbT8mG4K2+vE46VzWvUWs81CvN2zyOIpzBOVTBg2towj20oA0EJvAMr/DmCOfFeXc+lq0FJ585hT9wPn8AcwuN3g==</latexit>

n(r)
<latexit sha1_base64="Umk4EYI6Jo3nZpQJR5ID2+oD5X4=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9kVqR6LXjxWsB/QLiWbZtvQbBKSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpuGZlqQptEcqk7ETaUM0GblllOO0pTnESctqPx3cxvP1FtmBSPdqJomOChYDEj2Dqp3VMjVtEX/VLZr/pzoFUS5KQMORr90ldvIEmaUGEJx8Z0A1/ZMMPaMsLptNhLDVWYjPGQdh0VOKEmzObnTtG5UwYoltqVsGiu/p7IcGLMJIlcZ4LtyCx7M/E/r5va+CbMmFCppYIsFsUpR1ai2e9owDQllk8cwUQzdysiI6wxsS6hogshWH55lbQuq0GtWnu4Ktdv8zgKcApnUIEArqEO99CAJhAYwzO8wpunvBfv3ftYtK55+cwJ/IH3+QOzEo8r</latexit>

�(r)

Tolman-Oppenheimer-Volkoff + scalar equations:
<latexit sha1_base64="CGllKqMsFw6FoeSNS/WVo2tzTbk="></latexit>
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Stars
Compact stellar objects: finite size, spherically symmetric, dense systems.

r
<latexit sha1_base64="mcxbHMlpexUZOQ80I65L7N8gjUM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuqXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH3m+M+g==</latexit>

<latexit sha1_base64="dWkUAPh2fHe9B9P4kdpR4I10AaQ=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsB7VKyabYNTbJLkhXK0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewsbm1vVPcLe3tHxwelY9POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G07vM7z5RpVkkH80spr7AY8lCRrDJJFlVl8Nyxa25C6B14uWkAjlaw/LXYBSRRFBpCMda9z03Nn6KlWGE03lpkGgaYzLFY9q3VGJBtZ8ubp2jC6uMUBgpW9Kghfp7IsVC65kIbKfAZqJXvUz8z+snJrzxUybjxFBJlovChCMToexxNGKKEsNnlmCimL0VkQlWmBgbT8mG4K2+vE46VzWvUWs81CvN2zyOIpzBOVTBg2towj20oA0EJvAMr/DmCOfFeXc+lq0FJ585hT9wPn8AcwuN3g==</latexit>

n(r)
<latexit sha1_base64="Umk4EYI6Jo3nZpQJR5ID2+oD5X4=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9kVqR6LXjxWsB/QLiWbZtvQbBKSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpuGZlqQptEcqk7ETaUM0GblllOO0pTnESctqPx3cxvP1FtmBSPdqJomOChYDEj2Dqp3VMjVtEX/VLZr/pzoFUS5KQMORr90ldvIEmaUGEJx8Z0A1/ZMMPaMsLptNhLDVWYjPGQdh0VOKEmzObnTtG5UwYoltqVsGiu/p7IcGLMJIlcZ4LtyCx7M/E/r5va+CbMmFCppYIsFsUpR1ai2e9owDQllk8cwUQzdysiI6wxsS6hogshWH55lbQuq0GtWnu4Ktdv8zgKcApnUIEArqEO99CAJhAYwzO8wpunvBfv3ftYtK55+cwJ/IH3+QOzEo8r</latexit>

�(r)

Tolman-Oppenheimer-Volkoff + scalar equations:
<latexit sha1_base64="CGllKqMsFw6FoeSNS/WVo2tzTbk="></latexit>
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* negligible gradient energy limit:
<latexit sha1_base64="O5BeN2QwhV3IoNZVigyBOxJ+JUc=">AAACCHicbVDLSsNAFJ34rPUVdenCwSLUTUlEqsuiG5dV7AOaECbTSTt0ZhJmJkIJWbrxV9y4UMStn+DOv3HaZqGtBy4czrmXe+8JE0aVdpxva2l5ZXVtvbRR3tza3tm19/bbKk4lJi0cs1h2Q6QIo4K0NNWMdBNJEA8Z6YSj64nfeSBS0Vjc63FCfI4GgkYUI22kwD7yIolw5uaZFyKZ8TzwkiGtitMceozBu8CuODVnCrhI3IJUQIFmYH95/RinnAiNGVKq5zqJ9jMkNcWM5GUvVSRBeIQGpGeoQJwoP5s+ksMTo/RhFEtTQsOp+nsiQ1ypMQ9NJ0d6qOa9ifif10t1dOlnVCSpJgLPFkUpgzqGk1Rgn0qCNRsbgrCk5laIh8gko012ZROCO//yImmf1dx6rX57XmlcFXGUwCE4BlXgggvQADegCVoAg0fwDF7Bm/VkvVjv1sesdckqZg7AH1ifP0JgmXw=</latexit>

1

m̄�(n)
⌧ R

<latexit sha1_base64="gA+KaQ8q4BwMGmTB+QI+KZDk2aQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx7ByCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALAzjOE=</latexit>

R



QCD Axion
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Stellar Emission: Bounds

Supernova and Neutron star cooling bounds not systematic in finite-density effects.

in medium
in vacuum

Carenza et al. ’19, Buschmann et al. ’21
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QCD Axion Couplings: in Vacuum

Model-independent low-energy couplings to protons/neutrons from axion-pion mixing.
<latexit sha1_base64="JQ00lHRTqFfggGe0AY6O1riy7nY="></latexit>

La � a

fa

g2s
32⇡2

Gµ⌫
eGµ⌫ +

@µa

2fa

X

q

c0q q̄�
µ�5q

model independent model dependent

KSVZ axion:
<latexit sha1_base64="T1Wl9g2zICEuc1ktwuqzkObfyLs=">AAAB9XicbVBNTwIxEO3iF+IX6tFLIzHxRHaNQY9ELx4xkY8EFtIts9DQdpe2qyEb/ocXDxrj1f/izX9jgT0o+JJJXt6bycy8IOZMG9f9dnJr6xubW/ntws7u3v5B8fCooaNEUajTiEeqFRANnEmoG2Y4tGIFRAQcmsHoduY3H0FpFskHM4nBF2QgWcgoMVbq0t646+KOZgLG2O0VS27ZnQOvEi8jJZSh1it+dfoRTQRIQznRuu25sfFTogyjHKaFTqIhJnREBtC2VBIB2k/nV0/xmVX6OIyULWnwXP09kRKh9UQEtlMQM9TL3kz8z2snJrz2UybjxICki0VhwrGJ8CwC3GcKqOETSwhVzN6K6ZAoQo0NqmBD8JZfXiWNi7JXKVfuL0vVmyyOPDpBp+gceegKVdEdqqE6okihZ/SK3pwn58V5dz4WrTknmzlGf+B8/gBJLJG9</latexit>

c0q ' 0

Axion derivative coupling to non-relativistic neutrons/protons below pion mass.

<latexit sha1_base64="32oxboM8s0V47DcjNOCk0eDNdeQ=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BETwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/a5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU147U+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/KXqVcqV+WqjdZHHk4gVM4Bw+uoAr3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AZx/jNQ=</latexit>

E

<latexit sha1_base64="i9Y/maJSUKIY8DwQmU5ohXh67As=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCUIFcaKMjAwtBJ9SE0UOY7bWrWdyHZAVeinsDCAECtfwsbf4LYZoOVIlo7OOVf3+oQJo0o7zrdVWFvf2Nwqbpd2dvf2D+zyYUfFqcSkjWMWy16IFGFUkLammpFeIgniISPdcNyY+d0HIhWNxb2eJMTnaCjogGKkjRTYZe/OhCMUZJ7ksNW4mQZ2xak6c8BV4uakAnI0A/vLi2KcciI0Zkipvusk2s+Q1BQzMi15qSIJwmM0JH1DBeJE+dn89Ck8NUoEB7E0T2g4V39PZIgrNeGhSXKkR2rZm4n/ef1UD678jIok1UTgxaJByqCO4awHGFFJsGYTQxCW1NwK8QhJhLVpq2RKcJe/vEo651W3Vq21Lir167yOIjgGJ+AMuOAS1MEtaII2wOARPINX8GY9WS/Wu/WxiBasfOYI/IH1+QOBVJOH</latexit>

⇤QCD

<latexit sha1_base64="QzbXvqGdTYSQwt5zzFjE4Be4HSw=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FLx4ruG2hXUo2zbahSXZJskJZ+hu8eFDEqz/Im//GtN2DVh8MPN6bYWZelApurOd9odLa+sbmVnm7srO7t39QPTxqmyTTlAU0EYnuRsQwwRULLLeCdVPNiIwE60ST27nfeWTa8EQ92GnKQklGisecEuukQA76KR9Ua17dWwD/JX5BalCgNah+9ocJzSRTlgpiTM/3UhvmRFtOBZtV+plhKaETMmI9RxWRzIT54tgZPnPKEMeJdqUsXqg/J3IijZnKyHVKYsdm1ZuL/3m9zMbXYc5Vmlmm6HJRnAlsEzz/HA+5ZtSKqSOEau5uxXRMNKHW5VNxIfirL/8l7Yu636g37i9rzZsijjKcwCmcgw9X0IQ7aEEAFDg8wQu8IoWe0Rt6X7aWUDFzDL+APr4B1TGOuA==</latexit>m⇡

<latexit sha1_base64="c194GVbqA2s0HuLfcLMajBqeo00="></latexit>

@µa

fa
N̄Sµ

�
gAcu�d�3 + g0cu+dI

�
N

<latexit sha1_base64="vINADPiqjwTCOmM9iznvqun5o4c=">AAACFXicbVDLSsNAFJ3UV42vqks3g0VwISURqW6EohtXUsE+oAllMrlth04mYWYiltCfcOOvuHGhiFvBnX/j9IFo64ELh3Pu5d57goQzpR3ny8otLC4tr+RX7bX1jc2twvZOXcWppFCjMY9lMyAKOBNQ00xzaCYSSBRwaAT9y5HfuAOpWCxu9SABPyJdwTqMEm2kduHoGp9jL4AuE1kSES3Z/dDGOMHY82wsbA9E+GO0C0Wn5IyB54k7JUU0RbVd+PTCmKYRCE05UarlOon2MyI1oxyGtpcqSAjtky60DBUkAuVn46+G+MAoIe7E0pTQeKz+nshIpNQgCkynua+nZr2R+J/XSnXnzM+YSFINgk4WdVKOdYxHEeGQSaCaDwwhVDJzK6Y9IgnVJkjbhODOvjxP6sclt1wq35wUKxfTOPJoD+2jQ+SiU1RBV6iKaoiiB/SEXtCr9Wg9W2/W+6Q1Z01ndtEfWB/f76qdew==</latexit>

N =

✓
p
n

◆

<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N

<latexit sha1_base64="MwCZjsHzKCunoZ+fRq91wbGcfF4=">AAACBXicbVC7TsMwFHV4lvIKMMJgUSGxUCUIFcYKFiZUBH1ITRQ5jtNadezIdpCqqAsLv8LCAEKs/AMbf4PbZoCWI92ro3PulX1PmDKqtON8WwuLS8srq6W18vrG5ta2vbPbUiKTmDSxYEJ2QqQIo5w0NdWMdFJJUBIy0g4HV2O//UCkooLf62FK/AT1OI0pRtpIgX1wgoMb6MUS4fwOejgSGqYBGuWxaYFdcarOBHCeuAWpgAKNwP7yIoGzhHCNGVKq6zqp9nMkNcWMjMpepkiK8AD1SNdQjhKi/HxyxQgeGSWCsZCmuIYT9fdGjhKlhkloJhOk+2rWG4v/ed1Mxxd+TnmaacLx9KE4Y1ALOI4ERlQSrNnQEIQlNX+FuI9MItoEVzYhuLMnz5PWadWtVWu3Z5X6ZRFHCeyDQ3AMXHAO6uAaNEATYPAInsEreLOerBfr3fqYji5Yxc4e+APr8weNCJgC</latexit>

�cN
S · pa
fa

<latexit sha1_base64="jC/Sw/z76MahqgR5pwLAZ4LnA5A="></latexit>

cKSVZ
N =

✓
�0.42(3)
+0.02(3)

◆
<latexit sha1_base64="Qb20cZKyp8u0J4pcXfg3AZ1OrsQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5REpHosevFYwbSFNpTNdtMu3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyacaeO6305pbX1jc6u8XdnZ3ds/qB4etXWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyV3ud56o0iyWj2aa0EDgkWQRI9jkUv8C4UG15tbdOdAq8QpSgwKtQfWrP4xJKqg0hGOte56bmCDDyjDC6azSTzVNMJngEe1ZKrGgOsjmt87QmVWGKIqVLWnQXP09kWGh9VSEtlNgM9bLXi7+5/VSE90EGZNJaqgki0VRypGJUf44GjJFieFTSzBRzN6KyBgrTIyNp2JD8JZfXiXty7rXqDcermrN2yKOMpzAKZyDB9fQhHtogQ8ExvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8ANeuNtg==</latexit>a

accidental cancellation
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QCD Axion Couplings: in Medium
Balkin, JS, Springmann, Weiler ’21

 Axion-meson mixing angles:

 Nuclear matrix elements:

<latexit sha1_base64="4ENw7Zzl/vpFqQ10fTJ1797EPJA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL+IponlAsobZSScZMju7zMwKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmMrqd+8wmV5pF8MOMY/ZAOJO9zRo2V7m8f3W6x5JbdGcgy8TJSggy1bvGr04tYEqI0TFCt254bGz+lynAmcFLoJBpjykZ0gG1LJQ1R++ns1Ak5sUqP9CNlSxoyU39PpDTUehwGtjOkZqgXvan4n9dOTP/ST7mME4OSzRf1E0FMRKZ/kx5XyIwYW0KZ4vZWwoZUUWZsOgUbgrf48jJpnJW9Srlyd16qXmVx5OEIjuEUPLiAKtxADerAYADP8ApvjnBenHfnY96ac7KZQ/gD5/MHxhaNew==</latexit>

J0
<latexit sha1_base64="Qb20cZKyp8u0J4pcXfg3AZ1OrsQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5REpHosevFYwbSFNpTNdtMu3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyacaeO6305pbX1jc6u8XdnZ3ds/qB4etXWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyV3ud56o0iyWj2aa0EDgkWQRI9jkUv8C4UG15tbdOdAq8QpSgwKtQfWrP4xJKqg0hGOte56bmCDDyjDC6azSTzVNMJngEe1ZKrGgOsjmt87QmVWGKIqVLWnQXP09kWGh9VSEtlNgM9bLXi7+5/VSE90EGZNJaqgki0VRypGJUf44GjJFieFTSzBRzN6KyBgrTIyNp2JD8JZfXiXty7rXqDcermrN2yKOMpzAKZyDB9fQhHtogQ8ExvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8ANeuNtg==</latexit>a <latexit sha1_base64="b1W1Mn5tEpglIAqYLUN07hF5awk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDVh8MPN6bYWZemEph0HW/nNLa+sbmVnm7srO7t39QPTxqmyTTjPsskYnuhtRwKRT3UaDk3VRzGoeSd8LJ7dzvPHJtRKIecJryIKYjJSLBKFrJ76di4A6qNbfuLkD+Eq8gNSjQGlQ/+8OEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGzqwyJFGibSkkC/XnRE5jY6ZxaDtjimOz6s3F/7xehtF1kAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+/Je0L+peo964v6w1b4o4ynACp3AOHlxBE+6gBT4wEPAEL/DqKOfZeXPel60lp5g5hl9wPr4BeLWOew==</latexit>⇡0

<latexit sha1_base64="KgfjJT0+z+LnsWht1lP7VTeos10=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idnU2GzGOZ6RXCks/w4kERr36NN//GSbIHjRY0FFXddHdFqeAWfP/LK62tb2xulbcrO7t7+wfVw6OO1ZmhrE210KYXEcsEV6wNHATrpYYRGQnWjSa3c7/7yIzlWj3ANGWhJCPFE04JOKlPh3mGB6nE8WxYrfl1fwH8lwQFqaECrWH1cxBrmkmmgApibT/wUwhzYoBTwWaVQWZZSuiEjFjfUUUks2G+OHmGz5wS40QbVwrwQv05kRNp7VRGrlMSGNtVby7+5/UzSK7DnKs0A6boclGSCQwaz//HMTeMgpg6Qqjh7lZMx8QQCi6ligshWH35L+lc1INGvXF/WWveFHGU0Qk6RecoQFeoie5QC7URRRo9oRf06oH37L1578vWklfMHKNf8D6+Adw9kP8=</latexit>cu±d

<latexit sha1_base64="A7FqM38lCEdTIo1Ndxt9xRNWKWE=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBQymJSPVY9eKxgv2ANoTNdpMu3Wzi7qZQQn+HFw+KePXHePPfuG1z0NYHA4/3ZpiZ5yecKW3b31ZhbX1jc6u4XdrZ3ds/KB8etVWcSkJbJOax7PpYUc4EbWmmOe0mkuLI57Tjj+5mfmdMpWKxeNSThLoRDgULGMHaSG7oZTdTVO1XUejZXrli1+w50CpxclKBHE2v/NUfxCSNqNCEY6V6jp1oN8NSM8LptNRPFU0wGeGQ9gwVOKLKzeZHT9GZUQYoiKUpodFc/T2R4UipSeSbzgjroVr2ZuJ/Xi/VwbWbMZGkmgqyWBSkHOkYzRJAAyYp0XxiCCaSmVsRGWKJiTY5lUwIzvLLq6R9UXPqtfrDZaVxm8dRhBM4hXNw4AoacA9NaAGBJ3iGV3izxtaL9W59LFoLVj5zDH9gff4A9oWQ8A==</latexit>gA, g0
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<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N

<latexit sha1_base64="Qb20cZKyp8u0J4pcXfg3AZ1OrsQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5REpHosevFYwbSFNpTNdtMu3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyacaeO6305pbX1jc6u8XdnZ3ds/qB4etXWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyV3ud56o0iyWj2aa0EDgkWQRI9jkUv8C4UG15tbdOdAq8QpSgwKtQfWrP4xJKqg0hGOte56bmCDDyjDC6azSTzVNMJngEe1ZKrGgOsjmt87QmVWGKIqVLWnQXP09kWGh9VSEtlNgM9bLXi7+5/VSE90EGZNJaqgki0VRypGJUf44GjJFieFTSzBRzN6KyBgrTIyNp2JD8JZfXiXty7rXqDcermrN2yKOMpzAKZyDB9fQhHtogQ8ExvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8ANeuNtg==</latexit>a
dynamical pions contact terms

<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N

<latexit sha1_base64="Qb20cZKyp8u0J4pcXfg3AZ1OrsQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5REpHosevFYwbSFNpTNdtMu3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyacaeO6305pbX1jc6u8XdnZ3ds/qB4etXWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyV3ud56o0iyWj2aa0EDgkWQRI9jkUv8C4UG15tbdOdAq8QpSgwKtQfWrP4xJKqg0hGOte56bmCDDyjDC6azSTzVNMJngEe1ZKrGgOsjmt87QmVWGKIqVLWnQXP09kWGh9VSEtlNgM9bLXi7+5/VSE90EGZNJaqgki0VRypGJUf44GjJFieFTSzBRzN6KyBgrTIyNp2JD8JZfXiXty7rXqDcermrN2yKOMpzAKZyDB9fQhHtogQ8ExvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8ANeuNtg==</latexit>a

<latexit sha1_base64="b1W1Mn5tEpglIAqYLUN07hF5awk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDVh8MPN6bYWZemEph0HW/nNLa+sbmVnm7srO7t39QPTxqmyTTjPsskYnuhtRwKRT3UaDk3VRzGoeSd8LJ7dzvPHJtRKIecJryIKYjJSLBKFrJ76di4A6qNbfuLkD+Eq8gNSjQGlQ/+8OEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGzqwyJFGibSkkC/XnRE5jY6ZxaDtjimOz6s3F/7xehtF1kAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+/Je0L+peo964v6w1b4o4ynACp3AOHlxBE+6gBT4wEPAEL/DqKOfZeXPel60lp5g5hl9wPr4BeLWOew==</latexit>⇡0

<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N

<latexit sha1_base64="pOK6MIc4qyg5VF4Qrxe2JWR6Gqs=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqZ6kKIjHCvYD2mXJptk2NMmuSbZQlv4OLx4U8eqP8ea/MW33oNUHA4/3ZpiZFyacaeO6X05hZXVtfaO4Wdra3tndK+8ftHScKkKbJOax6oRYU84kbRpmOO0kimIRctoORzczvz2mSrNYPphJQn2BB5JFjGBjJX8UZLdTdIVE0EtYUK64VXcO9Jd4OalAjkZQ/uz1Y5IKKg3hWOuu5ybGz7AyjHA6LfVSTRNMRnhAu5ZKLKj2s/nRU3RilT6KYmVLGjRXf05kWGg9EaHtFNgM9bI3E//zuqmJLv2MySQ1VJLFoijlyMRolgDqM0WJ4RNLMFHM3orIECtMjM2pZEPwll/+S1pnVa9Wrd2fV+rXeRxFOIJjOAUPLqAOd9CAJhB4hCd4gVdn7Dw7b877orXg5DOH8AvOxzfnZZGO</latexit>

kF > m⇡

<latexit sha1_base64="gB07ax6wgPc/K6k10lSMRDuhIFE="></latexit>

kF ' 260MeV (n/n0)
1/3

<latexit sha1_base64="0JaOC/BPkZYGfDGIOD36HJ+r6zQ="></latexit>

(kF /⇤�)
2 ' 15% (n/n0)

2/3
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QCD Axion Emission: in Medium

SN bound meaningful (th. error), NS cooling bound O(1) uncertain; similar for DFSZ/KSVZ.

Stadlbauer, Springmann, Stelzl, Weiler to appear

Axion emissivity in Supernova and Neutron star cooling, systematically.

Tree level

Full result

0 1 2 3 4 5
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<latexit sha1_base64="Qb20cZKyp8u0J4pcXfg3AZ1OrsQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5REpHosevFYwbSFNpTNdtMu3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyacaeO6305pbX1jc6u8XdnZ3ds/qB4etXWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyV3ud56o0iyWj2aa0EDgkWQRI9jkUv8C4UG15tbdOdAq8QpSgwKtQfWrP4xJKqg0hGOte56bmCDDyjDC6azSTzVNMJngEe1ZKrGgOsjmt87QmVWGKIqVLWnQXP09kWGh9VSEtlNgM9bLXi7+5/VSE90EGZNJaqgki0VRypGJUf44GjJFieFTSzBRzN6KyBgrTIyNp2JD8JZfXiXty7rXqDcermrN2yKOMpzAKZyDB9fQhHtogQ8ExvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8ANeuNtg==</latexit>a
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N

<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N
<latexit sha1_base64="oijmQlfsDrm++Gm4TLQocfg+4Dc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ojjN0=</latexit>

N

<latexit sha1_base64="Qb20cZKyp8u0J4pcXfg3AZ1OrsQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5REpHosevFYwbSFNpTNdtMu3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyacaeO6305pbX1jc6u8XdnZ3ds/qB4etXWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyV3ud56o0iyWj2aa0EDgkWQRI9jkUv8C4UG15tbdOdAq8QpSgwKtQfWrP4xJKqg0hGOte56bmCDDyjDC6azSTzVNMJngEe1ZKrGgOsjmt87QmVWGKIqVLWnQXP09kWGh9VSEtlNgM9bLXi7+5/VSE90EGZNJaqgki0VRypGJUf44GjJFieFTSzBRzN6KyBgrTIyNp2JD8JZfXiXty7rXqDcermrN2yKOMpzAKZyDB9fQhHtogQ8ExvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8ANeuNtg==</latexit>a

<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡

Raffelt, Seckel ’88

preliminary
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<latexit sha1_base64="RtIgc/roL/axlpFLcfSGqyQbQhQ="></latexit>

mN (a)�mN ' +gmN

✓
cos

a

fa
� 1

◆

27

Axionalization
Lighter QCD axion developes non-trivial profile in dense enough systems.

<latexit sha1_base64="L7dZVN9S41cfdj8SIJROT/+w7pg="></latexit>

V✏(a) ' �✏m2
⇡f

2
⇡

✓
cos

a

fa
� 1

◆

<latexit sha1_base64="M5lF4oi7IKU763cyHcgHaCaHIls=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgqs6IVJdFN65KBfuAdhgyaWYammTGJCOUoeCvuHGhiFu/w51/Y6adhbYeuNzDOfeSmxMkjCrtON/W0vLK6tp6aaO8ubW9s2vv7bdVnEpMWjhmsewGSBFGBWlpqhnpJpIgHjDSCUY3ud95JFLRWNzrcUI8jiJBQ4qRNpJvH0awrygnD3mLOPIbZ9xv+HbFqTpTwEXiFqQCCjR9+6s/iHHKidCYIaV6rpNoL0NSU8zIpNxPFUkQHqGI9AwViBPlZdPzJ/DEKAMYxtKU0HCq/t7IEFdqzAMzyZEeqnkvF//zeqkOr7yMiiTVRODZQ2HKoI5hngUcUEmwZmNDEJbU3ArxEEmEtUmsbEJw57+8SNrnVbdWrd1dVOrXRRwlcASOwSlwwSWog1vQBC2AQQaewSt4s56sF+vd+piNLlnFzgH4A+vzB0HNlQ0=</latexit>

g ' �N/mN

<latexit sha1_base64="6X59H9GDwDg03kIh6uYjWaBUtig=">AAACJ3icbVBNS8NAEN3Ur1q/qh69LBbBU0lEqhel6MWbFWwVmlI220m7uJuE3YlQYv6NF/+KF0FF9Og/cVt7UOuDgcd7M8zMCxIpDLruh1OYmZ2bXygulpaWV1bXyusbLROnmkOTxzLW1wEzIEUETRQo4TrRwFQg4Sq4OR35V7egjYijSxwm0FGsH4lQcIZW6paPfQkhVqkfasYzP2EaBZPUP1fQZ/kPIRmInPpa9Ad41818leb0iLrdcsWtumPQaeJNSIVM0OiWn/1ezFMFEXLJjGl7boKdbLSFS8hLfmogYfyG9aFtacQUmE42/jOnO1bp0TDWtiKkY/XnRMaUMUMV2E7FcGD+eiPxP6+dYnjYyUSUpAgR/14UppJiTEeh0Z7QwFEOLWFcC3sr5QNmE0MbbcmG4P19eZq09qperVq72K/UTyZxFMkW2Sa7xCMHpE7OSIM0CSf35JG8kFfnwXly3pz379aCM5nZJL/gfH4Bp2umaw==</latexit>

@⌦

@�

����
µ

= 0

<latexit sha1_base64="u1OiOPgXv3JpTpenKazWV4wlZZQ=">AAACFnicbVDLSgMxFM3UV62vUZdugkVwY5kpUl1J0Y0rqWAf0KlDJs20oUlmSDJCGeYr3Pgrblwo4lbc+Tem7Sy09cDlHs65l+SeIGZUacf5tgpLyyura8X10sbm1vaOvbvXUlEiMWniiEWyEyBFGBWkqalmpBNLgnjASDsYXU389gORikbiTo9j0uNoIGhIMdJG8u0TAS+gR2JFWSSgF0qEU+57Mb2vwnDWs9RTdMCRf5P5dtmpOFPAReLmpAxyNHz7y+tHOOFEaMyQUl3XiXUvRVJTzEhW8hJFYoRHaEC6hgrEieql07MyeGSUPgwjaUpoOFV/b6SIKzXmgZnkSA/VvDcR//O6iQ7PeykVcaKJwLOHwoRBHcFJRrBPJcGajQ1BWFLzV4iHyESjTZIlE4I7f/IiaVUrbq1Suz0t1y/zOIrgAByCY+CCM1AH16ABmgCDR/AMXsGb9WS9WO/Wx2y0YOU7++APrM8fomefFw==</latexit>

n > ✏
m2

⇡f
2
⇡

�N

<latexit sha1_base64="3au4n7DdZQ+MFc8vTRA0PqzrCO0=">AAAB8nicbVDLSsNAFJ34rPVVdekmWARXJRGpLotu3FnBPiAJZTK9aYfOI8xMhBL7GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEKaPaeN63s7K6tr6xWdoqb+/s7u1XDg7bWmaKQItIJlU3xhoYFdAy1DDopgowjxl04tHN1O88gtJUigczTiHieCBoQgk2VgrCOw4D/NQLedarVL2aN4O7TPyCVFGBZq/yFfYlyTgIQxjWOvC91EQ5VoYSBpNymGlIMRnhAQSWCsxBR/ns5Il7apW+m0hlSxh3pv6eyDHXesxj28mxGepFbyr+5wWZSa6inIo0MyDIfFGSMddId/q/26cKiGFjSzBR1N7qkiFWmBibUtmG4C++vEza5zW/XqvfX1Qb10UcJXSMTtAZ8tElaqBb1EQtRJBEz+gVvTnGeXHenY9564pTzByhP3A+fwBZKJFR</latexit>

⌦|µ

<latexit sha1_base64="2C4JctHu7l2uTWzjCZlezJGf8bQ=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VbC20oUy2m3bpZhN3N4US8ju8eFDEqz/Gm//G7cdBWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqHaBmgkvWNNwI1k4UwygQ7DEY3U79xzFTmsfywUwS5kc4kDzkFI2V/G6okGaYZ2EP81654lbdGcgq8RakAgs0euWvbj+macSkoQK17nhuYvwMleFUsLzUTTVLkI5wwDqWSoyY9rPZ0Tk5s0qfhLGyJQ2Zqb8nMoy0nkSB7YzQDPWyNxX/8zqpCa/9jMskNUzS+aIwFcTEZJoA6XPFqBETS5Aqbm8ldIg2B2NzKtkQvOWXV0nrourVqrX7y0r9ZhFHEU7gFM7Bgyuowx00oAkUnuAZXuHNGTsvzrvzMW8tOIuZY/gD5/MHS+mSdg==</latexit> a

fa

<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡<latexit sha1_base64="+7Y+mbaigftZyW4HrIlyB8Q4C84=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfKuMvw==</latexit>

0

<latexit sha1_base64="qL4si55vIdfmRM8sKTBbkR0p7z0="></latexit>

�mN ' �32MeV
⇣ �N

50MeV

⌘

Hook, Huang ’17

<latexit sha1_base64="jJ45i0lj+p1LY3YOHNVMD37SV0U=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0IPusX664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj91Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5sMuEJmxMQSyhS3txI2oooyY9Mp2RC85ZdXSeui6tWqtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP0vOjdM=</latexit>nc



<latexit sha1_base64="1YZ37ziL2ACeijAh/CrOdCOlCaA=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEVyURqW6EohuXFewFmhBOppN26GQSZiZCCV248VXcuFDErQ/hzrdx2mahrT8MfPznHM6cP0w5U9pxvq2V1bX1jc3SVnl7Z3dv3z44bKskk4S2SMIT2Q1BUc4EbWmmOe2mkkIcctoJRzfTeueBSsUSca/HKfVjGAgWMQLaWIFd8TiIAacYsCfndIW9lOEogMCuOjVnJrwMbgFVVKgZ2F9ePyFZTIUmHJTquU6q/RykZoTTSdnLFE2BjGBAewYFxFT5+eyICT4xTh9HiTRPaDxzf0/kECs1jkPTGYMeqsXa1Pyv1st0dOnnTKSZpoLMF0UZxzrB00Rwn0lKNB8bACKZ+SsmQ5BAtMmtbEJwF09ehvZZza3X6nfn1cZ1EUcJVdAxOkUuukANdIuaqIUIekTP6BW9WU/Wi/VufcxbV6xi5gj9kfX5A+w9lwE=</latexit>

hai = ⇡fa

<latexit sha1_base64="RtIgc/roL/axlpFLcfSGqyQbQhQ="></latexit>

mN (a)�mN ' +gmN

✓
cos

a

fa
� 1

◆

27

Axionalization
Lighter QCD axion developes non-trivial profile in dense enough systems.

<latexit sha1_base64="L7dZVN9S41cfdj8SIJROT/+w7pg="></latexit>

V✏(a) ' �✏m2
⇡f

2
⇡

✓
cos

a

fa
� 1

◆

<latexit sha1_base64="M5lF4oi7IKU763cyHcgHaCaHIls=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgqs6IVJdFN65KBfuAdhgyaWYammTGJCOUoeCvuHGhiFu/w51/Y6adhbYeuNzDOfeSmxMkjCrtON/W0vLK6tp6aaO8ubW9s2vv7bdVnEpMWjhmsewGSBFGBWlpqhnpJpIgHjDSCUY3ud95JFLRWNzrcUI8jiJBQ4qRNpJvH0awrygnD3mLOPIbZ9xv+HbFqTpTwEXiFqQCCjR9+6s/iHHKidCYIaV6rpNoL0NSU8zIpNxPFUkQHqGI9AwViBPlZdPzJ/DEKAMYxtKU0HCq/t7IEFdqzAMzyZEeqnkvF//zeqkOr7yMiiTVRODZQ2HKoI5hngUcUEmwZmNDEJbU3ArxEEmEtUmsbEJw57+8SNrnVbdWrd1dVOrXRRwlcASOwSlwwSWog1vQBC2AQQaewSt4s56sF+vd+piNLlnFzgH4A+vzB0HNlQ0=</latexit>

g ' �N/mN

<latexit sha1_base64="6X59H9GDwDg03kIh6uYjWaBUtig=">AAACJ3icbVBNS8NAEN3Ur1q/qh69LBbBU0lEqhel6MWbFWwVmlI220m7uJuE3YlQYv6NF/+KF0FF9Og/cVt7UOuDgcd7M8zMCxIpDLruh1OYmZ2bXygulpaWV1bXyusbLROnmkOTxzLW1wEzIEUETRQo4TrRwFQg4Sq4OR35V7egjYijSxwm0FGsH4lQcIZW6paPfQkhVqkfasYzP2EaBZPUP1fQZ/kPIRmInPpa9Ad41818leb0iLrdcsWtumPQaeJNSIVM0OiWn/1ezFMFEXLJjGl7boKdbLSFS8hLfmogYfyG9aFtacQUmE42/jOnO1bp0TDWtiKkY/XnRMaUMUMV2E7FcGD+eiPxP6+dYnjYyUSUpAgR/14UppJiTEeh0Z7QwFEOLWFcC3sr5QNmE0MbbcmG4P19eZq09qperVq72K/UTyZxFMkW2Sa7xCMHpE7OSIM0CSf35JG8kFfnwXly3pz379aCM5nZJL/gfH4Bp2umaw==</latexit>

@⌦

@�

����
µ

= 0

<latexit sha1_base64="u1OiOPgXv3JpTpenKazWV4wlZZQ=">AAACFnicbVDLSgMxFM3UV62vUZdugkVwY5kpUl1J0Y0rqWAf0KlDJs20oUlmSDJCGeYr3Pgrblwo4lbc+Tem7Sy09cDlHs65l+SeIGZUacf5tgpLyyura8X10sbm1vaOvbvXUlEiMWniiEWyEyBFGBWkqalmpBNLgnjASDsYXU389gORikbiTo9j0uNoIGhIMdJG8u0TAS+gR2JFWSSgF0qEU+57Mb2vwnDWs9RTdMCRf5P5dtmpOFPAReLmpAxyNHz7y+tHOOFEaMyQUl3XiXUvRVJTzEhW8hJFYoRHaEC6hgrEieql07MyeGSUPgwjaUpoOFV/b6SIKzXmgZnkSA/VvDcR//O6iQ7PeykVcaKJwLOHwoRBHcFJRrBPJcGajQ1BWFLzV4iHyESjTZIlE4I7f/IiaVUrbq1Suz0t1y/zOIrgAByCY+CCM1AH16ABmgCDR/AMXsGb9WS9WO/Wx2y0YOU7++APrM8fomefFw==</latexit>

n > ✏
m2

⇡f
2
⇡

�N

<latexit sha1_base64="3au4n7DdZQ+MFc8vTRA0PqzrCO0=">AAAB8nicbVDLSsNAFJ34rPVVdekmWARXJRGpLotu3FnBPiAJZTK9aYfOI8xMhBL7GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEKaPaeN63s7K6tr6xWdoqb+/s7u1XDg7bWmaKQItIJlU3xhoYFdAy1DDopgowjxl04tHN1O88gtJUigczTiHieCBoQgk2VgrCOw4D/NQLedarVL2aN4O7TPyCVFGBZq/yFfYlyTgIQxjWOvC91EQ5VoYSBpNymGlIMRnhAQSWCsxBR/ns5Il7apW+m0hlSxh3pv6eyDHXesxj28mxGepFbyr+5wWZSa6inIo0MyDIfFGSMddId/q/26cKiGFjSzBR1N7qkiFWmBibUtmG4C++vEza5zW/XqvfX1Qb10UcJXSMTtAZ8tElaqBb1EQtRJBEz+gVvTnGeXHenY9564pTzByhP3A+fwBZKJFR</latexit>

⌦|µ

<latexit sha1_base64="2C4JctHu7l2uTWzjCZlezJGf8bQ=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VbC20oUy2m3bpZhN3N4US8ju8eFDEqz/Gm//G7cdBWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqHaBmgkvWNNwI1k4UwygQ7DEY3U79xzFTmsfywUwS5kc4kDzkFI2V/G6okGaYZ2EP81654lbdGcgq8RakAgs0euWvbj+macSkoQK17nhuYvwMleFUsLzUTTVLkI5wwDqWSoyY9rPZ0Tk5s0qfhLGyJQ2Zqb8nMoy0nkSB7YzQDPWyNxX/8zqpCa/9jMskNUzS+aIwFcTEZJoA6XPFqBETS5Aqbm8ldIg2B2NzKtkQvOWXV0nrourVqrX7y0r9ZhFHEU7gFM7Bgyuowx00oAkUnuAZXuHNGTsvzrvzMW8tOIuZY/gD5/MHS+mSdg==</latexit> a

fa

<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡<latexit sha1_base64="+7Y+mbaigftZyW4HrIlyB8Q4C84=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfKuMvw==</latexit>

0

<latexit sha1_base64="qL4si55vIdfmRM8sKTBbkR0p7z0="></latexit>

�mN ' �32MeV
⇣ �N

50MeV

⌘

Hook, Huang ’17

<latexit sha1_base64="muZKWw0t6swK7/u9//CfQ0V/ivo="></latexit>

R & 1

m̄�(n)
= 104 km

✓
f

1016 GeV

◆✓
10�4 MeV3

nWD

◆1/2

<latexit sha1_base64="jJ45i0lj+p1LY3YOHNVMD37SV0U=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0IPusX664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj91Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5sMuEJmxMQSyhS3txI2oooyY9Mp2RC85ZdXSeui6tWqtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP0vOjdM=</latexit>nc



Figu
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Hook, Huang ’17

Neutron Star Mergers
Lighter QCD axion mediates long-range force between axionalized neutron stars.

Fa
<latexit sha1_base64="QjWev3smxRbe9P7hrQQ7W31ovjU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiIB4rmLbQhrLZTtulm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYuizWMSqHVKNgkv0DTcC24lCGoUCW+H4dua3nlBpHstHM0kwiOhQ8gFn1FjJv+tldNorV9yqOwdZJV5OKpCj0St/dfsxSyOUhgmqdcdzExNkVBnOBE5L3VRjQtmYDrFjqaQR6iCbHzslZ1bpk0GsbElD5urviYxGWk+i0HZG1Iz0sjcT//M6qRlcBxmXSWpQssWiQSqIicnsc9LnCpkRE0soU9zeStiIKsqMzadkQ/CWX14lzVrVu6jWHi4r9Zs8jiKcwCmcgwdXUId7aIAPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fzfSOrg==</latexit>

h
<latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit>

h
<latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit><latexit sha1_base64="lt6MdrejMYgtNBMJ4G/0FERlp4M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaw16l6tbcGcgy8QpShQKNXuWr209YFqM0TFCtO56bmiCnynAmcFLuZhpTykZ0gB1LJY1RB/ns0Ak5tUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroKci7TzKBk80VRJohJyPRr0ucKmRFjSyhT3N5K2JAqyozNpmxD8BZfXib+ee265jYvqvWbIo0SHMMJnIEHl1CHO2iADwwQnuEV3pxH58V5dz7mrStOMXMEf+B8/gA8HYy/</latexit>

<latexit sha1_base64="Qb20cZKyp8u0J4pcXfg3AZ1OrsQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5REpHosevFYwbSFNpTNdtMu3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyacaeO6305pbX1jc6u8XdnZ3ds/qB4etXWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyV3ud56o0iyWj2aa0EDgkWQRI9jkUv8C4UG15tbdOdAq8QpSgwKtQfWrP4xJKqg0hGOte56bmCDDyjDC6azSTzVNMJngEe1ZKrGgOsjmt87QmVWGKIqVLWnQXP09kWGh9VSEtlNgM9bLXi7+5/VSE90EGZNJaqgki0VRypGJUf44GjJFieFTSzBRzN6KyBgrTIyNp2JD8JZfXiXty7rXqDcermrN2yKOMpzAKZyDB9fQhHtogQ8ExvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8ANeuNtg==</latexit>a

<latexit sha1_base64="Qb20cZKyp8u0J4pcXfg3AZ1OrsQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5REpHosevFYwbSFNpTNdtMu3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyacaeO6305pbX1jc6u8XdnZ3ds/qB4etXWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyV3ud56o0iyWj2aa0EDgkWQRI9jkUv8C4UG15tbdOdAq8QpSgwKtQfWrP4xJKqg0hGOte56bmCDDyjDC6azSTzVNMJngEe1ZKrGgOsjmt87QmVWGKIqVLWnQXP09kWGh9VSEtlNgM9bLXi7+5/VSE90EGZNJaqgki0VRypGJUf44GjJFieFTSzBRzN6KyBgrTIyNp2JD8JZfXiXty7rXqDcermrN2yKOMpzAKZyDB9fQhHtogQ8ExvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8ANeuNtg==</latexit>a

Merger dynamics affected for Planck-scale decay constants.
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New Ground State
Lighter QCD axion leads to new scalarized ground state of (free) matter.

Balkin, JS, Springmann, Stelzl, Weiler ’22

<latexit sha1_base64="WLjS/duWMup89Zuskxg8NTSK4cs="></latexit>

"(n,�) = " (n,�) + V (�)

p(n,�) = p (n,�)� V (�)

<latexit sha1_base64="4m6JR+NleFLH4xqLiPSnPIZjbGU=">AAACA3icbVDLSgMxFM3UV62vqjvdBIsgtJQZkepGKLpxWcE+oDOUTHqnDc1khiQjlKHgxl9x40IRt/6EO//G9CFo64HLPZxzL8k9fsyZ0rb9ZWWWlldW17LruY3Nre2d/O5eQ0WJpFCnEY9kyycKOBNQ10xzaMUSSOhzaPqD67HfvAepWCTu9DAGLyQ9wQJGiTZSJ3/gxorhSyxK2C1hKMY/vWjMgl22J8CLxJmRApqh1sl/ut2IJiEITTlRqu3YsfZSIjWjHEY5N1EQEzogPWgbKkgIyksnN4zwsVG6OIikKaHxRP29kZJQqWHom8mQ6L6a98bif1470cGFlzIRJxoEnT4UJBzrCI8DwV0mgWo+NIRQycxfMe0TSag2seVMCM78yYukcVp2KuXK7VmhejWLI4sO0RE6QQ46R1V0g2qojih6QE/oBb1aj9az9Wa9T0cz1mxnH/2B9fENYD6Uzg==</latexit>

 = n, e+ p, e+ p+ n

<latexit sha1_base64="qsxYvdG2Tzw5HxdJQxWAar530N8=">AAACBHicbVA9SwNBEJ3zM8avU8s0i0GwCnci0TJoYxnBfEAuhL3NJFmyt3fu7gkhpLDxr9hYKGLrj7Dz37hJrtDEBwNv35thZ16YCK6N5307K6tr6xubua389s7u3r57cFjXcaoY1lgsYtUMqUbBJdYMNwKbiUIahQIb4fB66jceUGkeyzszSrAd0b7kPc6osVLHLQSCyr5AEiQDTgKVPSTeE6/jFr2SNwNZJn5GipCh2nG/gm7M0gilYYJq3fK9xLTHVBnOBE7yQaoxoWxI+9iyVNIIdXs8O2JCTqzSJb1Y2ZKGzNTfE2MaaT2KQtsZUTPQi95U/M9rpaZ32R5zmaQGJZt/1EsFMTGZJkK6XCEzYmQJZYrbXQkbUEWZsbnlbQj+4snLpH5W8sul8u15sXKVxZGDAhzDKfhwARW4gSrUgMEjPMMrvDlPzovz7nzMW1ecbOYI/sD5/AFxgJdV</latexit>

h�i 6= 0
<latexit sha1_base64="PpmB4XpX/wA/0/H5XyCHdfCj8CM=">AAACI3icbVDLSgMxFM34rPU16tJNsAgVpMyIVBEXRTcuK9gHdIYhk6ZtaCYTkoxQhv6LG3/FjQuluHHhv5hOZ6FtD1w4Oedecu8JBaNKO863tbK6tr6xWdgqbu/s7u3bB4dNFScSkwaOWSzbIVKEUU4ammpG2kISFIWMtMLh/dRvPROpaMyf9EgQP0J9TnsUI22kwL4RgScULfMAn3sM8T4j0BMDCj2ZPc7gLWyWlzqBXXIqTga4SNyclECOemBPvG6Mk4hwjRlSquM6QvspkppiRsZFL1FEIDxEfdIxlKOIKD/NbhzDU6N0YS+WpriGmfp3IkWRUqMoNJ0R0gM1703FZV4n0b1rP6VcJJpwPPuolzCoYzgNDHapJFizkSEIS2p2hXiAJMLaxFo0IbjzJy+S5kXFrVaqj5el2l0eRwEcgxNQBi64AjXwAOqgATB4AW/gA3xar9a7NbG+Zq0rVj5zBP7B+vkF/+6jQw==</latexit>

p (nc, h�i) < V (h�i)
Instability



30

New Ground State
Lighter QCD axion leads to new scalarized ground state of (free) matter.

Balkin, JS, Springmann, Stelzl, Weiler ’22

<latexit sha1_base64="WLjS/duWMup89Zuskxg8NTSK4cs="></latexit>

"(n,�) = " (n,�) + V (�)

p(n,�) = p (n,�)� V (�)

<latexit sha1_base64="4m6JR+NleFLH4xqLiPSnPIZjbGU=">AAACA3icbVDLSgMxFM3UV62vqjvdBIsgtJQZkepGKLpxWcE+oDOUTHqnDc1khiQjlKHgxl9x40IRt/6EO//G9CFo64HLPZxzL8k9fsyZ0rb9ZWWWlldW17LruY3Nre2d/O5eQ0WJpFCnEY9kyycKOBNQ10xzaMUSSOhzaPqD67HfvAepWCTu9DAGLyQ9wQJGiTZSJ3/gxorhSyxK2C1hKMY/vWjMgl22J8CLxJmRApqh1sl/ut2IJiEITTlRqu3YsfZSIjWjHEY5N1EQEzogPWgbKkgIyksnN4zwsVG6OIikKaHxRP29kZJQqWHom8mQ6L6a98bif1470cGFlzIRJxoEnT4UJBzrCI8DwV0mgWo+NIRQycxfMe0TSag2seVMCM78yYukcVp2KuXK7VmhejWLI4sO0RE6QQ46R1V0g2qojih6QE/oBb1aj9az9Wa9T0cz1mxnH/2B9fENYD6Uzg==</latexit>

 = n, e+ p, e+ p+ n

<latexit sha1_base64="qsxYvdG2Tzw5HxdJQxWAar530N8=">AAACBHicbVA9SwNBEJ3zM8avU8s0i0GwCnci0TJoYxnBfEAuhL3NJFmyt3fu7gkhpLDxr9hYKGLrj7Dz37hJrtDEBwNv35thZ16YCK6N5307K6tr6xubua389s7u3r57cFjXcaoY1lgsYtUMqUbBJdYMNwKbiUIahQIb4fB66jceUGkeyzszSrAd0b7kPc6osVLHLQSCyr5AEiQDTgKVPSTeE6/jFr2SNwNZJn5GipCh2nG/gm7M0gilYYJq3fK9xLTHVBnOBE7yQaoxoWxI+9iyVNIIdXs8O2JCTqzSJb1Y2ZKGzNTfE2MaaT2KQtsZUTPQi95U/M9rpaZ32R5zmaQGJZt/1EsFMTGZJkK6XCEzYmQJZYrbXQkbUEWZsbnlbQj+4snLpH5W8sul8u15sXKVxZGDAhzDKfhwARW4gSrUgMEjPMMrvDlPzovz7nzMW1ecbOYI/sD5/AFxgJdV</latexit>

h�i 6= 0
<latexit sha1_base64="PpmB4XpX/wA/0/H5XyCHdfCj8CM=">AAACI3icbVDLSgMxFM34rPU16tJNsAgVpMyIVBEXRTcuK9gHdIYhk6ZtaCYTkoxQhv6LG3/FjQuluHHhv5hOZ6FtD1w4Oedecu8JBaNKO863tbK6tr6xWdgqbu/s7u3bB4dNFScSkwaOWSzbIVKEUU4ammpG2kISFIWMtMLh/dRvPROpaMyf9EgQP0J9TnsUI22kwL4RgScULfMAn3sM8T4j0BMDCj2ZPc7gLWyWlzqBXXIqTga4SNyclECOemBPvG6Mk4hwjRlSquM6QvspkppiRsZFL1FEIDxEfdIxlKOIKD/NbhzDU6N0YS+WpriGmfp3IkWRUqMoNJ0R0gM1703FZV4n0b1rP6VcJJpwPPuolzCoYzgNDHapJFizkSEIS2p2hXiAJMLaxFo0IbjzJy+S5kXFrVaqj5el2l0eRwEcgxNQBi64AjXwAOqgATB4AW/gA3xar9a7NbG+Zq0rVj5zBP7B+vkF/+6jQw==</latexit>

p (nc, h�i) < V (h�i)
Instability

<latexit sha1_base64="TgsvNtQ/p+RISpZEgQKWPisuBUA=">AAAB9HicbVDLTgJBEOzFF+IL9ehlIjHxhLvGoEeiF4+YyCOBDZkdemHC7Ow6M0tCCN/hxYPGePVjvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCooeNUMayzWMSqFVCNgkusG24EthKFNAoENoPh3cxvjlBpHstHM07Qj2hf8pAzaqzkd0ZUYaK5iOWF7BZLbtmdg6wSLyMlyFDrFr86vZilEUrDBNW67bmJ8SdUGc4ETgudVGNC2ZD2sW2ppBFqfzI/ekrOrNIjYaxsSUPm6u+JCY20HkeB7YyoGehlbyb+57VTE974Ey6T1KBki0VhKoiJySwB0uMKmRFjSyhT3N5K2IAqyozNqWBD8JZfXiWNy7JXKVcerkrV2yyOPJzAKZyDB9dQhXuoQR0YPMEzvMKbM3JenHfnY9Gac7KZY/gD5/MH/sOSQw==</latexit> "/
n

<latexit sha1_base64="ruc0yoJEn1Z5ruVAc/AQXfccAEU=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqyH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A2qOM/Q==</latexit>n

<latexit sha1_base64="BPlOh4YvZhOFpRlTy9U4+0IEMGI=">AAACCHicbVC7SgNBFJ2NrxhfUUsLB4NgFXdFoo0QtLGMYB6QDWF2cjcZMju7zNwVQkhp46/YWChi6yfY+TdOHoUmHrhw5px7mXtPkEhh0HW/nczS8srqWnY9t7G5tb2T392rmTjVHKo8lrFuBMyAFAqqKFBCI9HAokBCPejfjP36A2gjYnWPgwRaEesqEQrO0Ert/KGPPUBGr6gvmepKoH7SE6ch9fXk2c4X3KI7AV0k3owUyAyVdv7L78Q8jUAhl8yYpucm2BoyjYJLGOX81EDCeJ91oWmpYhGY1nByyIgeW6VDw1jbUkgn6u+JIYuMGUSB7YwY9sy8Nxb/85ophpetoVBJiqD49KMwlRRjOk6FdoQGjnJgCeNa2F0p7zHNONrscjYEb/7kRVI7K3qlYunuvFC+nsWRJQfkiJwQj1yQMrklFVIlnDySZ/JK3pwn58V5dz6mrRlnNrNP/sD5/AFbx5jx</latexit>

✓ = h�/fi

<latexit sha1_base64="gtXwYLHWewIyJiuwzy5Won2iPoI=">AAACG3icbVDLSgMxFM34rPU16tJNsAh1U2eKVDdC0Y3LCvYBnbFk0kwbmsmEJFMow/yHG3/FjQtFXAku/BvTB6KtBy4czrk3ufcEglGlHefLWlpeWV1bz23kN7e2d3btvf2GihOJSR3HLJatACnCKCd1TTUjLSEJigJGmsHgeuw3h0QqGvM7PRLEj1CP05BipI3UscsCXkJ+X4ZeKBFOPYGkpogVvSGSRCjKYn7KT7IfA/KsYxeckjMBXCTujBTADLWO/eF1Y5xEhGvMkFJt1xHaT8cPYkayvJcoIhAeoB5pG8pRRJSfTm7L4LFRujCMpSmu4UT9PZGiSKlRFJjOCOm+mvfG4n9eO9HhhZ9SLhJNOJ5+FCYM6hiOg4JdKgnWbGQIwpKaXSHuIxOSNnHmTQju/MmLpFEuuZVS5fasUL2axZEDh+AIFIELzkEV3IAaqAMMHsATeAGv1qP1bL1Z79PWJWs2cwD+wPr8BrkaoUo=</latexit>

p = n2 @("/n)

@n

energy per particle

NR free Fermi gas
<latexit sha1_base64="zpTvOEl6GnhNpb3xM+ZxvQoo6ig=">AAACFnicbVDLSgMxFM3UVx1fVZdugkVxY53xUV0WBXFZwT6gU4dMmrahSSYkmUIp/Qo3/oobF4q4FXf+jWk7C60euHA4517uvSeSjGrjeV9OZm5+YXEpu+yurK6tb+Q2t6o6ThQmFRyzWNUjpAmjglQMNYzUpSKIR4zUot7V2K/1idI0FndmIEmTo46gbYqRsVKYO5RwP9CUw154fX92xGEQuEEfKSI1ZbFIzal9AsNc3it4E8C/xE9JHqQoh7nPoBXjhBNhMENaN3xPmuYQKUMxIyM3SDSRCPdQhzQsFYgT3RxO3hrBPau0YDtWtoSBE/XnxBBxrQc8sp0cma6e9cbif14jMe2L5pAKmRgi8HRRO2HQxHCcEWxRRbBhA0sQVtTeCnEXKYSNTdK1IfizL/8l1eOCXywUb0/zpcs0jizYAbvgAPjgHJTADSiDCsDgATyBF/DqPDrPzpvzPm3NOOnMNvgF5+MbajWdDA==</latexit>

p ⇠ k5F /m

" ⇠ mk3F
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New Ground State
Lighter QCD axion leads to new scalarized ground state of (free) matter.

Balkin, JS, Springmann, Stelzl, Weiler ’22

<latexit sha1_base64="WLjS/duWMup89Zuskxg8NTSK4cs="></latexit>

"(n,�) = " (n,�) + V (�)

p(n,�) = p (n,�)� V (�)

<latexit sha1_base64="4m6JR+NleFLH4xqLiPSnPIZjbGU=">AAACA3icbVDLSgMxFM3UV62vqjvdBIsgtJQZkepGKLpxWcE+oDOUTHqnDc1khiQjlKHgxl9x40IRt/6EO//G9CFo64HLPZxzL8k9fsyZ0rb9ZWWWlldW17LruY3Nre2d/O5eQ0WJpFCnEY9kyycKOBNQ10xzaMUSSOhzaPqD67HfvAepWCTu9DAGLyQ9wQJGiTZSJ3/gxorhSyxK2C1hKMY/vWjMgl22J8CLxJmRApqh1sl/ut2IJiEITTlRqu3YsfZSIjWjHEY5N1EQEzogPWgbKkgIyksnN4zwsVG6OIikKaHxRP29kZJQqWHom8mQ6L6a98bif1470cGFlzIRJxoEnT4UJBzrCI8DwV0mgWo+NIRQycxfMe0TSag2seVMCM78yYukcVp2KuXK7VmhejWLI4sO0RE6QQ46R1V0g2qojih6QE/oBb1aj9az9Wa9T0cz1mxnH/2B9fENYD6Uzg==</latexit>

 = n, e+ p, e+ p+ n

<latexit sha1_base64="qsxYvdG2Tzw5HxdJQxWAar530N8=">AAACBHicbVA9SwNBEJ3zM8avU8s0i0GwCnci0TJoYxnBfEAuhL3NJFmyt3fu7gkhpLDxr9hYKGLrj7Dz37hJrtDEBwNv35thZ16YCK6N5307K6tr6xubua389s7u3r57cFjXcaoY1lgsYtUMqUbBJdYMNwKbiUIahQIb4fB66jceUGkeyzszSrAd0b7kPc6osVLHLQSCyr5AEiQDTgKVPSTeE6/jFr2SNwNZJn5GipCh2nG/gm7M0gilYYJq3fK9xLTHVBnOBE7yQaoxoWxI+9iyVNIIdXs8O2JCTqzSJb1Y2ZKGzNTfE2MaaT2KQtsZUTPQi95U/M9rpaZ32R5zmaQGJZt/1EsFMTGZJkK6XCEzYmQJZYrbXQkbUEWZsbnlbQj+4snLpH5W8sul8u15sXKVxZGDAhzDKfhwARW4gSrUgMEjPMMrvDlPzovz7nzMW1ecbOYI/sD5/AFxgJdV</latexit>

h�i 6= 0
<latexit sha1_base64="PpmB4XpX/wA/0/H5XyCHdfCj8CM=">AAACI3icbVDLSgMxFM34rPU16tJNsAgVpMyIVBEXRTcuK9gHdIYhk6ZtaCYTkoxQhv6LG3/FjQuluHHhv5hOZ6FtD1w4Oedecu8JBaNKO863tbK6tr6xWdgqbu/s7u3bB4dNFScSkwaOWSzbIVKEUU4ammpG2kISFIWMtMLh/dRvPROpaMyf9EgQP0J9TnsUI22kwL4RgScULfMAn3sM8T4j0BMDCj2ZPc7gLWyWlzqBXXIqTga4SNyclECOemBPvG6Mk4hwjRlSquM6QvspkppiRsZFL1FEIDxEfdIxlKOIKD/NbhzDU6N0YS+WpriGmfp3IkWRUqMoNJ0R0gM1703FZV4n0b1rP6VcJJpwPPuolzCoYzgNDHapJFizkSEIS2p2hXiAJMLaxFo0IbjzJy+S5kXFrVaqj5el2l0eRwEcgxNQBi64AjXwAOqgATB4AW/gA3xar9a7NbG+Zq0rVj5zBP7B+vkF/+6jQw==</latexit>

p (nc, h�i) < V (h�i)
Instability

<latexit sha1_base64="TgsvNtQ/p+RISpZEgQKWPisuBUA=">AAAB9HicbVDLTgJBEOzFF+IL9ehlIjHxhLvGoEeiF4+YyCOBDZkdemHC7Ow6M0tCCN/hxYPGePVjvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCooeNUMayzWMSqFVCNgkusG24EthKFNAoENoPh3cxvjlBpHstHM07Qj2hf8pAzaqzkd0ZUYaK5iOWF7BZLbtmdg6wSLyMlyFDrFr86vZilEUrDBNW67bmJ8SdUGc4ETgudVGNC2ZD2sW2ppBFqfzI/ekrOrNIjYaxsSUPm6u+JCY20HkeB7YyoGehlbyb+57VTE974Ey6T1KBki0VhKoiJySwB0uMKmRFjSyhT3N5K2IAqyozNqWBD8JZfXiWNy7JXKVcerkrV2yyOPJzAKZyDB9dQhXuoQR0YPMEzvMKbM3JenHfnY9Gac7KZY/gD5/MH/sOSQw==</latexit> "/
n

<latexit sha1_base64="ruc0yoJEn1Z5ruVAc/AQXfccAEU=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqyH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A2qOM/Q==</latexit>n

<latexit sha1_base64="BPlOh4YvZhOFpRlTy9U4+0IEMGI=">AAACCHicbVC7SgNBFJ2NrxhfUUsLB4NgFXdFoo0QtLGMYB6QDWF2cjcZMju7zNwVQkhp46/YWChi6yfY+TdOHoUmHrhw5px7mXtPkEhh0HW/nczS8srqWnY9t7G5tb2T392rmTjVHKo8lrFuBMyAFAqqKFBCI9HAokBCPejfjP36A2gjYnWPgwRaEesqEQrO0Ert/KGPPUBGr6gvmepKoH7SE6ch9fXk2c4X3KI7AV0k3owUyAyVdv7L78Q8jUAhl8yYpucm2BoyjYJLGOX81EDCeJ91oWmpYhGY1nByyIgeW6VDw1jbUkgn6u+JIYuMGUSB7YwY9sy8Nxb/85ophpetoVBJiqD49KMwlRRjOk6FdoQGjnJgCeNa2F0p7zHNONrscjYEb/7kRVI7K3qlYunuvFC+nsWRJQfkiJwQj1yQMrklFVIlnDySZ/JK3pwn58V5dz6mrRlnNrNP/sD5/AFbx5jx</latexit>

✓ = h�/fi

<latexit sha1_base64="gtXwYLHWewIyJiuwzy5Won2iPoI=">AAACG3icbVDLSgMxFM34rPU16tJNsAh1U2eKVDdC0Y3LCvYBnbFk0kwbmsmEJFMow/yHG3/FjQtFXAku/BvTB6KtBy4czrk3ufcEglGlHefLWlpeWV1bz23kN7e2d3btvf2GihOJSR3HLJatACnCKCd1TTUjLSEJigJGmsHgeuw3h0QqGvM7PRLEj1CP05BipI3UscsCXkJ+X4ZeKBFOPYGkpogVvSGSRCjKYn7KT7IfA/KsYxeckjMBXCTujBTADLWO/eF1Y5xEhGvMkFJt1xHaT8cPYkayvJcoIhAeoB5pG8pRRJSfTm7L4LFRujCMpSmu4UT9PZGiSKlRFJjOCOm+mvfG4n9eO9HhhZ9SLhJNOJ5+FCYM6hiOg4JdKgnWbGQIwpKaXSHuIxOSNnHmTQju/MmLpFEuuZVS5fasUL2axZEDh+AIFIELzkEV3IAaqAMMHsATeAGv1qP1bL1Z79PWJWs2cwD+wPr8BrkaoUo=</latexit>

p = n2 @("/n)

@n

free Fermi gas
energy per particle

NR free Fermi gas
<latexit sha1_base64="zpTvOEl6GnhNpb3xM+ZxvQoo6ig=">AAACFnicbVDLSgMxFM3UVx1fVZdugkVxY53xUV0WBXFZwT6gU4dMmrahSSYkmUIp/Qo3/oobF4q4FXf+jWk7C60euHA4517uvSeSjGrjeV9OZm5+YXEpu+yurK6tb+Q2t6o6ThQmFRyzWNUjpAmjglQMNYzUpSKIR4zUot7V2K/1idI0FndmIEmTo46gbYqRsVKYO5RwP9CUw154fX92xGEQuEEfKSI1ZbFIzal9AsNc3it4E8C/xE9JHqQoh7nPoBXjhBNhMENaN3xPmuYQKUMxIyM3SDSRCPdQhzQsFYgT3RxO3hrBPau0YDtWtoSBE/XnxBBxrQc8sp0cma6e9cbif14jMe2L5pAKmRgi8HRRO2HQxHCcEWxRRbBhA0sQVtTeCnEXKYSNTdK1IfizL/8l1eOCXywUb0/zpcs0jizYAbvgAPjgHJTADSiDCsDgATyBF/DqPDrPzpvzPm3NOOnMNvgF5+MbajWdDA==</latexit>

p ⇠ k5F /m

" ⇠ mk3F
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New Ground State
Lighter QCD axion leads to new scalarized ground state of (free) matter.

Balkin, JS, Springmann, Stelzl, Weiler ’22

<latexit sha1_base64="WLjS/duWMup89Zuskxg8NTSK4cs="></latexit>

"(n,�) = " (n,�) + V (�)

p(n,�) = p (n,�)� V (�)

<latexit sha1_base64="4m6JR+NleFLH4xqLiPSnPIZjbGU=">AAACA3icbVDLSgMxFM3UV62vqjvdBIsgtJQZkepGKLpxWcE+oDOUTHqnDc1khiQjlKHgxl9x40IRt/6EO//G9CFo64HLPZxzL8k9fsyZ0rb9ZWWWlldW17LruY3Nre2d/O5eQ0WJpFCnEY9kyycKOBNQ10xzaMUSSOhzaPqD67HfvAepWCTu9DAGLyQ9wQJGiTZSJ3/gxorhSyxK2C1hKMY/vWjMgl22J8CLxJmRApqh1sl/ut2IJiEITTlRqu3YsfZSIjWjHEY5N1EQEzogPWgbKkgIyksnN4zwsVG6OIikKaHxRP29kZJQqWHom8mQ6L6a98bif1470cGFlzIRJxoEnT4UJBzrCI8DwV0mgWo+NIRQycxfMe0TSag2seVMCM78yYukcVp2KuXK7VmhejWLI4sO0RE6QQ46R1V0g2qojih6QE/oBb1aj9az9Wa9T0cz1mxnH/2B9fENYD6Uzg==</latexit>

 = n, e+ p, e+ p+ n

<latexit sha1_base64="qsxYvdG2Tzw5HxdJQxWAar530N8=">AAACBHicbVA9SwNBEJ3zM8avU8s0i0GwCnci0TJoYxnBfEAuhL3NJFmyt3fu7gkhpLDxr9hYKGLrj7Dz37hJrtDEBwNv35thZ16YCK6N5307K6tr6xubua389s7u3r57cFjXcaoY1lgsYtUMqUbBJdYMNwKbiUIahQIb4fB66jceUGkeyzszSrAd0b7kPc6osVLHLQSCyr5AEiQDTgKVPSTeE6/jFr2SNwNZJn5GipCh2nG/gm7M0gilYYJq3fK9xLTHVBnOBE7yQaoxoWxI+9iyVNIIdXs8O2JCTqzSJb1Y2ZKGzNTfE2MaaT2KQtsZUTPQi95U/M9rpaZ32R5zmaQGJZt/1EsFMTGZJkK6XCEzYmQJZYrbXQkbUEWZsbnlbQj+4snLpH5W8sul8u15sXKVxZGDAhzDKfhwARW4gSrUgMEjPMMrvDlPzovz7nzMW1ecbOYI/sD5/AFxgJdV</latexit>

h�i 6= 0
<latexit sha1_base64="PpmB4XpX/wA/0/H5XyCHdfCj8CM=">AAACI3icbVDLSgMxFM34rPU16tJNsAgVpMyIVBEXRTcuK9gHdIYhk6ZtaCYTkoxQhv6LG3/FjQuluHHhv5hOZ6FtD1w4Oedecu8JBaNKO863tbK6tr6xWdgqbu/s7u3bB4dNFScSkwaOWSzbIVKEUU4ammpG2kISFIWMtMLh/dRvPROpaMyf9EgQP0J9TnsUI22kwL4RgScULfMAn3sM8T4j0BMDCj2ZPc7gLWyWlzqBXXIqTga4SNyclECOemBPvG6Mk4hwjRlSquM6QvspkppiRsZFL1FEIDxEfdIxlKOIKD/NbhzDU6N0YS+WpriGmfp3IkWRUqMoNJ0R0gM1703FZV4n0b1rP6VcJJpwPPuolzCoYzgNDHapJFizkSEIS2p2hXiAJMLaxFo0IbjzJy+S5kXFrVaqj5el2l0eRwEcgxNQBi64AjXwAOqgATB4AW/gA3xar9a7NbG+Zq0rVj5zBP7B+vkF/+6jQw==</latexit>

p (nc, h�i) < V (h�i)
Instability

<latexit sha1_base64="TgsvNtQ/p+RISpZEgQKWPisuBUA=">AAAB9HicbVDLTgJBEOzFF+IL9ehlIjHxhLvGoEeiF4+YyCOBDZkdemHC7Ow6M0tCCN/hxYPGePVjvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCooeNUMayzWMSqFVCNgkusG24EthKFNAoENoPh3cxvjlBpHstHM07Qj2hf8pAzaqzkd0ZUYaK5iOWF7BZLbtmdg6wSLyMlyFDrFr86vZilEUrDBNW67bmJ8SdUGc4ETgudVGNC2ZD2sW2ppBFqfzI/ekrOrNIjYaxsSUPm6u+JCY20HkeB7YyoGehlbyb+57VTE974Ey6T1KBki0VhKoiJySwB0uMKmRFjSyhT3N5K2IAqyozNqWBD8JZfXiWNy7JXKVcerkrV2yyOPJzAKZyDB9dQhXuoQR0YPMEzvMKbM3JenHfnY9Gac7KZY/gD5/MH/sOSQw==</latexit> "/
n

<latexit sha1_base64="ruc0yoJEn1Z5ruVAc/AQXfccAEU=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqyH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A2qOM/Q==</latexit>n

<latexit sha1_base64="BPlOh4YvZhOFpRlTy9U4+0IEMGI=">AAACCHicbVC7SgNBFJ2NrxhfUUsLB4NgFXdFoo0QtLGMYB6QDWF2cjcZMju7zNwVQkhp46/YWChi6yfY+TdOHoUmHrhw5px7mXtPkEhh0HW/nczS8srqWnY9t7G5tb2T392rmTjVHKo8lrFuBMyAFAqqKFBCI9HAokBCPejfjP36A2gjYnWPgwRaEesqEQrO0Ert/KGPPUBGr6gvmepKoH7SE6ch9fXk2c4X3KI7AV0k3owUyAyVdv7L78Q8jUAhl8yYpucm2BoyjYJLGOX81EDCeJ91oWmpYhGY1nByyIgeW6VDw1jbUkgn6u+JIYuMGUSB7YwY9sy8Nxb/85ophpetoVBJiqD49KMwlRRjOk6FdoQGjnJgCeNa2F0p7zHNONrscjYEb/7kRVI7K3qlYunuvFC+nsWRJQfkiJwQj1yQMrklFVIlnDySZ/JK3pwn58V5dz6mrRlnNrNP/sD5/AFbx5jx</latexit>

✓ = h�/fi

<latexit sha1_base64="gtXwYLHWewIyJiuwzy5Won2iPoI=">AAACG3icbVDLSgMxFM34rPU16tJNsAh1U2eKVDdC0Y3LCvYBnbFk0kwbmsmEJFMow/yHG3/FjQtFXAku/BvTB6KtBy4czrk3ufcEglGlHefLWlpeWV1bz23kN7e2d3btvf2GihOJSR3HLJatACnCKCd1TTUjLSEJigJGmsHgeuw3h0QqGvM7PRLEj1CP05BipI3UscsCXkJ+X4ZeKBFOPYGkpogVvSGSRCjKYn7KT7IfA/KsYxeckjMBXCTujBTADLWO/eF1Y5xEhGvMkFJt1xHaT8cPYkayvJcoIhAeoB5pG8pRRJSfTm7L4LFRujCMpSmu4UT9PZGiSKlRFJjOCOm+mvfG4n9eO9HhhZ9SLhJNOJ5+FCYM6hiOg4JdKgnWbGQIwpKaXSHuIxOSNnHmTQju/MmLpFEuuZVS5fasUL2axZEDh+AIFIELzkEV3IAaqAMMHsATeAGv1qP1bL1Z79PWJWs2cwD+wPr8BrkaoUo=</latexit>

p = n2 @("/n)

@n

free Fermi gas

new ground state

energy per particle

<latexit sha1_base64="dTZ9AE/NXM4e57dgpqkKNMSet44=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MVjBdMW2lA22027dLMJuxOhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0ylMOi6305hbX1jc6u4XdrZ3ds/KB8eNU2SacZ9lshEt0NquBSK+yhQ8naqOY1DyVvh6G7mt564NiJRjzhOeRDTgRKRYBSt5Kfkhri9csWtunOQVeLlpAI5Gr3yV7efsCzmCpmkxnQ8N8VgQjUKJvm01M0MTykb0QHvWKpozE0wmR87JWdW6ZMo0bYUkrn6e2JCY2PGcWg7Y4pDs+zNxP+8TobRdTARKs2QK7ZYFGWSYEJmn5O+0JyhHFtCmRb2VsKGVFOGNp+SDcFbfnmVNC+qXq1ae7is1G/zOIpwAqdwDh5cQR3uoQE+MBDwDK/w5ijnxXl3PhatBSefOYY/cD5/AHpTjdQ=</latexit>

p = 0

<latexit sha1_base64="1mGHGP+dd+7CMKVv4hiijxFmTok=">AAACCnicbVC7TsMwFHV4lvIKMLIYKqSyVAlChYGhgoWxSPQhNVHluLetVduJbAepijqz8CssDCDEyhew8Te4jwFajmTr+Jx7dX1PlHCmjed9O0vLK6tr67mN/ObW9s6uu7df13GqKNRozGPVjIgGziTUDDMcmokCIiIOjWhwM/YbD6A0i+W9GSYQCtKTrMsoMVZqu0eiGHAiexxwkPQZDtTkcYqvcCBSe4u2W/BK3gR4kfgzUkAzVNvuV9CJaSpAGsqJ1i3fS0yYEWUY5TDKB6mGhNAB6UHLUkkE6DCbrDLCJ1bp4G6s7JEGT9TfHRkRWg9FZCsFMX09743F/7xWarqXYcZkkhqQdDqom3JsYjzOBXeYAmr40BJCFbN/xbRPFKHGppe3IfjzKy+S+lnJL5fKd+eFyvUsjhw6RMeoiHx0gSroFlVRDVH0iJ7RK3pznpwX5935mJYuObOeA/QHzucPhm+Y4g==</latexit>

m(h�i) < µ < m

<latexit sha1_base64="KU9YlVly+Rg2WI6gq5B2Zt5nPXY=">AAAB/XicbVDLSsNAFJ34rPVVHzs3wSK4KolIdVl047KCfUAbymR60w6dTMLMjVhD8VfcuFDErf/hzr9xmmahrQcuHM65d+7c48eCa3Scb2tpeWV1bb2wUdzc2t7ZLe3tN3WUKAYNFolItX2qQXAJDeQooB0roKEvoOWPrqd+6x6U5pG8w3EMXkgHkgecUTRSr3TYRXjA7J1UQX+Syh6b9Eplp+JksBeJm5MyyVHvlb66/YglIUhkgmrdcZ0YvZQq5EzApNhNNMSUjegAOoZKGoL20mzrxD4xSt8OImVKop2pvydSGmo9Dn3TGVIc6nlvKv7ndRIMLr2UyzhBkGy2KEiEjZE9jcLucwUMxdgQyhQ3f7XZkCrK0ARWNCG48ycvkuZZxa1Wqrfn5dpVHkeBHJFjckpcckFq5IbUSYMw8kieySt5s56sF+vd+pi1Lln5zAH5A+vzB8dylhk=</latexit>nc

NR free Fermi gas
<latexit sha1_base64="zpTvOEl6GnhNpb3xM+ZxvQoo6ig=">AAACFnicbVDLSgMxFM3UVx1fVZdugkVxY53xUV0WBXFZwT6gU4dMmrahSSYkmUIp/Qo3/oobF4q4FXf+jWk7C60euHA4517uvSeSjGrjeV9OZm5+YXEpu+yurK6tb+Q2t6o6ThQmFRyzWNUjpAmjglQMNYzUpSKIR4zUot7V2K/1idI0FndmIEmTo46gbYqRsVKYO5RwP9CUw154fX92xGEQuEEfKSI1ZbFIzal9AsNc3it4E8C/xE9JHqQoh7nPoBXjhBNhMENaN3xPmuYQKUMxIyM3SDSRCPdQhzQsFYgT3RxO3hrBPau0YDtWtoSBE/XnxBBxrQc8sp0cma6e9cbif14jMe2L5pAKmRgi8HRRO2HQxHCcEWxRRbBhA0sQVtTeCnEXKYSNTdK1IfizL/8l1eOCXywUb0/zpcs0jizYAbvgAPjgHJTADSiDCsDgATyBF/DqPDrPzpvzPm3NOOnMNvgF5+MbajWdDA==</latexit>

p ⇠ k5F /m

" ⇠ mk3F
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New Ground State
Balkin, JS, Springmann, Stelzl, Weiler ’22

<latexit sha1_base64="WLjS/duWMup89Zuskxg8NTSK4cs="></latexit>

"(n,�) = " (n,�) + V (�)

p(n,�) = p (n,�)� V (�)

<latexit sha1_base64="4m6JR+NleFLH4xqLiPSnPIZjbGU=">AAACA3icbVDLSgMxFM3UV62vqjvdBIsgtJQZkepGKLpxWcE+oDOUTHqnDc1khiQjlKHgxl9x40IRt/6EO//G9CFo64HLPZxzL8k9fsyZ0rb9ZWWWlldW17LruY3Nre2d/O5eQ0WJpFCnEY9kyycKOBNQ10xzaMUSSOhzaPqD67HfvAepWCTu9DAGLyQ9wQJGiTZSJ3/gxorhSyxK2C1hKMY/vWjMgl22J8CLxJmRApqh1sl/ut2IJiEITTlRqu3YsfZSIjWjHEY5N1EQEzogPWgbKkgIyksnN4zwsVG6OIikKaHxRP29kZJQqWHom8mQ6L6a98bif1470cGFlzIRJxoEnT4UJBzrCI8DwV0mgWo+NIRQycxfMe0TSag2seVMCM78yYukcVp2KuXK7VmhejWLI4sO0RE6QQ46R1V0g2qojih6QE/oBb1aj9az9Wa9T0cz1mxnH/2B9fENYD6Uzg==</latexit>

 = n, e+ p, e+ p+ n

Scalarless Scalarized

<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 

<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 

<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 
<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 
<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 

<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 

<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 

<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 

<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 

<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 

<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 

<latexit sha1_base64="2cBmAV85Y1+jXPdlJEWsU55Grxc=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuiG5cV7AOaUCbTSTt0MgkzE6XEfoobF4q49Uvc+TdO0yy09cCFwzn3zp17goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjP3uw9UKhaLez1NqB/hkWAhI1gbaWBXvfyNLOApnSEvUWxg15y6kwOtErcgNSjQGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvqMARVX6Wr52hU6MMURhLU0KjXP09keFIqWkUmM4I67Fa9ubif14/1eGVnzGRpJoKslgUphzpGM1zQEMmKdF8aggmkpm/IjLGEhNt0qqYENzlk1dJ57zuNuqNu4ta87qIowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A6OblEM=</latexit>

 

Lighter QCD axion leads to new scalarized ground state of (free) matter.

<latexit sha1_base64="PpmB4XpX/wA/0/H5XyCHdfCj8CM=">AAACI3icbVDLSgMxFM34rPU16tJNsAgVpMyIVBEXRTcuK9gHdIYhk6ZtaCYTkoxQhv6LG3/FjQuluHHhv5hOZ6FtD1w4Oedecu8JBaNKO863tbK6tr6xWdgqbu/s7u3bB4dNFScSkwaOWSzbIVKEUU4ammpG2kISFIWMtMLh/dRvPROpaMyf9EgQP0J9TnsUI22kwL4RgScULfMAn3sM8T4j0BMDCj2ZPc7gLWyWlzqBXXIqTga4SNyclECOemBPvG6Mk4hwjRlSquM6QvspkppiRsZFL1FEIDxEfdIxlKOIKD/NbhzDU6N0YS+WpriGmfp3IkWRUqMoNJ0R0gM1703FZV4n0b1rP6VcJJpwPPuolzCoYzgNDHapJFizkSEIS2p2hXiAJMLaxFo0IbjzJy+S5kXFrVaqj5el2l0eRwEcgxNQBi64AjXwAOqgATB4AW/gA3xar9a7NbG+Zq0rVj5zBP7B+vkF/+6jQw==</latexit>

p (nc, h�i) < V (h�i)
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White-Dwarf Mass-Radius Gap
Balkin, JS, Springmann, Stelzl, Weiler ’22

Discontinuity in Equation of State leads to a gap in M-R plane of WDs. 

<latexit sha1_base64="FkxnFDtBEmtPSduL3iCe3+gDrQM=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9C0IvHCOYByRJmJ73JkNnZdWY2EJZ8hxcPinj1Y7z5N04eB00s6Kao6mZ6KkgE18Z1v53c2vrG5lZ+u7Czu7d/UDw8aug4VQzrLBaxagVUo+AS64Ybga1EIY0Cgc1geDf1myNUmsfy0YwT9CPalzzkjBor+ZLcENnFWU+6xZJbdmcgq8RbkBIsUOsWvzq9mKURSsME1brtuYnxM6oMZwInhU6qMaFsSPvYtlTSCLWfzY6ekDOr9EgYK1vSkJn6eyOjkdbjKLCTETUDvexNxf+8dmrCaz/jMkkNSjZ/KEwFMTGZJkB6XCEzYmwJZYrbWwkbUEWZsTkVbAje8pdXSeOi7FXKlYfLUvV2EUceTuAUzsGDK6jCPdSgDgye4Ble4c0ZOS/Ou/MxH805i51j+APn8wfXBJDe</latexit>n = ne = np
<latexit sha1_base64="eOfTH2KeDOBrQGpikGIy/qtrXLs=">AAAB83icbVBNSwMxEM3Wr1q/qh69BIvgqeyKVI9FLx4r2A/oLiWbzrahSTYmWaGU/g0vHhTx6p/x5r8xbfegrQ8GHu/NMDMvVpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61TJppCk2a8lR3YmKAMwlNyyyHjtJARMyhHY9uZ377CbRhqXywYwWRIAPJEkaJdVKocGiYgEesetArV/yqPwdeJUFOKihHo1f+CvspzQRISzkxphv4ykYToi2jHKalMDOgCB2RAXQdlUSAiSbzm6f4zCl9nKTalbR4rv6emBBhzFjErlMQOzTL3kz8z+tmNrmOJkyqzIKki0VJxrFN8SwA3GcaqOVjRwjVzN2K6ZBoQq2LqeRCCJZfXiWti2pQq9buLyv1mzyOIjpBp+gcBegK1dEdaqAmokihZ/SK3rzMe/HevY9Fa8HLZ47RH3ifP4JGkVw=</latexit>p ' pe

<latexit sha1_base64="1nDLaIBzHyghQadVjf/dBKX0My8=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDbbSbt0sxt2J4US+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MBHcoOd9O4WNza3tneJuaW//4PCofHzSMirVDJpMCaU7ITUguIQmchTQSTTQOBTQDsf3c789AW24kk84TSCI6VDyiDOKVur2JlRDYrhQsl+ueFVvAXed+DmpkByNfvmrN1AsjUEiE9SYru8lGGRUI2cCZqVeaiChbEyH0LVU0hhMkC1OnrkXVhm4kdK2JLoL9fdERmNjpnFoO2OKI7PqzcX/vG6K0W2QcZmkCJItF0WpcFG58//dAdfAUEwtoUxze6vLRlRThjalkg3BX315nbSuqn6tWnu8rtTv8jiK5Iyck0vikxtSJw+kQZqEEUWeySt5c9B5cd6dj2VrwclnTskfOJ8/vWGRkg==</latexit>"

<latexit sha1_base64="kAK1XOl10BM6DKNtPG/ALK20HyA=">AAACDXicbVA9SwNBEN2LXzF+nVraLEbBxnAnojaCaGMZwSRCLoa9zUSX7O0du3NiOO4P2PhXbCwUsbW389+4+SjU+GDg8d7M7swLEykMet6XU5ianpmdK86XFhaXllfc1bW6iVPNocZjGeurkBmQQkENBUq4SjSwKJTQCHtnA79xB9qIWF1iP4FWxG6U6ArO0EptdytAuMfhO5mGTp4FkBghY5XTY+p719mu7+dtt+xVvCHoJPHHpEzGqLbdz6AT8zQChVwyY5q+l2ArYxoFl5CXgtRAwniP3UDTUsUiMK1suEVOt63Sod1Y21JIh+rPiYxFxvSj0HZGDG/NX28g/uc1U+wetTKhkhRB8dFH3VRSjOkgGtoRGjjKviWMa2F3pfyWacbRBliyIfh/T54k9b2Kf1A5uNgvn5yO4yiSDbJJdohPDskJOSdVUiOcPJAn8kJenUfn2Xlz3ketBWc8s05+wfn4Bj2vm6I=</latexit>

✏ = 10�11

<latexit sha1_base64="evSP47/UeWiD4HBt6gRWi06EcxE="></latexit>

nc = ✏
m2

⇡f
2
⇡

�N

<latexit sha1_base64="UG/0Nkns1n3vjutUvJVOtoIqnig=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBHqpiQi1YWLohtXUsE+oAlhMp20Q2cmcWYilNCVG3/FjQtF3PoN7vwbp20W2nrgwuGce7n3njBhVGnH+bYWFpeWV1YLa8X1jc2tbXtnt6niVGLSwDGLZTtEijAqSENTzUg7kQTxkJFWOLga+60HIhWNxZ0eJsTnqCdoRDHSRgrsAx7clL2EwihAx/ACejyFnqKc3EPjBHbJqTgTwHni5qQEctQD+8vrxjjlRGjMkFId10m0nyGpKWZkVPRSRRKEB6hHOoYKxInys8kbI3hklC6MYmlKaDhRf09kiCs15KHp5Ej31aw3Fv/zOqmOzv2MiiTVRODpoihlUMdwnAnsUkmwZkNDEJbU3ApxH0mEtUmuaEJwZ1+eJ82TilutVG9PS7XLPI4C2AeHoAxccAZq4BrUQQNg8AiewSt4s56sF+vd+pi2Llj5zB74A+vzB5E8l00=</latexit>

mN (⇡fa) < µ ' mN

axionic ground state

meta-stable branch

<latexit sha1_base64="PDdfZ3Cz+rmjGFlMNZZAC5X0lf0=">AAACA3icbVA9SwNBEN2LXzF+Re20WQyCVbgLEi2DNlYSwXxALoS9zVyyZHfv3N0LhBCw8a/YWChi65+w89+4Sa7QxAcDj/dmmJkXxJxp47rfTmZldW19I7uZ29re2d3L7x/UdZQoCjUa8Ug1A6KBMwk1wwyHZqyAiIBDIxhcT/3GEJRmkbw3oxjagvQkCxklxkqd/JE/JApizXgksa+ZgAdcwqJzi61ZcIvuDHiZeCkpoBTVTv7L70Y0ESAN5UTrlufGpj0myjDKYZLzEw0xoQPSg5alkgjQ7fHshwk+tUoXh5GyJQ2eqb8nxkRoPRKB7RTE9PWiNxX/81qJCS/bYybjxICk80VhwrGJ8DQQ3GUKqOEjSwhVzN6KaZ8oQo2NLWdD8BZfXib1UtErF8t354XKVRpHFh2jE3SGPHSBKugGVVENUfSIntErenOenBfn3fmYt2acdOYQ/YHz+QPr45cO</latexit>

" ' 2mNn
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Experimental Bounds
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Balkin, JS, Springmann, Stelzl, Weiler ’22

Strong bounds on lighter QCD axion from absence of observed gap.
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Experimental Bounds
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Strong bounds on lighter QCD axion from absence of observed gap.

[Almost identical bounds hold for the ZN realization.]

WD not dense enough

WD not large enough

Balkin, JS, Springmann, Stelzl, Weiler ’22



QCD Scalars
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Heavier (and larger) Neutron Stars

Mass (and radius) of NS made of a free Fermi gas neutrons increases w/ its mass.
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0.0

0.5

1.0

1.5

2.0
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3.0

Active QCD-coupled scalars realize this.

<latexit sha1_base64="Kf1//e/we/dne4q+K8epbMF75rw="></latexit>

Mmax(mN )

Mmax(m0
N )

'
✓
m0

N

mN

◆2

<latexit sha1_base64="TGENiK79MlegbLRK3PJleyCmxGE=">AAACDnicbVDLTgIxFO34RHyhLt00EiJuyIwx6JLoxhXBRB4JQyadcoGGtjO2HRJC+AI3/oobFxrj1rU7/8byWCh4kpucnnNveu8JY860cd1vZ2V1bX1jM7WV3t7Z3dvPHBzWdJQoClUa8Ug1QqKBMwlVwwyHRqyAiJBDPezfTPz6AJRmkbw3wxhagnQl6zBKjJWCTE6cBmXsw0PCBlgE5bzPiexywH7cY9hX08dZkMm6BXcKvEy8OcmiOSpB5stvRzQRIA3lROum58amNSLKMMphnPYTDTGhfdKFpqWSCNCt0fScMc5ZpY07kbIlDZ6qvydGRGg9FKHtFMT09KI3Ef/zmonpXLVGTMaJAUlnH3USjk2EJ9ngNlNADR9aQqhidldMe0QRamyCaRuCt3jyMqmdF7xioXh3kS1dz+NIoWN0gvLIQ5eohG5RBVURRY/oGb2iN+fJeXHenY9Z64oznzlCf+B8/gBqSpsb</latexit>

m0
N ⌘ mN (h�i)

<latexit sha1_base64="mSQWwZq/BMMlSfboXQBGcftGLD8=">AAACF3icbVA9SwNBEN3z2/gVtbRZDKKFHHei0TJooZUomBjIhbC3mcQlu3fn7pwYjvsXNv4VGwtFbLXz37iJKfx6MPB4b2Z35oWJFAY978MZG5+YnJqemS3MzS8sLhWXV2omTjWHKo9lrOshMyBFBFUUKKGeaGAqlHAZ9o4G/uUNaCPi6AL7CTQV60aiIzhDK7WKboBwi8N3slCmkGdqs3Wa08AIBdfUc/dosE2zQCt6DLW8VSx5rjcE/Uv8ESmREc5axfegHfNUQYRcMmMavpdgM2MaBZeQF4LUQMJ4j3WhYWnEFJhmNtwnpxtWadNOrG1FSIfq94mMKWP6KrSdiuGV+e0NxP+8Roqdg2YmoiRFiPjXR51UUozpICTaFho4yr4ljGthd6X8imnG0UZZsCH4v0/+S2o7rl92y+e7pcrhKI4ZskbWyRbxyT6pkBNyRqqEkzvyQJ7Is3PvPDovzutX65gzmlklP+C8fQLMRZ8G</latexit>

m0
N ' 0.5GeV

<latexit sha1_base64="cdzOPpDwv1/mRRcNtfKsFPY4k04=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISkeqy6EJXUsE+oAlhMr1th84kcWYilFDc+CtuXCji1q9w5984fSy09cCFwzn3cu89YcKZ0o7zbeUWFpeWV/KrhbX1jc0te3unruJUUqjRmMeyGRIFnEVQ00xzaCYSiAg5NML+5chvPIBULI7u9CABX5BuxDqMEm2kwN4TwQ32FBNwj13sHePMkwJfQX0Y2EWn5IyB54k7JUU0RTWwv7x2TFMBkaacKNVynUT7GZGaUQ7DgpcqSAjtky60DI2IAOVn4xeG+NAobdyJpalI47H6eyIjQqmBCE2nILqnZr2R+J/XSnXn3M9YlKQaIjpZ1Ek51jEe5YHbTALVfGAIoZKZWzHtEUmoNqkVTAju7MvzpH5Scsul8u1psXIxjSOP9tEBOkIuOkMVdI2qqIYoekTP6BW9WU/Wi/VufUxac9Z0Zhf9gfX5A9vdldM=</latexit>

mN ' 1GeV

<latexit sha1_base64="enPOB3kvaUhYVJKAebRCCogj76w="></latexit>

"N ⇠ mNnN ⇠ m4
N

"g ⇠ m(r)mNnN/M2
Plr

<latexit sha1_base64="oHRo0gX+yfHiWMnFxtBwmF6lpz4=">AAAB/nicbVDLSgNBEOyNrxhfUfHkZTAI8RJ2VaLHoBdPEsE8IFmX2ckkGTIzu8zMCmEJ+CtePCji1e/w5t84eRw0saChqOqmuyuMOdPGdb+dzNLyyupadj23sbm1vZPf3avrKFGE1kjEI9UMsaacSVozzHDajBXFIuS0EQ6ux37jkSrNInlvhjH1Be5J1mUEGysF+QNRVCeorZlAIrhF0pZ6OAvyBbfkToAWiTcjBZihGuS/2p2IJIJKQzjWuuW5sfFTrAwjnI5y7UTTGJMB7tGWpRILqv10cv4IHVulg7qRsiUNmqi/J1IstB6K0HYKbPp63huL/3mtxHQv/ZTJODFUkumibsKRidA4C9RhihLDh5Zgopi9FZE+VpgYm1jOhuDNv7xI6qclr1wq350XKlezOLJwCEdQBA8uoAI3UIUaEEjhGV7hzXlyXpx352PamnFmM/vwB87nD8AHlBU=</latexit>

m(r) ⇠ mNnNr3

Balkin, JS, Springmann, Stelzl, Weiler ’23
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Scalarized Stellar Landscape

<latexit sha1_base64="6YVBFQCUQr5Fso0nO/DcjS58aiA="></latexit>

"(n,�) = "N (n,mN (�)) + V (�)

p(n,�) = pN (n,mN (�))� V (�)

Mass and radius of (free-)neutron stars expand a much larger range than in the “SM”.

<latexit sha1_base64="NtsbQeNmawl55y6FVwzgJ/BCAdA="></latexit>

Mmax

M 0
max

'
✓
m0

N

mN

◆2

<latexit sha1_base64="Tb+dp+9sQQhyd7BwVGaYK9PO1G4="></latexit>

Mmax

M 0
max

'
✓
V (h�i0)
V (h�i)

◆1/2

stronger couplings

m
or

e 
tu

ne
d 

po
te

nt
ia

ls

<latexit sha1_base64="bp6qFaeXBEy3J0NF7vXRCPxrhew=">AAACF3icbVDLSgMxFM3UV62vUZdugkVoQeqMlOqy6EKXFewDOmPJpLdtaCYzJBmhDP0LN/6KGxeKuNWdf2P6WGj1wIWTc+4l954g5kxpx/myMkvLK6tr2fXcxubW9o69u9dQUSIp1GnEI9kKiALOBNQ10xxasQQSBhyawfBy4jfvQSoWiVs9isEPSV+wHqNEG6ljlwqNgseJ6HPAXjxg2JPTR7F4l7on5TH2jnE79WSIr6Ax9jt23ik5U+C/xJ2TPJqj1rE/vW5EkxCEppwo1XadWPspkZpRDuOclyiICR2SPrQNFSQE5afTu8b4yChd3IukKaHxVP05kZJQqVEYmM6Q6IFa9Cbif1470b1zP2UiTjQIOvuol3CsIzwJCXeZBKr5yBBCJTO7YjogklBtosyZENzFk/+SxmnJrZQqN+V89WIeRxYdoENUQC46Q1V0jWqojih6QE/oBb1aj9az9Wa9z1oz1nxmH/2C9fENnLudug==</latexit> (V
(h
�
i)
)1

/
4
[G

eV
]

<latexit sha1_base64="qV4hZvJB5TL02TzqtHf9LgshYbU=">AAACEXicbVDLSgMxFM3UV62vqks3wSJUkDIjUl0WXehKKtgHdIaSSW/b0CQzJBmhDP0FN/6KGxeKuHXnzr8xfSy09cCFk3PuJfeeMOZMG9f9djJLyyura9n13Mbm1vZOfnevrqNEUajRiEeqGRINnEmoGWY4NGMFRIQcGuHgauw3HkBpFsl7M4whEKQnWZdRYqzUzhdF+7bocyJ7HLAf9xn21eRxjP0T3Ep9JfA11EdBO19wS+4EeJF4M1JAM1Tb+S+/E9FEgDSUE61bnhubICXKMMphlPMTDTGhA9KDlqWSCNBBOrlohI+s0sHdSNmSBk/U3xMpEVoPRWg7BTF9Pe+Nxf+8VmK6F0HKZJwYkHT6UTfh2ER4HA/uMAXU8KElhCpmd8W0TxShxoaYsyF48ycvkvppySuXyndnhcrlLI4sOkCHqIg8dI4q6AZVUQ1R9Iie0St6c56cF+fd+Zi2ZpzZzD76A+fzBzyhnAc=</latexit>

mN (h�i) [GeV]

Balkin, JS, Springmann, Stelzl, Weiler ’23
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Heavy Neutron Stars from ALPs

free Fermi gas

<latexit sha1_base64="1ECVZ5yLATnsW8EZ4qfn9wYyM4I="></latexit>

V (�) = �✏m2
⇡f

2
⇡

✓
cos

�

f
� 1

◆

<latexit sha1_base64="sLUy1rkTx2ezQj0/QxT57IA8qNg="></latexit>

mN (�)�mN = +gmN

✓
cos

�

f
� 1

◆

<latexit sha1_base64="swH/HEtkdzf1YYPLN8vIG6p+hWs=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4Colo9SIUvXisYD+gDWWznbRLN5uwuxFK6Y/w4kERr/4eb/4bt20O2vpg4PHeDDPzwlRwbTzv21lZXVvf2CxsFbd3dvf2SweHDZ1kimGdJSJRrZBqFFxi3XAjsJUqpHEosBkO76Z+8wmV5ol8NKMUg5j2JY84o8ZKzT65IZ572S2VPdebgSwTPydlyFHrlr46vYRlMUrDBNW67XupCcZUGc4EToqdTGNK2ZD2sW2ppDHqYDw7d0JOrdIjUaJsSUNm6u+JMY21HsWh7YypGehFbyr+57UzE10HYy7TzKBk80VRJohJyPR30uMKmREjSyhT3N5K2IAqyoxNqGhD8BdfXiaNc9evuJWHi3L1No+jAMdwAmfgwxVU4R5qUAcGQ3iGV3hzUufFeXc+5q0rTj5zBH/gfP4ATtaOQg==</latexit>

g = 0.5

<latexit sha1_base64="9ba2VHLNa9Ae2OIxoHvSUWvXuaU=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbB07IrUr0IRS8eK9gPaNeSTbNtaDZZkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL0w408bzvp3Cyura+kZxs7S1vbO7V94/aGqZKkIbRHKp2iHWlDNBG4YZTtuJojgOOW2Fo5up33qkSjMp7s04oUGMB4JFjGBjpYcuTTTjUqAr5Ll+r1zxXG8GtEz8nFQgR71X/ur2JUljKgzhWOuO7yUmyLAyjHA6KXVTTRNMRnhAO5YKHFMdZLOrJ+jEKn0USWVLGDRTf09kONZ6HIe2M8ZmqBe9qfif10lNdBlkTCSpoYLMF0UpR0aiaQSozxQlho8twUQxeysiQ6wwMTaokg3BX3x5mTTPXL/qVu/OK7XrPI4iHMExnIIPF1CDW6hDAwgoeIZXeHOenBfn3fmYtxacfOYQ/sD5/AHbAZFz</latexit>

✏ = 0.1 new ground state

meta-stable branch

<latexit sha1_base64="rxUxAS2oQiJ000Xj1vS+cxtCpcc=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8SNgViR6DXjxGMQ/YXcPsZDYZMjO7zMwqYcl/ePGgiFf/xZt/4+Rx0MSChqKqm+6uKOVMG9f9dpaWV1bX1gsbxc2t7Z3d0t5+UyeZIrRBEp6odoQ15UzShmGG03aqKBYRp61ocD32W49UaZbIezNMaShwT7KYEWys9HCHglM/D5RAAzEKO6WyW3EnQIvEm5EyzFDvlL6CbkIyQaUhHGvte25qwhwrwwino2KQaZpiMsA96lsqsaA6zCdXj9CxVbooTpQtadBE/T2RY6H1UES2U2DT1/PeWPzP8zMTX4Y5k2lmqCTTRXHGkUnQOALUZYoSw4eWYKKYvRWRPlaYGBtU0Ybgzb+8SJpnFa9aqd6el2tXszgKcAhHcAIeXEANbqAODSCg4Ble4c15cl6cd+dj2rrkzGYO4A+czx+QYJHu</latexit>

R [km]

<latexit sha1_base64="cDYFpbIy7xVPtYE2n/Fp+7GwHEo=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJSHVZdOOmUME+IAlhMpm2QyczYWYi1NAvceNCEbd+ijv/xmmbhbYeuHA4517uvSdKGVXacb6t0tr6xuZWebuys7u3X7UPDrtKZBKTDhZMyH6EFGGUk46mmpF+KglKIkZ60fh25vceiVRU8Ac9SUmQoCGnA4qRNlJoV1vQP/daYe6LWOhpENo1p+7MAVeJW5AaKNAO7S8/FjhLCNeYIaU810l1kCOpKWZkWvEzRVKEx2hIPEM5SogK8vnhU3hqlBgOhDTFNZyrvydylCg1SSLTmSA9UsveTPzP8zI9uA5yytNME44XiwYZg1rAWQowppJgzSaGICypuRXiEZIIa5NVxYTgLr+8SroXdbdRb9xf1po3RRxlcAxOwBlwwRVogjvQBh2AQQaewSt4s56sF+vd+li0lqxi5gj8gfX5A/ynkq8=</latexit> M
[M

�
]

Balkin, JS, Springmann, Stelzl, Weiler ’23
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Experimental Observations

Simplified yet physically transparent analysis provides new benchmarks to compare w/ data.

X-ray obs. Gravitationa wave obs.

Much more data to come in the future from NICER and LIGO-Vigro-KAGRA.

[Mmax causal bounds do not generically hold for scalarized NSs.]

Balkin, JS, Springmann, Stelzl, Weiler ’23



Relaxion

40



41

Relaxion at Finite Density
Vacua of (non-QCD) relaxion change in medium, due to Higgs dependence.

Model

�
<latexit sha1_base64="FxEMg/L76rzyknCN09EP/eFzjXQ=">AAAB0HicbU/LSsNAFL1TXzW+qi7dDBbBVUmqoMuiG5dV7APaUCbTSTt0MjNkJmIJRdy6cKt/4rf4NyZtFtp64MLhnHO59wRacGNd9xuV1tY3NrfK287O7t7+QeXwqG1UElPWokqouBsQwwSXrGW5FayrY0aiQLBOMLnN/c4Tiw1X8tFONfMjMpI85JTYXOrrMR9Uqm7NnQOvEq8gVSjQHFS++kNFk4hJSwUxpue52vopiS2ngs2cfmKYJnRCRqyXUUkiZvx0/usMn2XKEIcqzkZaPFd/b6QkMmYaBVkyInZslr1c/M/rJTa89lMudWKZpItDYSKwVTgvjrHjZE295V6rpF2veRe1+v1ltXFTdC7DCZzCOXhwBQ24gya0gMIY3uEDPtEDekYv6HURLaFi5xj+AL39AKUDgl8=</latexit>

<latexit sha1_base64="EmsPXbN6AerznRnkfxoYe8pKJY4=">AAAB03icbU9NS8NAFHxbv2r8qnr0sliEeimJVPRY9OKxgmkLbSib7aZdutldshuhhF7Eqwev+kP8Lf4b0zYHbR14MMzM470JteDGuu43Km1sbm3vlHedvf2Dw6PK8UnbqDShzKdKqKQbEsMEl8y33ArW1QkjcShYJ5zcz/3OM0sMV/LJTjULYjKSPOKU2FzqtGt9PeaXg0rVrbsL4HXiFaQKBVqDyld/qGgaM2mpIMb0PFfbICOJ5VSwmdNPDdOETsiI9XIqScxMkC3eneGLXBniSCX5SIsX6u+NjMTGTOMwT8bEjs2qNxf/83qpjW6DjEudWibp8lCUCmwVnnfH2HHypt5qr3XSvqp713X3sVFt3hWdy3AG51ADD26gCQ/QAh8oTOAdPuAT+ShDL+h1GS2hYucU/gC9/QADgIMk</latexit>

V (�)

<latexit sha1_base64="FcY44s6Y1W+5iewMOstDR4T6i/s="></latexit>

F̃

✓
�

f

◆
=

✓
�

�c
� 1

◆k/2

⇥(�� �c)

<latexit sha1_base64="G51X5qeRxC1dE0pEgcrwlCudxYs="></latexit>

V (�) = �⇤4
roll

✓
�

f

◆
� ⇤̃4

brF̃

✓
�

f

◆
cos

✓
�

f

◆

5

<latexit sha1_base64="PKP/G/k7PwOhGBALkdr6Fd5PpYs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGiQRG1Zrbt2dA60SryA1KNAaVr8Go5ikgkpDONa677mJ8TOsDCOcziqDVNMEkwke076lEguq/Wx+6wydWWWEwljZkgbN1d8TGRZaT0VgOwU2kV72cvE/r5+a8MbPmExSQyVZLApTjkyM8sfRiClKDJ9agoli9lZEIqwwMTaeig3BW355lXQu6t5V/fKhUWveFnGU4QRO4Rw8uIYm3EML2kAggmd4hTdHOC/Ou/OxaC05xcwx/IHz+QMWJI5H</latexit>

�

<latexit sha1_base64="7xDd3XT4WsvemSrPo/FvHwxnRPY=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBHqpeyqqMeiF48V7Ae0S8mm2TY0mw1JVihLf4QXD4p49fd489+YtnvQ1gcDj/dmmJkXKsGN9bxvtLK6tr6xWdgqbu/s7u2XDg6bJkk1ZQ2aiES3Q2KY4JI1LLeCtZVmJA4Fa4Wju6nfemLa8EQ+2rFiQUwGkkecEuukVrPSVUN+1iuVvao3A14mfk7KkKPeK311+wlNYyYtFcSYju8pG2REW04FmxS7qWGK0BEZsI6jksTMBNns3Ak+dUofR4l2JS2eqb8nMhIbM45D1xkTOzSL3lT8z+ukNroJMi5Vapmk80VRKrBN8PR33OeaUSvGjhCqubsV0yHRhFqXUNGF4C++vEya51X/qnrxcFmu3eZxFOAYTqACPlxDDe6hDg2gMIJneIU3pNALekcf89YVlM8cwR+gzx+GfI8M</latexit>

V (�)<latexit sha1_base64="xvMggpABCjQCbNkKyLmJkGY25yI="></latexit>

V (�) = �⇤4
R

�

f
+ ⇤4

B(h) cos
�

f
<latexit sha1_base64="6oTlgCZg/nEq+G0MqaZSoklgkjQ=">AAACK3icbVDLTgIxFO34RHyhLt00EhPc4Awh6MaEwMaFC0zkkfBKpxRo6HQm7R0imfA/bvwVF7rwEbf+h+WxUOAkbU7OOTftPW4guAbb/rTW1jc2t7ZjO/Hdvf2Dw8TRcUX7oaKsTH3hq5pLNBNcsjJwEKwWKEY8V7CqOyhO/OqQKc19+QCjgDU90pO8yykBI7UThcadCXdIO2oAewRzcznChfG4lU31L/ANXukXJz7utzKXw1amnUjaaXsKvEycOUmiOUrtxGuj49PQYxKoIFrXHTuAZkQUcCrYON4INQsIHZAeqxsqicd0M5ruOsbnRungrq/MkYCn6t+JiHhajzzXJD0Cfb3oTcRVXj2E7nUz4jIIgUk6e6gbCgw+nhSHO1wxCmJkCKGKm79i2ieKUDD1xk0JzuLKy6SSSTu5dO4+m8wX5nXE0Ck6QynkoCuUR7eohMqIoif0gt7Rh/VsvVlf1vcsumbNZ07QP1g/v0XvpxA=</latexit>

⇤4
B(h) = ⇤4

Ch
2/v2

<latexit sha1_base64="iHR44CcSkF+50VNpGrIPWX+UFzo="></latexit>

⇤4
B(hhi) & ⇤4

R

<latexit sha1_base64="Oh/WBh5yVxjK4I4j4fBQ4FjGh7Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1ItQ9OKxgmkLbSib7bRdutmE3Y1QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZFyaCa+O6305hZXVtfaO4Wdra3tndK+8fNHScKoY+i0WsWiHVKLhE33AjsJUopFEosBmO7qZ+8wmV5rF8NOMEg4gOJO9zRo2VfEluiNstV9yqOwNZJl5OKpCj3i1/dXoxSyOUhgmqddtzExNkVBnOBE5KnVRjQtmIDrBtqaQR6iCbHTshJ1bpkX6sbElDZurviYxGWo+j0HZG1Az1ojcV//PaqelfBxmXSWpQsvmifiqIicn0c9LjCpkRY0soU9zeStiQKsqMzadkQ/AWX14mjbOqd1k9f7io1G7zOIpwBMdwCh5cQQ3uoQ4+MODwDK/w5kjnxXl3PuatBSefOYQ/cD5/AHZNjc8=</latexit>

n = 0

Balkin, JS, Springmann, Stelzl, Weiler ’21
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Relaxion at Finite Density
Vacua of (non-QCD) relaxion change in medium, due to Higgs dependence.

Model

�
<latexit sha1_base64="FxEMg/L76rzyknCN09EP/eFzjXQ=">AAAB0HicbU/LSsNAFL1TXzW+qi7dDBbBVUmqoMuiG5dV7APaUCbTSTt0MjNkJmIJRdy6cKt/4rf4NyZtFtp64MLhnHO59wRacGNd9xuV1tY3NrfK287O7t7+QeXwqG1UElPWokqouBsQwwSXrGW5FayrY0aiQLBOMLnN/c4Tiw1X8tFONfMjMpI85JTYXOrrMR9Uqm7NnQOvEq8gVSjQHFS++kNFk4hJSwUxpue52vopiS2ngs2cfmKYJnRCRqyXUUkiZvx0/usMn2XKEIcqzkZaPFd/b6QkMmYaBVkyInZslr1c/M/rJTa89lMudWKZpItDYSKwVTgvjrHjZE295V6rpF2veRe1+v1ltXFTdC7DCZzCOXhwBQ24gya0gMIY3uEDPtEDekYv6HURLaFi5xj+AL39AKUDgl8=</latexit>

<latexit sha1_base64="EmsPXbN6AerznRnkfxoYe8pKJY4=">AAAB03icbU9NS8NAFHxbv2r8qnr0sliEeimJVPRY9OKxgmkLbSib7aZdutldshuhhF7Eqwev+kP8Lf4b0zYHbR14MMzM470JteDGuu43Km1sbm3vlHedvf2Dw6PK8UnbqDShzKdKqKQbEsMEl8y33ArW1QkjcShYJ5zcz/3OM0sMV/LJTjULYjKSPOKU2FzqtGt9PeaXg0rVrbsL4HXiFaQKBVqDyld/qGgaM2mpIMb0PFfbICOJ5VSwmdNPDdOETsiI9XIqScxMkC3eneGLXBniSCX5SIsX6u+NjMTGTOMwT8bEjs2qNxf/83qpjW6DjEudWibp8lCUCmwVnnfH2HHypt5qr3XSvqp713X3sVFt3hWdy3AG51ADD26gCQ/QAh8oTOAdPuAT+ShDL+h1GS2hYucU/gC9/QADgIMk</latexit>

V (�)

<latexit sha1_base64="FcY44s6Y1W+5iewMOstDR4T6i/s="></latexit>

F̃

✓
�

f

◆
=

✓
�

�c
� 1

◆k/2

⇥(�� �c)

<latexit sha1_base64="G51X5qeRxC1dE0pEgcrwlCudxYs="></latexit>

V (�) = �⇤4
roll

✓
�

f

◆
� ⇤̃4

brF̃

✓
�

f

◆
cos

✓
�

f

◆

5

<latexit sha1_base64="PKP/G/k7PwOhGBALkdr6Fd5PpYs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGiQRG1Zrbt2dA60SryA1KNAaVr8Go5ikgkpDONa677mJ8TOsDCOcziqDVNMEkwke076lEguq/Wx+6wydWWWEwljZkgbN1d8TGRZaT0VgOwU2kV72cvE/r5+a8MbPmExSQyVZLApTjkyM8sfRiClKDJ9agoli9lZEIqwwMTaeig3BW355lXQu6t5V/fKhUWveFnGU4QRO4Rw8uIYm3EML2kAggmd4hTdHOC/Ou/OxaC05xcwx/IHz+QMWJI5H</latexit>

�

<latexit sha1_base64="7xDd3XT4WsvemSrPo/FvHwxnRPY=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBHqpeyqqMeiF48V7Ae0S8mm2TY0mw1JVihLf4QXD4p49fd489+YtnvQ1gcDj/dmmJkXKsGN9bxvtLK6tr6xWdgqbu/s7u2XDg6bJkk1ZQ2aiES3Q2KY4JI1LLeCtZVmJA4Fa4Wju6nfemLa8EQ+2rFiQUwGkkecEuukVrPSVUN+1iuVvao3A14mfk7KkKPeK311+wlNYyYtFcSYju8pG2REW04FmxS7qWGK0BEZsI6jksTMBNns3Ak+dUofR4l2JS2eqb8nMhIbM45D1xkTOzSL3lT8z+ukNroJMi5Vapmk80VRKrBN8PR33OeaUSvGjhCqubsV0yHRhFqXUNGF4C++vEya51X/qnrxcFmu3eZxFOAYTqACPlxDDe6hDg2gMIJneIU3pNALekcf89YVlM8cwR+gzx+GfI8M</latexit>

V (�)<latexit sha1_base64="xvMggpABCjQCbNkKyLmJkGY25yI="></latexit>

V (�) = �⇤4
R

�

f
+ ⇤4

B(h) cos
�

f
<latexit sha1_base64="6oTlgCZg/nEq+G0MqaZSoklgkjQ=">AAACK3icbVDLTgIxFO34RHyhLt00EhPc4Awh6MaEwMaFC0zkkfBKpxRo6HQm7R0imfA/bvwVF7rwEbf+h+WxUOAkbU7OOTftPW4guAbb/rTW1jc2t7ZjO/Hdvf2Dw8TRcUX7oaKsTH3hq5pLNBNcsjJwEKwWKEY8V7CqOyhO/OqQKc19+QCjgDU90pO8yykBI7UThcadCXdIO2oAewRzcznChfG4lU31L/ANXukXJz7utzKXw1amnUjaaXsKvEycOUmiOUrtxGuj49PQYxKoIFrXHTuAZkQUcCrYON4INQsIHZAeqxsqicd0M5ruOsbnRungrq/MkYCn6t+JiHhajzzXJD0Cfb3oTcRVXj2E7nUz4jIIgUk6e6gbCgw+nhSHO1wxCmJkCKGKm79i2ieKUDD1xk0JzuLKy6SSSTu5dO4+m8wX5nXE0Ck6QynkoCuUR7eohMqIoif0gt7Rh/VsvVlf1vcsumbNZ07QP1g/v0XvpxA=</latexit>

⇤4
B(h) = ⇤4

Ch
2/v2

Classical transition between vacua allowed above critical density.

<latexit sha1_base64="zhsHOu8Ydd+fpOBlMJcKxlJBXZY=">AAACKnicbVC7TsMwFHV4lvIKMLJYVEiwVAkgYOSxMDAURGmlpkSOewtWHSfYNxVV1O9h4VdYGEAVKx+CWzrwOpKto3POlX1PlEph0PMGzsTk1PTMbGGuOL+wuLTsrqxemyTTHKo8kYmuR8yAFAqqKFBCPdXA4khCLeqcDv1aF7QRibrCXgrNmN0q0RacoZVC9zg4t+EWC/MA4QHtLVSPnvT7N3tbKuTbNID7THTpv7HLYSx0S17ZG4H+Jf6YlMgYldB9CVoJz2JQyCUzpuF7KTZzplFwCf1ikBlIGe+wW2hYqlgMppmPVu3TTau0aDvR9iikI/X7RM5iY3pxZJMxwzvz2xuK/3mNDNuHzVyoNENQ/OuhdiYpJnTYG20JDRxlzxLGtbB/pfyOacbRtlu0Jfi/V/5LrnfK/n5592KvdHQyrqNA1skG2SI+OSBH5IxUSJVw8kieySt5c56cF2fgvH9FJ5zxzBr5AefjE1fAp9Y=</latexit>

⇤4
B(nc) ⌘ ⇤4

R

<latexit sha1_base64="iHR44CcSkF+50VNpGrIPWX+UFzo="></latexit>

⇤4
B(hhi) & ⇤4

R

<latexit sha1_base64="Oh/WBh5yVxjK4I4j4fBQ4FjGh7Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1ItQ9OKxgmkLbSib7bRdutmE3Y1QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZFyaCa+O6305hZXVtfaO4Wdra3tndK+8fNHScKoY+i0WsWiHVKLhE33AjsJUopFEosBmO7qZ+8wmV5rF8NOMEg4gOJO9zRo2VfEluiNstV9yqOwNZJl5OKpCj3i1/dXoxSyOUhgmqddtzExNkVBnOBE5KnVRjQtmIDrBtqaQR6iCbHTshJ1bpkX6sbElDZurviYxGWo+j0HZG1Az1ojcV//PaqelfBxmXSWpQsvmifiqIicn0c9LjCpkRY0soU9zeStiQKsqMzadkQ/AWX14mjbOqd1k9f7io1G7zOIpwBMdwCh5cQQ3uoQ4+MODwDK/w5kjnxXl3PuatBSefOYQ/cD5/AHZNjc8=</latexit>

n = 0
<latexit sha1_base64="5pzxIVBf+qUFXDUlFk9jAeXTaV4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqicpevFYwX5AG8pmu2mXbjZhdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDfz209cGxGrR5wk3I/oUIlQMIpWaityQ1Sf9csVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2e9kIDRnKCeWUKaFvZWwEdWUoU2oZEPwll9eJa2Lqler1h4uK/XbPI4inMApnIMHV1CHe2hAExiM4Rle4c1JnBfn3flYtBacfOYY/sD5/AFJ1I7n</latexit>

n > nc
<latexit sha1_base64="QIUDMgKIDg9BbGpDQpHgMdfVbS4="></latexit>

�h2 ⇠ �N

v

n

�Hv3

Balkin, JS, Springmann, Stelzl, Weiler ’21
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Bubble Formation and Expansion

<latexit sha1_base64="KcQg9e4b6rSigp4prHiDcHhOU3c=">AAAB3nicbVC7TsMwFL0pr1JeAUYWiwqJqUoqBIwVLEyoSPQhtVFxXKdYTewovqmooq5siJWBFX6Bb+FvcNsM0HIkS0fn3HPtYz8OhUbH+bYKK6tr6xvFzdLW9s7unr1/0NQqTRhvMBWqpO1TzUMheQMFhrwdJ5xGfshb/vB66rdGPNFCyXscx9yL6ECKQDCKRurZdhf5E2a3ivipb0KTnl12Ks4MZJm4OSlDjnrP/ur2FUsjLpGFVOuO68ToZTRBwcy+UjfVPKZsSAe8Y6ikEddeNnv5hJwYpU8ClZgjkczU34mMRlqPI99MRhQf9aI3Ff/zOikGl14mZJwil2x+UZCGBBWZfgMhpZJp6i72WibNasU9r1Tvzsq1q7xzEY7gGE7BhQuowQ3UoQEMRvAOH/BpPVjP1ov1Oh8tWHnmEP7AevsBvJuH0A==</latexit>

No bubble

<latexit sha1_base64="9k6QJ10E200GGME7q5b+r+zEejY=">AAAB4XicbVDLSsNAFL3xWeMr2qWbwSK4sSRF1GXRjcsK9gFtKJPppA5NZkLmRiyhH+BO3Lpwq1/gt/g3TtsstPXAwOGce+7MmSCJhEbX/bZWVtfWNzZLW/b2zu7evnNw2NIqSxlvMhWptBNQzSMheRMFRryTpJzGQcTbwehm6rcfeaqFkvc4Trgf06EUoWAUjdR3yj3kT5g3UoXqLMgCk5v0nYpbdWcgy8QrSAUKNPrOV2+gWBZziSyiWnc9N0E/pykKZvbZvUzzhLIRHfKuoZLGXPv57PETcmKUAQlVao5EMlN/J3Iaaz2OAzMZU3zQi95U/M/rZhhe+bmQSYZcsvlFYRYRVGT6E4TYtmnqLfZaJq1a1buo1u7OK/XronMJjuAYTsGDS6jDLTSgCQzG8A4f8Gkx69l6sV7noytWkSnDH1hvPzhliVI=</latexit>

Proto-bubble

<latexit sha1_base64="eHYdNXY0KXOs/11APQeP/NuF7pg=">AAAB2XicbVC7TsMwFL3hWcKrwMhiUSExVUmFgLEqC2OR6ENKo8pxnWI1cUJ8jaiiDmyIlYEVvoJv4W9w2wzQciRL R+ece+3jII2EQsf5tlZW19Y3Nktb9vbO7t5++eCwrRKdMd5iSZRk3YAqHgnJWygw4t004zQOIt4JRtdTv/PIMyUSeYfjlPsxHUoRCkbRSH4P+RPmDR2Y/KRfrjhVZwayTNyCVKBAs1/+6g0SpmMukUVUKc91UvRzmqFgZp/d04qnlI3okHuGShpz5eezR0/IqVEGJEwycySSmfp7IqexUuM4MMmY4r1a9Kbif56nMbzycyFTjVyy+UWhjggmZPoDhNi2aeou9lom7VrVvajWbs8r9UbRuQTHcAJn4MIl1OEGmtACBg/wDh/waXnWs/Vivc6jK1YxcwR/YL39AGTWhoQ=</latexit>

Bubble

<latexit sha1_base64="PkQRD4WfRW3fwGD1DCDZhL1eRSc=">AAAB4nicbVDLSsNAFL2prxpf8bFzM1gEVyUpoi5L3bisYB/QhjKZ3tShk0nITMQa8gPuxK0Lt/oDfot/Y9pmoa0HLhzOuYeZc71IcKVt+9sorayurW+UN82t7Z3dPWv/oK3CJGbYYqEI465HFQousaW5FtiNYqSBJ7Djja+nfucBY8VDeacnEboBHUnuc0Z1Lg2so77GR502Ei9PEFSMRpgNrIpdtWcgy8QpSAUKNAfWV38YsiRAqZmgSvUcO9JuSmPNmcDM7CcKI8rGdIS9nEoaoHLT2e8zcporQ+KHcT5Sk5n6O5HSQKlJ4OWbAdX3atGbiv95vUT7V27KZZRolGz+kJ8IokMyPQUhppk3dRZ7LZN2repcVGu355V6o+hchmM4gTNw4BLqcANNaAGDJ3iHD/g0hsaz8WK8zldLRpE5hD8w3n4Apr+JjA==</latexit>

Bubble escape

Figure 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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no bubble

<latexit sha1_base64="KcQg9e4b6rSigp4prHiDcHhOU3c=">AAAB3nicbVC7TsMwFL0pr1JeAUYWiwqJqUoqBIwVLEyoSPQhtVFxXKdYTewovqmooq5siJWBFX6Bb+FvcNsM0HIkS0fn3HPtYz8OhUbH+bYKK6tr6xvFzdLW9s7unr1/0NQqTRhvMBWqpO1TzUMheQMFhrwdJ5xGfshb/vB66rdGPNFCyXscx9yL6ECKQDCKRurZdhf5E2a3ivipb0KTnl12Ks4MZJm4OSlDjnrP/ur2FUsjLpGFVOuO68ToZTRBwcy+UjfVPKZsSAe8Y6ikEddeNnv5hJwYpU8ClZgjkczU34mMRlqPI99MRhQf9aI3Ff/zOikGl14mZJwil2x+UZCGBBWZfgMhpZJp6i72WibNasU9r1Tvzsq1q7xzEY7gGE7BhQuowQ3UoQEMRvAOH/BpPVjP1ov1Oh8tWHnmEP7AevsBvJuH0A==</latexit>

No bubble

<latexit sha1_base64="9k6QJ10E200GGME7q5b+r+zEejY=">AAAB4XicbVDLSsNAFL3xWeMr2qWbwSK4sSRF1GXRjcsK9gFtKJPppA5NZkLmRiyhH+BO3Lpwq1/gt/g3TtsstPXAwOGce+7MmSCJhEbX/bZWVtfWNzZLW/b2zu7evnNw2NIqSxlvMhWptBNQzSMheRMFRryTpJzGQcTbwehm6rcfeaqFkvc4Trgf06EUoWAUjdR3yj3kT5g3UoXqLMgCk5v0nYpbdWcgy8QrSAUKNPrOV2+gWBZziSyiWnc9N0E/pykKZvbZvUzzhLIRHfKuoZLGXPv57PETcmKUAQlVao5EMlN/J3Iaaz2OAzMZU3zQi95U/M/rZhhe+bmQSYZcsvlFYRYRVGT6E4TYtmnqLfZaJq1a1buo1u7OK/XronMJjuAYTsGDS6jDLTSgCQzG8A4f8Gkx69l6sV7noytWkSnDH1hvPzhliVI=</latexit>

Proto-bubble

<latexit sha1_base64="eHYdNXY0KXOs/11APQeP/NuF7pg=">AAAB2XicbVC7TsMwFL3hWcKrwMhiUSExVUmFgLEqC2OR6ENKo8pxnWI1cUJ8jaiiDmyIlYEVvoJv4W9w2wzQciRLR+ece+3jII2EQsf5tlZW19Y3Nktb9vbO7t5++eCwrRKdMd5iSZRk3YAqHgnJWygw4t004zQOIt4JRtdTv/PIMyUSeYfjlPsxHUoRCkbRSH4P+RPmDR2Y/KRfrjhVZwayTNyCVKBAs1/+6g0SpmMukUVUKc91UvRzmqFgZp/d04qnlI3okHuGShpz5eezR0/IqVEGJEwycySSmfp7IqexUuM4MMmY4r1a9Kbif56nMbzycyFTjVyy+UWhjggmZPoDhNi2aeou9lom7VrVvajWbs8r9UbRuQTHcAJn4MIl1OEGmtACBg/wDh/waXnWs/Vivc6jK1YxcwR/YL39AGTWhoQ=</latexit>

Bubble

<latexit sha1_base64="PkQRD4WfRW3fwGD1DCDZhL1eRSc=">AAAB4nicbVDLSsNAFL2prxpf8bFzM1gEVyUpoi5L3bisYB/QhjKZ3tShk0nITMQa8gPuxK0Lt/oDfot/Y9pmoa0HLhzOuYeZc71IcKVt+9sorayurW+UN82t7Z3dPWv/oK3CJGbYYqEI465HFQousaW5FtiNYqSBJ7Djja+nfucBY8VDeacnEboBHUnuc0Z1Lg2so77GR502Ei9PEFSMRpgNrIpdtWcgy8QpSAUKNAfWV38YsiRAqZmgSvUcO9JuSmPNmcDM7CcKI8rGdIS9nEoaoHLT2e8zcporQ+KHcT5Sk5n6O5HSQKlJ4OWbAdX3atGbiv95vUT7V27KZZRolGz+kJ8IokMyPQUhppk3dRZ7LZN2repcVGu355V6o+hchmM4gTNw4BLqcANNaAGDJ3iHD/g0hsaz8WK8zldLRpE5hD8w3n4Apr+JjA==</latexit>

Bubble escape

Figure 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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proto-bubble

<latexit sha1_base64="KcQg9e4b6rSigp4prHiDcHhOU3c=">AAAB3nicbVC7TsMwFL0pr1JeAUYWiwqJqUoqBIwVLEyoSPQhtVFxXKdYTewovqmooq5siJWBFX6Bb+FvcNsM0HIkS0fn3HPtYz8OhUbH+bYKK6tr6xvFzdLW9s7unr1/0NQqTRhvMBWqpO1TzUMheQMFhrwdJ5xGfshb/vB66rdGPNFCyXscx9yL6ECKQDCKRurZdhf5E2a3ivipb0KTnl12Ks4MZJm4OSlDjnrP/ur2FUsjLpGFVOuO68ToZTRBwcy+UjfVPKZsSAe8Y6ikEddeNnv5hJwYpU8ClZgjkczU34mMRlqPI99MRhQf9aI3Ff/zOikGl14mZJwil2x+UZCGBBWZfgMhpZJp6i72WibNasU9r1Tvzsq1q7xzEY7gGE7BhQuowQ3UoQEMRvAOH/BpPVjP1ov1Oh8tWHnmEP7AevsBvJuH0A==</latexit>

No bubble

<latexit sha1_base64="9k6QJ10E200GGME7q5b+r+zEejY=">AAAB4XicbVDLSsNAFL3xWeMr2qWbwSK4sSRF1GXRjcsK9gFtKJPppA5NZkLmRiyhH+BO3Lpwq1/gt/g3TtsstPXAwOGce+7MmSCJhEbX/bZWVtfWNzZLW/b2zu7evnNw2NIqSxlvMhWptBNQzSMheRMFRryTpJzGQcTbwehm6rcfeaqFkvc4Trgf06EUoWAUjdR3yj3kT5g3UoXqLMgCk5v0nYpbdWcgy8QrSAUKNPrOV2+gWBZziSyiWnc9N0E/pykKZvbZvUzzhLIRHfKuoZLGXPv57PETcmKUAQlVao5EMlN/J3Iaaz2OAzMZU3zQi95U/M/rZhhe+bmQSYZcsvlFYRYRVGT6E4TYtmnqLfZaJq1a1buo1u7OK/XronMJjuAYTsGDS6jDLTSgCQzG8A4f8Gkx69l6sV7noytWkSnDH1hvPzhliVI=</latexit>

Proto-bubble

<latexit sha1_base64="eHYdNXY0KXOs/11APQeP/NuF7pg=">AAAB2XicbVC7TsMwFL3hWcKrwMhiUSExVUmFgLEqC2OR6ENKo8pxnWI1cUJ8jaiiDmyIlYEVvoJv4W9w2wzQciRLR+ece+3jII2EQsf5tlZW19Y3Nktb9vbO7t5++eCwrRKdMd5iSZRk3YAqHgnJWygw4t004zQOIt4JRtdTv/PIMyUSeYfjlPsxHUoRCkbRSH4P+RPmDR2Y/KRfrjhVZwayTNyCVKBAs1/+6g0SpmMukUVUKc91UvRzmqFgZp/d04qnlI3okHuGShpz5eezR0/IqVEGJEwycySSmfp7IqexUuM4MMmY4r1a9Kbif56nMbzycyFTjVyy+UWhjggmZPoDhNi2aeou9lom7VrVvajWbs8r9UbRuQTHcAJn4MIl1OEGmtACBg/wDh/waXnWs/Vivc6jK1YxcwR/YL39AGTWhoQ=</latexit>

Bubble

<latexit sha1_base64="PkQRD4WfRW3fwGD1DCDZhL1eRSc=">AAAB4nicbVDLSsNAFL2prxpf8bFzM1gEVyUpoi5L3bisYB/QhjKZ3tShk0nITMQa8gPuxK0Lt/oDfot/Y9pmoa0HLhzOuYeZc71IcKVt+9sorayurW+UN82t7Z3dPWv/oK3CJGbYYqEI465HFQousaW5FtiNYqSBJ7Djja+nfucBY8VDeacnEboBHUnuc0Z1Lg2so77GR502Ei9PEFSMRpgNrIpdtWcgy8QpSAUKNAfWV38YsiRAqZmgSvUcO9JuSmPNmcDM7CcKI8rGdIS9nEoaoHLT2e8zcporQ+KHcT5Sk5n6O5HSQKlJ4OWbAdX3atGbiv95vUT7V27KZZRolGz+kJ8IokMyPQUhppk3dRZ7LZN2repcVGu355V6o+hchmM4gTNw4BLqcANNaAGDJ3iHD/g0hsaz8WK8zldLRpE5hD8w3n4Apr+JjA==</latexit>

Bubble escape

Figure 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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<latexit sha1_base64="KcQg9e4b6rSigp4prHiDcHhOU3c=">AAAB3nicbVC7TsMwFL0pr1JeAUYWiwqJqUoqBIwVLEyoSPQhtVFxXKdYTewovqmooq5siJWBFX6Bb+FvcNsM0HIkS0fn3HPtYz8OhUbH+bYKK6tr6xvFzdLW9s7unr1/0NQqTRhvMBWqpO1TzUMheQMFhrwdJ5xGfshb/vB66rdGPNFCyXscx9yL6ECKQDCKRurZdhf5E2a3ivipb0KTnl12Ks4MZJm4OSlDjnrP/ur2FUsjLpGFVOuO68ToZTRBwcy+UjfVPKZsSAe8Y6ikEddeNnv5hJwYpU8ClZgjkczU34mMRlqPI99MRhQf9aI3Ff/zOikGl14mZJwil2x+UZCGBBWZfgMhpZJp6i72WibNasU9r1Tvzsq1q7xzEY7gGE7BhQuowQ3UoQEMRvAOH/BpPVjP1ov1Oh8tWHnmEP7AevsBvJuH0A==</latexit>

No bubble

<latexit sha1_base64="9k6QJ10E200GGME7q5b+r+zEejY=">AAAB4XicbVDLSsNAFL3xWeMr2qWbwSK4sSRF1GXRjcsK9gFtKJPppA5NZkLmRiyhH+BO3Lpwq1/gt/g3TtsstPXAwOGce+7MmSCJhEbX/bZWVtfWNzZLW/b2zu7evnNw2NIqSxlvMhWptBNQzSMheRMFRryTpJzGQcTbwehm6rcfeaqFkvc4Trgf06EUoWAUjdR3yj3kT5g3UoXqLMgCk5v0nYpbdWcgy8QrSAUKNPrOV2+gWBZziSyiWnc9N0E/pykKZvbZvUzzhLIRHfKuoZLGXPv57PETcmKUAQlVao5EMlN/J3Iaaz2OAzMZU3zQi95U/M/rZhhe+bmQSYZcsvlFYRYRVGT6E4TYtmnqLfZaJq1a1buo1u7OK/XronMJjuAYTsGDS6jDLTSgCQzG8A4f8Gkx69l6sV7noytWkSnDH1hvPzhliVI=</latexit>

Proto-bubble

<latexit sha1_base64="eHYdNXY0KXOs/11APQeP/NuF7pg=">AAAB2XicbVC7TsMwFL3hWcKrwMhiUSExVUmFgLEqC2OR6ENKo8pxnWI1cUJ8jaiiDmyIlYEVvoJv4W9w2wzQciRLR+ece+3jII2EQsf5tlZW19Y3Nktb9vbO7t5++eCwrRKdMd5iSZRk3YAqHgnJWygw4t004zQOIt4JRtdTv/PIMyUSeYfjlPsxHUoRCkbRSH4P+RPmDR2Y/KRfrjhVZwayTNyCVKBAs1/+6g0SpmMukUVUKc91UvRzmqFgZp/d04qnlI3okHuGShpz5eezR0/IqVEGJEwycySSmfp7IqexUuM4MMmY4r1a9Kbif56nMbzycyFTjVyy+UWhjggmZPoDhNi2aeou9lom7VrVvajWbs8r9UbRuQTHcAJn4MIl1OEGmtACBg/wDh/waXnWs/Vivc6jK1YxcwR/YL39AGTWhoQ=</latexit>

Bubble

<latexit sha1_base64="PkQRD4WfRW3fwGD1DCDZhL1eRSc=">AAAB4nicbVDLSsNAFL2prxpf8bFzM1gEVyUpoi5L3bisYB/QhjKZ3tShk0nITMQa8gPuxK0Lt/oDfot/Y9pmoa0HLhzOuYeZc71IcKVt+9sorayurW+UN82t7Z3dPWv/oK3CJGbYYqEI465HFQousaW5FtiNYqSBJ7Djja+nfucBY8VDeacnEboBHUnuc0Z1Lg2so77GR502Ei9PEFSMRpgNrIpdtWcgy8QpSAUKNAfWV38YsiRAqZmgSvUcO9JuSmPNmcDM7CcKI8rGdIS9nEoaoHLT2e8zcporQ+KHcT5Sk5n6O5HSQKlJ4OWbAdX3atGbiv95vUT7V27KZZRolGz+kJ8IokMyPQUhppk3dRZ7LZN2repcVGu355V6o+hchmM4gTNw4BLqcANNaAGDJ3iHD/g0hsaz8WK8zldLRpE5hD8w3n4Apr+JjA==</latexit>

Bubble escape

Figure 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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(full) bubble

bubble escape

[Verified w/ numerical solutions of scalar EoM.]

<latexit sha1_base64="PKP/G/k7PwOhGBALkdr6Fd5PpYs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGiQRG1Zrbt2dA60SryA1KNAaVr8Go5ikgkpDONa677mJ8TOsDCOcziqDVNMEkwke076lEguq/Wx+6wydWWWEwljZkgbN1d8TGRZaT0VgOwU2kV72cvE/r5+a8MbPmExSQyVZLApTjkyM8sfRiClKDJ9agoli9lZEIqwwMTaeig3BW355lXQu6t5V/fKhUWveFnGU4QRO4Rw8uIYm3EML2kAggmd4hTdHOC/Ou/OxaC05xcwx/IHz+QMWJI5H</latexit>

�

r
<latexit sha1_base64="mcxbHMlpexUZOQ80I65L7N8gjUM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuqXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH3m+M+g==</latexit>

<latexit sha1_base64="yMr5DPksoHUqQNJsrZk5eAo6mxM=">AAAB83icbVBNSwMxEJ31s9avqkcvwSK0IGVXRT0WvXisYD+gu5Rsmm1Ds9mQZIWy9G948aCIV/+MN/+NabsHbX0w8Hhvhpl5oeRMG9f9dlZW19Y3Ngtbxe2d3b390sFhSyepIrRJEp6oTog15UzQpmGG045UFMchp+1wdDf1209UaZaIRzOWNIjxQLCIEWys5LcqvhyyM1FR1WqvVHZr7gxomXg5KUOORq/05fcTksZUGMKx1l3PlSbIsDKMcDop+qmmEpMRHtCupQLHVAfZ7OYJOrVKH0WJsiUMmqm/JzIcaz2OQ9sZYzPUi95U/M/rpia6CTImZGqoIPNFUcqRSdA0ANRnihLDx5Zgopi9FZEhVpgYG1PRhuAtvrxMWuc176p28XBZrt/mcRTgGE6gAh5cQx3uoQFNICDhGV7hzUmdF+fd+Zi3rjj5zBH8gfP5A18BkJs=</latexit>

V (�, n(r))

<latexit sha1_base64="B/7HTQUIitzZO1RpQM8aNZ60uko="></latexit>

R & 1

m̄�(n)
' f

⇤2
R

<latexit sha1_base64="dWkUAPh2fHe9B9P4kdpR4I10AaQ=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsB7VKyabYNTbJLkhXK0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewsbm1vVPcLe3tHxwelY9POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G07vM7z5RpVkkH80spr7AY8lCRrDJJFlVl8Nyxa25C6B14uWkAjlaw/LXYBSRRFBpCMda9z03Nn6KlWGE03lpkGgaYzLFY9q3VGJBtZ8ubp2jC6uMUBgpW9Kghfp7IsVC65kIbKfAZqJXvUz8z+snJrzxUybjxFBJlovChCMToexxNGKKEsNnlmCimL0VkQlWmBgbT8mG4K2+vE46VzWvUWs81CvN2zyOIpzBOVTBg2towj20oA0EJvAMr/DmCOfFeXc+lq0FJ585hT9wPn8AcwuN3g==</latexit>

n(r)

<latexit sha1_base64="gA+KaQ8q4BwMGmTB+QI+KZDk2aQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx7ByCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALAzjOE=</latexit>

R
r

<latexit sha1_base64="mcxbHMlpexUZOQ80I65L7N8gjUM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuqXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH3m+M+g==</latexit>

Balkin, JS, Springmann, Stelzl, Weiler ’21



<latexit sha1_base64="joGVlCNotIBDj+2gWt9Dc6AHTLU=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyURqS6LblxWsA9oQplMJ+3QySTMTIQair/ixoUibv0Pd/6N0zQLbT1w4cw59zL3niDhTGnH+bZKK6tr6xvlzcrW9s7unr1/0FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML6Z+Z0HKhWLxb2eJNSP8FCwkBGsjdS3jzyOxZBT5CUjhjyZP/p21ak5OdAycQtShQLNvv3lDWKSRlRowrFSPddJtJ9hqRnhdFrxUkUTTMZ4SHuGChxR5Wf59lN0apQBCmNpSmiUq78nMhwpNYkC0xlhPVKL3kz8z+ulOrzyMyaSVFNB5h+FKUc6RrMo0IBJSjSfGIKJZGZXREZYYqJNYBUTgrt48jJpn9fceq1+d1FtXBdxlOEYTuAMXLiEBtxCE1pA4BGe4RXerCfrxXq3PuatJauYOYQ/sD5/ABG/lP8=</latexit>

h�i
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Phase Transition at Cosmic Dawn

<latexit sha1_base64="xF2+1Dnriudo0aLfowFKMmKS2HQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbVqEeiF4+QyCOBDZkdGhiZnd3MzJrghi/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoduo3H1FpHsl7M47RD+lA8j5n1Fip9tQtltyyOwNZJl5GSpCh2i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+dHTohJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+ymXcWJQsvmifiKIicj0a9LjCpkRY0soU9zeStiQKsqMzaZgQ/AWX14mjbOyd1k+r12UKjdZHHk4gmM4BQ+uoAJ3UIU6MEB4hld4cx6cF+fd+Zi35pxs5hD+wPn8AevdjQY=</latexit>z

recombination dark ages reionization

cosmic dawn

galaxies dark energy

<latexit sha1_base64="Va2Z2OkFCv3Ow+vddyz9+rZ0SHo=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9m1RT0WvXisYD+gXUs2zbahSXZJskJZ+he8eFDEq3/Im//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW0eJIrRFIh6pboA15UzSlmGG026sKBYBp51gcpv5nSeqNIvkg5nG1Bd4JFnICDaZ5LmPtUG54lbdOdAq8XJSgRzNQfmrP4xIIqg0hGOte54bGz/FyjDC6azUTzSNMZngEe1ZKrGg2k/nt87QmVWGKIyULWnQXP09kWKh9VQEtlNgM9bLXib+5/USE177KZNxYqgki0VhwpGJUPY4GjJFieFTSzBRzN6KyBgrTIyNp2RD8JZfXiXti6p3Wa3d1yuNmzyOIpzAKZyDB1fQgDtoQgsIjOEZXuHNEc6L8+58LFoLTj5zDH/gfP4AEd6NnA==</latexit>

103
<latexit sha1_base64="zzCdFJ5CmkWvKYNf+6SznY4indM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ68NxeueJW3RnIMvFyUoEc9V75q9uPWRqhNExQrTuemxg/o8pwJnBS6qYaE8pGdIAdSyWNUPvZ7NIJObFKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0bdLnCpkRY0soU9zeStiQKsqMDadkQ/AWX14mzbOqd1k9v7+o1G7yOIpwBMdwCh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeWnDymUP4A+fzB+sOjPc=</latexit>

10
<latexit sha1_base64="mINfg+aHheM79HZECEqXxvUGVvY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKeix68diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVvV6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmoX5art3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDfTmMvQ==</latexit>

1
<latexit sha1_base64="TpN6sRMdEhkCqnjWyIQJr5WE10I=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKeix68diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivV3V6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmoX5art3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDe7WMvA==</latexit>

0

<latexit sha1_base64="miQZzeto/qTM9lnVPHRkREDpOf8=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV3xdRGCXjxGMA9IljA76U2GzM6uM7NCWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSK4Nq777Swtr6yurRc2iptb2zu7pb39ho5TxbDOYhGrVkA1Ci6xbrgR2EoU0igQ2AyGtxO/+YRK81g+mFGCfkT7koecUWOlVicZcHJN3G6p7FbcKcgi8XJShhy1bumr04tZGqE0TFCt256bGD+jynAmcFzspBoTyoa0j21LJY1Q+9n03jE5tkqPhLGyJQ2Zqr8nMhppPYoC2xlRM9Dz3kT8z2unJrzyMy6T1KBks0VhKoiJyeR50uMKmREjSyhT3N5K2IAqyoyNqGhD8OZfXiSN04p3UTm/PytXb/I4CnAIR3ACHlxCFe6gBnVgIOAZXuHNeXRenHfnY9a65OQzB/AHzucPuC2PHg==</latexit>

� = 0

Balkin, JS, Springmann, Stelzl, Weiler ’21



<latexit sha1_base64="joGVlCNotIBDj+2gWt9Dc6AHTLU=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyURqS6LblxWsA9oQplMJ+3QySTMTIQair/ixoUibv0Pd/6N0zQLbT1w4cw59zL3niDhTGnH+bZKK6tr6xvlzcrW9s7unr1/0FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML6Z+Z0HKhWLxb2eJNSP8FCwkBGsjdS3jzyOxZBT5CUjhjyZP/p21ak5OdAycQtShQLNvv3lDWKSRlRowrFSPddJtJ9hqRnhdFrxUkUTTMZ4SHuGChxR5Wf59lN0apQBCmNpSmiUq78nMhwpNYkC0xlhPVKL3kz8z+ulOrzyMyaSVFNB5h+FKUc6RrMo0IBJSjSfGIKJZGZXREZYYqJNYBUTgrt48jJpn9fceq1+d1FtXBdxlOEYTuAMXLiEBtxCE1pA4BGe4RXerCfrxXq3PuatJauYOYQ/sD5/ABG/lP8=</latexit>

h�i
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Phase Transition at Cosmic Dawn

<latexit sha1_base64="xF2+1Dnriudo0aLfowFKMmKS2HQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbVqEeiF4+QyCOBDZkdGhiZnd3MzJrghi/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoduo3H1FpHsl7M47RD+lA8j5n1Fip9tQtltyyOwNZJl5GSpCh2i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+dHTohJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+ymXcWJQsvmifiKIicj0a9LjCpkRY0soU9zeStiQKsqMzaZgQ/AWX14mjbOyd1k+r12UKjdZHHk4gmM4BQ+uoAJ3UIU6MEB4hld4cx6cF+fd+Zi35pxs5hD+wPn8AevdjQY=</latexit>z

recombination dark ages reionization

cosmic dawn

galaxies dark energy

<latexit sha1_base64="Va2Z2OkFCv3Ow+vddyz9+rZ0SHo=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9m1RT0WvXisYD+gXUs2zbahSXZJskJZ+he8eFDEq3/Im//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW0eJIrRFIh6pboA15UzSlmGG026sKBYBp51gcpv5nSeqNIvkg5nG1Bd4JFnICDaZ5LmPtUG54lbdOdAq8XJSgRzNQfmrP4xIIqg0hGOte54bGz/FyjDC6azUTzSNMZngEe1ZKrGg2k/nt87QmVWGKIyULWnQXP09kWKh9VQEtlNgM9bLXib+5/USE177KZNxYqgki0VhwpGJUPY4GjJFieFTSzBRzN6KyBgrTIyNp2RD8JZfXiXti6p3Wa3d1yuNmzyOIpzAKZyDB1fQgDtoQgsIjOEZXuHNEc6L8+58LFoLTj5zDH/gfP4AEd6NnA==</latexit>

103
<latexit sha1_base64="zzCdFJ5CmkWvKYNf+6SznY4indM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ68NxeueJW3RnIMvFyUoEc9V75q9uPWRqhNExQrTuemxg/o8pwJnBS6qYaE8pGdIAdSyWNUPvZ7NIJObFKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0bdLnCpkRY0soU9zeStiQKsqMDadkQ/AWX14mzbOqd1k9v7+o1G7yOIpwBMdwCh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeWnDymUP4A+fzB+sOjPc=</latexit>

10
<latexit sha1_base64="mINfg+aHheM79HZECEqXxvUGVvY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKeix68diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVvV6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmoX5art3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDfTmMvQ==</latexit>

1
<latexit sha1_base64="TpN6sRMdEhkCqnjWyIQJr5WE10I=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKeix68diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivV3V6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmoX5art3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDe7WMvA==</latexit>

0

For dense enough small stars, change in dark energy (CC) way too large.

If our universe (within horizon) completely transitions to lower-energy minimum:

<latexit sha1_base64="Qks13rfaVWlXQ2cjMkfgfsdm6DY=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAhuLIlIdVnUhQsXFewDmlBuJpN26GQSZiaFEvonblwo4tY/ceffOG2z0NYDA4dz7uHeOUHKmdKO822trK6tb2yWtsrbO7t7+/bBYUslmSS0SRKeyE4AinImaFMzzWknlRTigNN2MLyd+u0RlYol4kmPU+rH0BcsYgS0kXq2fY69O8o1YO/BpELo2RWn6syAl4lbkAoq0OjZX16YkCymQhMOSnVdJ9V+DlIzwumk7GWKpkCG0KddQwXEVPn57PIJPjVKiKNEmic0nqm/EznESo3jwEzGoAdq0ZuK/3ndTEfXfs5EmmkqyHxRlHGsEzytAYdMUqL52BAgkplbMRmABKJNWWVTgrv45WXSuqi6tWrt8bJSvynqKKFjdILOkIuuUB3dowZqIoJG6Bm9ojcrt16sd+tjPrpiFZkj9AfW5w8IM5Km</latexit>

��⇤

<latexit sha1_base64="6irOe9eRarX9FfSr1HbX75Ji9kk="></latexit>

��⇤ ⇠ ⇤4
R &

✓
f

R

◆2

⇡ ⇤0 ⇥ 1015
✓

f

10TeV

◆2 ✓10 km

R

◆2

<latexit sha1_base64="miQZzeto/qTM9lnVPHRkREDpOf8=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV3xdRGCXjxGMA9IljA76U2GzM6uM7NCWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSK4Nq777Swtr6yurRc2iptb2zu7pb39ho5TxbDOYhGrVkA1Ci6xbrgR2EoU0igQ2AyGtxO/+YRK81g+mFGCfkT7koecUWOlVicZcHJN3G6p7FbcKcgi8XJShhy1bumr04tZGqE0TFCt256bGD+jynAmcFzspBoTyoa0j21LJY1Q+9n03jE5tkqPhLGyJQ2Zqr8nMhppPYoC2xlRM9Dz3kT8z2unJrzyMy6T1KBks0VhKoiJyeR50uMKmREjSyhT3N5K2IAqyoyNqGhD8OZfXiSN04p3UTm/PytXb/I4CnAIR3ACHlxCFe6gBnVgIOAZXuHNeXRenHfnY9a65OQzB/AHzucPuC2PHg==</latexit>

� = 0

Balkin, JS, Springmann, Stelzl, Weiler ’21



44

Large fraction of relaxion parameter space would have led to too large change in CC.

Experimental Bounds

M = cutoff
     = position minimum

<latexit sha1_base64="9exUMEFMg/ZfGefeDJ9DBBrwPao=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBHEQ0lEqseiF48V7Ae0oWy2k3btZjfsboQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MOFMG8/7dlZW19Y3Ngtbxe2d3b390sFhU8tUUWxQyaVqh0QjZwIbhhmO7UQhiUOOrXB0O/VbT6g0k+LBjBMMYjIQLGKUGCs1u8h577xXKnsVbwZ3mfg5KUOOeq/01e1LmsYoDOVE647vJSbIiDKMcpwUu6nGhNARGWDHUkFi1EE2u3binlql70ZS2RLGnam/JzISaz2OQ9sZEzPUi95U/M/rpCa6DjImktSgoPNFUcpdI93p626fKaSGjy0hVDF7q0uHRBFqbEBFG4K/+PIyaV5U/Gqlen9Zrt3kcRTgGE7gDHy4ghrcQR0aQOERnuEV3hzpvDjvzse8dcXJZ47gD5zPHy4SjuM=</latexit>

`⇤Karwall, Kamionkowski ’16

<latexit sha1_base64="1Fy15GcQ4BlAGIsZj41v373PrQo=">AAACHXicbVA9SwNBEN3z2/MrammzGAQbw50GtQxqYWGhYEwgF8PeZpIs2ftgd04IR/6IjX/FxkIRCxvx37gXT9DEgWUf781jZp4fS6HRcT6tqemZ2bn5hUV7aXllda2wvnGjo0RxqPJIRqruMw1ShFBFgRLqsQIW+BJqfv8002t3oLSIwmscxNAMWDcUHcEZGqpVKO9R7wwkMupdGFfb/BK01iL4IVoO9VAEoKnr3Kb7Q9u2W4WiU3JGRSeBm4MiyeuyVXj32hFPAgiRS6Z1w3VibKZMoeAShraXaIgZ77MuNAwMmRnXTEfXDemOYdq0EynzQqQj9rcjZYHWg8A3nQHDnh7XMvI/rZFg57iZijBOEEL+PaiTSIoRzaKibaGAoxwYwLgSZlfKe0wxjibQLAR3/ORJcLNfcg9LB1flYuUkj2OBbJFtsktcckQq5Jxckirh5J48kmfyYj1YT9ar9fbdOmXlnk3yp6yPL2QEn5g=</latexit>

��⇤ . ⇤0 ⇥ 102

Balkin, JS, Springmann, Stelzl, Weiler ’21
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Large fraction of relaxion parameter space would have led to too large change in CC.

Experimental Bounds

M = cutoff
     = position minimumKarwall, Kamionkowski ’16

<latexit sha1_base64="1Fy15GcQ4BlAGIsZj41v373PrQo=">AAACHXicbVA9SwNBEN3z2/MrammzGAQbw50GtQxqYWGhYEwgF8PeZpIs2ftgd04IR/6IjX/FxkIRCxvx37gXT9DEgWUf781jZp4fS6HRcT6tqemZ2bn5hUV7aXllda2wvnGjo0RxqPJIRqruMw1ShFBFgRLqsQIW+BJqfv8002t3oLSIwmscxNAMWDcUHcEZGqpVKO9R7wwkMupdGFfb/BK01iL4IVoO9VAEoKnr3Kb7Q9u2W4WiU3JGRSeBm4MiyeuyVXj32hFPAgiRS6Z1w3VibKZMoeAShraXaIgZ77MuNAwMmRnXTEfXDemOYdq0EynzQqQj9rcjZYHWg8A3nQHDnh7XMvI/rZFg57iZijBOEEL+PaiTSIoRzaKibaGAoxwYwLgSZlfKe0wxjibQLAR3/ORJcLNfcg9LB1flYuUkj2OBbJFtsktcckQq5Jxckirh5J48kmfyYj1YT9ar9fbdOmXlnk3yp6yPL2QEn5g=</latexit>

��⇤ . ⇤0 ⇥ 102

not dense enough

not large enough

<latexit sha1_base64="9exUMEFMg/ZfGefeDJ9DBBrwPao=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBHEQ0lEqseiF48V7Ae0oWy2k3btZjfsboQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MOFMG8/7dlZW19Y3Ngtbxe2d3b390sFhU8tUUWxQyaVqh0QjZwIbhhmO7UQhiUOOrXB0O/VbT6g0k+LBjBMMYjIQLGKUGCs1u8h577xXKnsVbwZ3mfg5KUOOeq/01e1LmsYoDOVE647vJSbIiDKMcpwUu6nGhNARGWDHUkFi1EE2u3binlql70ZS2RLGnam/JzISaz2OQ9sZEzPUi95U/M/rpCa6DjImktSgoPNFUcpdI93p626fKaSGjy0hVDF7q0uHRBFqbEBFG4K/+PIyaV5U/Gqlen9Zrt3kcRTgGE7gDHy4ghrcQR0aQOERnuEV3hzpvDjvzse8dcXJZ47gD5zPHy4SjuM=</latexit>

`⇤

Balkin, JS, Springmann, Stelzl, Weiler ’21
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Large fraction of relaxion parameter space would have led to too large change in CC.

Experimental Bounds

M = cutoff
     = position minimumKarwall, Kamionkowski ’16

<latexit sha1_base64="1Fy15GcQ4BlAGIsZj41v373PrQo=">AAACHXicbVA9SwNBEN3z2/MrammzGAQbw50GtQxqYWGhYEwgF8PeZpIs2ftgd04IR/6IjX/FxkIRCxvx37gXT9DEgWUf781jZp4fS6HRcT6tqemZ2bn5hUV7aXllda2wvnGjo0RxqPJIRqruMw1ShFBFgRLqsQIW+BJqfv8002t3oLSIwmscxNAMWDcUHcEZGqpVKO9R7wwkMupdGFfb/BK01iL4IVoO9VAEoKnr3Kb7Q9u2W4WiU3JGRSeBm4MiyeuyVXj32hFPAgiRS6Z1w3VibKZMoeAShraXaIgZ77MuNAwMmRnXTEfXDemOYdq0EynzQqQj9rcjZYHWg8A3nQHDnh7XMvI/rZFg57iZijBOEEL+PaiTSIoRzaKibaGAoxwYwLgSZlfKe0wxjibQLAR3/ORJcLNfcg9LB1flYuUkj2OBbJFtsktcckQq5Jxckirh5J48kmfyYj1YT9ar9fbdOmXlnk3yp6yPL2QEn5g=</latexit>

��⇤ . ⇤0 ⇥ 102
<latexit sha1_base64="9exUMEFMg/ZfGefeDJ9DBBrwPao=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBHEQ0lEqseiF48V7Ae0oWy2k3btZjfsboQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MOFMG8/7dlZW19Y3Ngtbxe2d3b390sFhU8tUUWxQyaVqh0QjZwIbhhmO7UQhiUOOrXB0O/VbT6g0k+LBjBMMYjIQLGKUGCs1u8h577xXKnsVbwZ3mfg5KUOOeq/01e1LmsYoDOVE647vJSbIiDKMcpwUu6nGhNARGWDHUkFi1EE2u3binlql70ZS2RLGnam/JzISaz2OQ9sZEzPUi95U/M/rpCa6DjImktSgoPNFUcpdI93p626fKaSGjy0hVDF7q0uHRBFqbEBFG4K/+PIyaV5U/Gqlen9Zrt3kcRTgGE7gDHy4ghrcQR0aQOERnuEV3hzpvDjvzse8dcXJZ47gD5zPHy4SjuM=</latexit>

`⇤

Balkin, JS, Springmann, Stelzl, Weiler ’21
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Large fraction of relaxion parameter space would have led to too large change in CC.

Experimental Bounds

M = cutoff
     = position minimumKarwall, Kamionkowski ’16

<latexit sha1_base64="1Fy15GcQ4BlAGIsZj41v373PrQo=">AAACHXicbVA9SwNBEN3z2/MrammzGAQbw50GtQxqYWGhYEwgF8PeZpIs2ftgd04IR/6IjX/FxkIRCxvx37gXT9DEgWUf781jZp4fS6HRcT6tqemZ2bn5hUV7aXllda2wvnGjo0RxqPJIRqruMw1ShFBFgRLqsQIW+BJqfv8002t3oLSIwmscxNAMWDcUHcEZGqpVKO9R7wwkMupdGFfb/BK01iL4IVoO9VAEoKnr3Kb7Q9u2W4WiU3JGRSeBm4MiyeuyVXj32hFPAgiRS6Z1w3VibKZMoeAShraXaIgZ77MuNAwMmRnXTEfXDemOYdq0EynzQqQj9rcjZYHWg8A3nQHDnh7XMvI/rZFg57iZijBOEEL+PaiTSIoRzaKibaGAoxwYwLgSZlfKe0wxjibQLAR3/ORJcLNfcg9LB1flYuUkj2OBbJFtsktcckQq5Jxckirh5J48kmfyYj1YT9ar9fbdOmXlnk3yp6yPL2QEn5g=</latexit>

��⇤ . ⇤0 ⇥ 102
<latexit sha1_base64="9exUMEFMg/ZfGefeDJ9DBBrwPao=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBHEQ0lEqseiF48V7Ae0oWy2k3btZjfsboQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MOFMG8/7dlZW19Y3Ngtbxe2d3b390sFhU8tUUWxQyaVqh0QjZwIbhhmO7UQhiUOOrXB0O/VbT6g0k+LBjBMMYjIQLGKUGCs1u8h577xXKnsVbwZ3mfg5KUOOeq/01e1LmsYoDOVE647vJSbIiDKMcpwUu6nGhNARGWDHUkFi1EE2u3binlql70ZS2RLGnam/JzISaz2OQ9sZEzPUi95U/M/rpCa6DjImktSgoPNFUcpdI93p626fKaSGjy0hVDF7q0uHRBFqbEBFG4K/+PIyaV5U/Gqlen9Zrt3kcRTgGE7gDHy4ghrcQR0aQOERnuEV3hzpvDjvzse8dcXJZ47gD5zPHy4SjuM=</latexit>

`⇤

Balkin, JS, Springmann, Stelzl, Weiler ’21
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Conclusions

Rich interplay between light, weakly-coupled BSM physics and finite density systems:

 QCD-axion emission in supernovae and neutron stars.

 Lighter QCD-axion bounds from M-R relation of white dwarfs.

 Heavy neutron stars in new ground state from QCD-coupled scalars.

 Relaxion bounds from absence of phase transitions at cosmic dawn.

 …

To probe solutions to the main naturalness problems of the SM.
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Thank you.
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Finite Density Field Theory
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Grand-canonical potential density:
<latexit sha1_base64="YjK1dg/dzLa4ldZVZ6OU3X05Ot8=">AAACDHicbVDLSgMxFM34rPVVdekmWAQ3lhmR6kYouilurGAf0BnLnTRtQ5OZIckIZZgPcOOvuHGhiFs/wJ1/Y6btQlsPBA7nnEvuPX7EmdK2/W0tLC4tr6zm1vLrG5tb24Wd3YYKY0lonYQ8lC0fFOUsoHXNNKetSFIQPqdNf3iV+c0HKhULgzs9iqgnoB+wHiOgjdQpFN0B6MS9EbQPKb7ArgA9IMCTaoqPXRHj63vbpOySPQaeJ86UFNEUtU7hy+2GJBY00ISDUm3HjrSXgNSMcJrm3VjRCMgQ+rRtaACCKi8ZH5PiQ6N0cS+U5gUaj9XfEwkIpUbCN8lsVzXrZeJ/XjvWvXMvYUEUaxqQyUe9mGMd4qwZ3GWSEs1HhgCRzOyKyQAkEG36y5sSnNmT50njpOSUS+Xb02LlclpHDu2jA3SEHHSGKqiKaqiOCHpEz+gVvVlP1ov1bn1MogvWdGYP/YH1+QMY3Zpg</latexit>

⌦̂ = H� µJ0

Chemical potential as temporal component of gauge field associated w/ conserved charge:

Ensemble averages w/ density matrix (path) integration:

<latexit sha1_base64="mWZ26Ktkwj4PkwB/kzA0iM5tDOU="></latexit>

hOi =
TrO⇢̂

Tr ⇢̂

<latexit sha1_base64="UKGPLrSCMCwQV/sel/jpk2N1Mbo=">AAACF3icbVDLSgMxFM3UV62vUZdugkWoUIYZkepGKLpxWaEv7JSSSdNOaJIZkoxQhvkLN/6KGxeKuNWdf2P6WGjrgcDJOfdy7z1BzKjSrvtt5VZW19Y38puFre2d3T17/6CpokRi0sARi2Q7QIowKkhDU81IO5YE8YCRVjC6mfitByIVjURdj2PS5Wgo6IBipI3Us537Ur3s86QMfY50iBFLm9kpvIKpLzmsywz6xgqRNv8wynp20XXcKeAy8eakCOao9ewvvx/hhBOhMUNKdTw31t0USU0xI1nBTxSJER6hIekYKhAnqptO78rgiVH6cBBJ84SGU/V3R4q4UmMemMrJ8mrRm4j/eZ1EDy67KRVxoonAs0GDhEEdwUlIsE8lwZqNDUFYUrMrxCGSCGsTZcGE4C2evEyaZ45XcSp358Xq9TyOPDgCx6AEPHABquAW1EADYPAInsEreLOerBfr3fqYleasec8h+APr8wd86J5P</latexit>

Z(T, µ,V) = Tr ⇢̂

<latexit sha1_base64="LtMmG/LEnh/nT3BlbRb64ucNamI=">AAACDHicbVDLSgMxFL1TX7W+qi7dBIsgCGVGpLosunFZwT6gM5RMmmlDk5kxyQhl6Ae48VfcuFDErR/gzr8x086itl4InJxz7k3u8WPOlLbtH6uwsrq2vlHcLG1t7+zulfcPWipKJKFNEvFIdnysKGchbWqmOe3EkmLhc9r2RzeZ3n6kUrEovNfjmHoCD0IWMIK1oXrlihtjqRnmPRu5OkJz1zPEkCsS9GBcdtWeFloGTg4qkFejV/52+xFJBA014ViprmPH2kuzyYTTSclNFI0xGeEB7RoYYkGVl06XmaATw/RREElzQo2m7HxHioVSY+Ebp8B6qBa1jPxP6yY6uPJSFsaJpiGZPRQkHJmts2RQn0lKNB8bgIlk5q+IDLHERJv8SiYEZ3HlZdA6rzq1au3uolK/zuMowhEcwyk4cAl1uIUGNIHAE7zAG7xbz9ar9WF9zqwFK+85hD9lff0CixaaBg==</latexit>

@0 ! @0 + iµq

<latexit sha1_base64="sVDRwElPc2b1oJwx4Hv2+VTPjRE=">AAACD3icbVDLSsNAFJ34rPUVdelmsCh10ZKIVDdC0U2XLfQFTSyT6aQdOpmEmYlQQv7Ajb/ixoUibt2682+ctllo64ELh3Pu5d57vIhRqSzr21hZXVvf2Mxt5bd3dvf2zYPDtgxjgUkLhywUXQ9JwignLUUVI91IEBR4jHS88d3U7zwQIWnIm2oSETdAQ059ipHSUt88c0ZIJY4YhSm8geQ+KTm+QDix06SZFmslJ4hh4zztmwWrbM0Al4mdkQLIUO+bX84gxHFAuMIMSdmzrUi5CRKKYkbSvBNLEiE8RkPS05SjgEg3mf2TwlOtDKAfCl1cwZn6eyJBgZSTwNOdAVIjuehNxf+8Xqz8azehPIoV4Xi+yI8ZVCGchgMHVBCs2EQThAXVt0I8QjoPpSPM6xDsxZeXSfuibFfKlcZloXqbxZEDx+AEFIENrkAV1EAdtAAGj+AZvII348l4Md6Nj3nripHNHIE/MD5/AH64m68=</latexit>

⇢̂ = e�
1
T (H�µQ)

<latexit sha1_base64="opwCPn9u+GsTR0zdhOmo0zNgTA0="></latexit>

⌦(T, µ) = �T lnZ

V = "� µn = �p
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Light Scalars
Scalar fields of interest are light in contrast to the star’s density or temperature.

density-sensitive V

<latexit sha1_base64="NFdnNHgochdzXHpMZjxB3bqPuiI="></latexit>

n & @V/@�

�@m/@�
⇠

m2
�f

2

g m

<latexit sha1_base64="8e0VSBmP/h7HHYCsaum/LkWVYjU=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFctYlKdSMU3bisYB/QxDCZTtqhM5MwMxFK6MKNv+LGhSJu/Qh3/o3TNgttPXDhcM693HtPmDCqtON8W0vLK6tr64WN4ubW9s6uvbffUnEqMWnimMWyEyJFGBWkqalmpJNIgnjISDscXk/89gORisbiTo8S4nPUFzSiGGkjBXaJB14yoNBjDIr7zK2ejuEldKseYSywy07FmQIuEjcnZZCjEdhfXi/GKSdCY4aU6rpOov0MSU0xI+OilyqSIDxEfdI1VCBOlJ9NnxjDI6P0YBRLU0LDqfp7IkNcqREPTSdHeqDmvYn4n9dNdXThZ1QkqSYCzxZFKYM6hpNEYI9KgjUbGYKwpOZWiAdIIqxNbkUTgjv/8iJpnVTcWqV2e1auX+VxFEAJHIJj4IJzUAc3oAGaAINH8AxewZv1ZL1Y79bHrHXJymcOwB9Ynz8IGZZu</latexit>

m� ⌧ n1/3 = 1/`
coherently coupled

<latexit sha1_base64="mcG4ZMTcvsfdlZmVLdPNe1f4bx0=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBKR6rHoxWOFfkETwmY7aZfuJmF3o5TYn+LFgyJe/SXe/Ddu2xy09cHA470ZZuaFKWdKO863tba+sbm1Xdop7+7tHxzalaOOSjJJoU0TnsheSBRwFkNbM82hl0ogIuTQDce3M7/7AFKxJG7pSQq+IMOYRYwSbaTArojAS0cMexyUUkzgVmBXnZozB14lbkGqqEAzsL+8QUIzAbGmnCjVd51U+zmRmlEO07KXKUgJHZMh9A2NiQDl5/PTp/jMKAMcJdJUrPFc/T2RE6HURISmUxA9UsveTPzP62c6uvZzFqeZhpguFkUZxzrBsxzwgEmgmk8MIVQycyumIyIJ1SatsgnBXX55lXQuam69Vr+/rDZuijhK6ASdonPkoivUQHeoidqIokf0jF7Rm/VkvVjv1seidc0qZo7RH1ifP86zk7k=</latexit>

m� . T
stellar emission

[Energy gradients too large to be source by single nuclei.]

<latexit sha1_base64="x3xcEAMEBfkUKjORSHh9/48MLZ4=">AAACDHicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy6r2Ad0SsmkmTY0yQxJRijDfIAbf8WNC0Xc+gHu/BvTdhbaeiBwOOfcJPcEMWfauO63U1hZXVvfKG6WtrZ3dvfK+wctHSWK0CaJeKQ6AdaUM0mbhhlOO7GiWASctoPx9dRvP1ClWSTvzSSmPYGHkoWMYGOlfrki+n48YsjnHPmhwiT1svSun/pKIJkQTlmW2ZRbdWdAy8TLSQVyNPrlL38QkURQaQjHWnc9Nza9FCvD7I1ZyU80jTEZ4yHtWiqxoLqXzpbJ0IlVBiiMlD3SoJn6eyLFQuuJCGxSYDPSi95U/M/rJia87KVMxomhkswfChOOTISmzaABU5QYPrEEE8XsXxEZYVuJsf2VbAne4srLpHVW9WrV2u15pX6V11GEIziGU/DgAupwAw1oAoFHeIZXeHOenBfn3fmYRwtOPnMIf+B8/gDlIpuO</latexit>

m� ⌧ 1

Rnuclei

<latexit sha1_base64="quR+GCO62tJdpGwQlF1yk8nHwk0=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy6r2Ae0Y8mkmTY0yQxJRilD/8ONC0Xc+i/u/Bsz7Sy09cCFwzn3JveeIOZMG9f9dgorq2vrG8XN0tb2zu5eef+gpaNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvs789iNVmkXy3kxi6gs8lCxkBBsrPdz1054SSCaEUzbtlytu1Z0BLRMvJxXI0eiXv3qDiCSCSkM41rrrubHxU6wMsw9OS71E0xiTMR7SrqUSC6r9dLb1FJ1YZYDCSNmSBs3U3xMpFlpPRGA7BTYjvehl4n9eNzHhpZ8yGSeGSjL/KEw4MhHKIkADpigxfGIJJorZXREZYYWJsUGVbAje4snLpHVW9WrV2u15pX6Vx1GEIziGU/DgAupwAw1oAgEFz/AKb86T8+K8Ox/z1oKTzxzCHzifP5NqkpU=</latexit>

Rnuclei
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Self-Bound Objects

NGS implies stable objects held together by gradient pressure (i.e. no gravity).

<latexit sha1_base64="rxUxAS2oQiJ000Xj1vS+cxtCpcc=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8SNgViR6DXjxGMQ/YXcPsZDYZMjO7zMwqYcl/ePGgiFf/xZt/4+Rx0MSChqKqm+6uKOVMG9f9dpaWV1bX1gsbxc2t7Z3d0t5+UyeZIrRBEp6odoQ15UzShmGG03aqKBYRp61ocD32W49UaZbIezNMaShwT7KYEWys9HCHglM/D5RAAzEKO6WyW3EnQIvEm5EyzFDvlL6CbkIyQaUhHGvte25qwhwrwwino2KQaZpiMsA96lsqsaA6zCdXj9CxVbooTpQtadBE/T2RY6H1UES2U2DT1/PeWPzP8zMTX4Y5k2lmqCTTRXHGkUnQOALUZYoSw4eWYKKYvRWRPlaYGBtU0Ybgzb+8SJpnFa9aqd6el2tXszgKcAhHcAIeXEANbqAODSCg4Ble4c15cl6cd+dj2rrkzGYO4A+czx+QYJHu</latexit>

R [km]

<latexit sha1_base64="cDYFpbIy7xVPtYE2n/Fp+7GwHEo=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJSHVZdOOmUME+IAlhMpm2QyczYWYi1NAvceNCEbd+ijv/xmmbhbYeuHA4517uvSdKGVXacb6t0tr6xuZWebuys7u3X7UPDrtKZBKTDhZMyH6EFGGUk46mmpF+KglKIkZ60fh25vceiVRU8Ac9SUmQoCGnA4qRNlJoV1vQP/daYe6LWOhpENo1p+7MAVeJW5AaKNAO7S8/FjhLCNeYIaU810l1kCOpKWZkWvEzRVKEx2hIPEM5SogK8vnhU3hqlBgOhDTFNZyrvydylCg1SSLTmSA9UsveTPzP8zI9uA5yytNME44XiwYZg1rAWQowppJgzSaGICypuRXiEZIIa5NVxYTgLr+8SroXdbdRb9xf1po3RRxlcAxOwBlwwRVogjvQBh2AQQaewSt4s56sF+vd+li0lqxi5gj8gfX5A/ynkq8=</latexit> M
[M

�
]

<latexit sha1_base64="swH/HEtkdzf1YYPLN8vIG6p+hWs=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4Colo9SIUvXisYD+gDWWznbRLN5uwuxFK6Y/w4kERr/4eb/4bt20O2vpg4PHeDDPzwlRwbTzv21lZXVvf2CxsFbd3dvf2SweHDZ1kimGdJSJRrZBqFFxi3XAjsJUqpHEosBkO76Z+8wmV5ol8NKMUg5j2JY84o8ZKzT65IZ572S2VPdebgSwTPydlyFHrlr46vYRlMUrDBNW67XupCcZUGc4EToqdTGNK2ZD2sW2ppDHqYDw7d0JOrdIjUaJsSUNm6u+JMY21HsWh7YypGehFbyr+57UzE10HYy7TzKBk80VRJohJyPR30uMKmREjSyhT3N5K2IAqyoxNqGhD8BdfXiaNc9evuJWHi3L1No+jAMdwAmfgwxVU4R5qUAcGQ3iGV3hzUufFeXc+5q0rTj5zBH/gfP4ATtaOQg==</latexit>

g = 0.5

<latexit sha1_base64="9ba2VHLNa9Ae2OIxoHvSUWvXuaU=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbB07IrUr0IRS8eK9gPaNeSTbNtaDZZkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL0w408bzvp3Cyura+kZxs7S1vbO7V94/aGqZKkIbRHKp2iHWlDNBG4YZTtuJojgOOW2Fo5up33qkSjMp7s04oUGMB4JFjGBjpYcuTTTjUqAr5Ll+r1zxXG8GtEz8nFQgR71X/ur2JUljKgzhWOuO7yUmyLAyjHA6KXVTTRNMRnhAO5YKHFMdZLOrJ+jEKn0USWVLGDRTf09kONZ6HIe2M8ZmqBe9qfif10lNdBlkTCSpoYLMF0UpR0aiaQSozxQlho8twUQxeysiQ6wwMTaokg3BX3x5mTTPXL/qVu/OK7XrPI4iHMExnIIPF1CDW6hDAwgoeIZXeHOenBfn3fmYtxacfOYQ/sD5/AHbAZFz</latexit>

✏ = 0.1

<latexit sha1_base64="DTSdCoKvJpHDgWO2g77arXlfhb0="></latexit>

p0 = ��0 @⌦

@�

�00 + 2
r�

0 =
@⌦

@�

<latexit sha1_base64="SAGi4m1YgSWzS0TEGp5tynrKP/k=">AAACWHicbVHNS8MwHE3r5j78qvPoJTgEQRityPQiDL140gnuA9Yy0izdgklaklQYZf+k4EH/FS9mWw+z80Hg8d775eMlTBhV2nW/LHunVN6tVGv1vf2DwyPnuNFXcSox6eGYxXIYIkUYFaSnqWZkmEiCeMjIIHx7WPqDdyIVjcWrnick4GgqaEQx0kYaO7EfSYQzP0FSU8Sg/8zJFC02hGRGF/AOFnL9rcglFMUQHz8VY2On6bbcFeA28XLSBDm6Y+fDn8Q45URozJBSI89NdJAt98SMLOp+qkiC8BuakpGhAnGigmxVzAKeG2UCo1iaJTRcqZsTGeJKzXlokhzpmSp6S/E/b5Tq6DbIqEhSTQReHxSlDOoYLluGEyoJ1mxuCMKSmrtCPEOmHG3+om5K8IpP3ib9q5bXbrVfrpud+7yOKjgFZ+ACeOAGdMAj6IIewOAT/Fglq2x928Cu2LV11LbymRPwB3bjFxDztUI=</latexit>

@⌦

@�
=

@V

@�
+ n

@mN

@�

<latexit sha1_base64="cEWnl0630tvQgfTTo1qre4yNDg0=">AAACFHicbZDLSgMxFIYzXmu9VV26CRZBEMqMSHVZ6sad9dILdMYhk2ba0CQzJBmhDPMQbnwVNy4UcevCnW9j2s5CW38IfPznHE7OH8SMKm3b39bC4tLyymphrbi+sbm1XdrZbakokZg0ccQi2QmQIowK0tRUM9KJJUE8YKQdDC/G9fYDkYpG4k6PYuJx1Bc0pBhpY/ml45v71JUccioyf0K39asMuopy6IYS4dTJUu678YBmfqlsV+yJ4Dw4OZRBroZf+nJ7EU44ERozpFTXsWPtpUhqihnJim6iSIzwEPVJ16BAnCgvnRyVwUPj9GAYSfOEhhP390SKuFIjHphOjvRAzdbG5n+1bqLDcy+lIk40EXi6KEwY1BEcJwR7VBKs2cgAwpKav0I8QCYKbXIsmhCc2ZPnoXVScaqV6vVpuVbP4yiAfXAAjoADzkANXIIGaAIMHsEzeAVv1pP1Yr1bH9PWBSuf2QN/ZH3+ALwNnqg=</latexit>

Rmin

SBO
⇠ 1

m�

Balkin, JS, Springmann, Stelzl, Weiler ’23



Dark Compact Objects

54



<latexit sha1_base64="Vmu2JsFAlRaMdt/ucLtVsKz4yc4=">AAACK3icbVC5TgMxFPRyE64AJY1FhBSaaBchoKBAoaGgAEQOKQmR1/sCFl7vyn6LiFb7PzT8CgUUHKLlP3COApKMZGs0M0/2Gz+WwqDrfjpT0zOzc/MLi7ml5ZXVtfz6RtVEieZQ4ZGMdN1nBqRQUEGBEuqxBhb6Emr+/WnPrz2ANiJS19iNoRWyWyU6gjO0Ujtfbp7bcMDaaRPhEe0tVJeWs+xmv2i5DCBV2S49phNzV71cO19wS24fdJx4Q1IgQ1y086/NIOJJCAq5ZMY0PDfGVso0Ci4hyzUTAzHj9+wWGpYqFoJppf1dM7pjlYB2Im2PQtpX/06kLDSmG/o2GTK8M6NeT5zkNRLsHLVSoeIEQfHBQ51EUoxorzgaCA0cZdcSxrWwf6X8jmnG0dabsyV4oyuPk+peyTsoHVzuF07KwzoWyBbZJkXikUNyQs7IBakQTp7IC3knH86z8+Z8Od+D6JQznNkk/+D8/AIihqg9</latexit>

⇤4
B(ñ) < ⇤4

R
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Dark Stars 
Classical vacuum transitions seeded by dark-baryon stars.

gravity

Fermi pressure
<latexit sha1_base64="81so9zuSTVweNX82SbptNPM78LQ=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclUSluiy6cSUV7AOaGCaTSTt0ZhJmJkIJXbnxV9y4UMSt3+DOv3HaZqGtBy4czrmXe+8JU0aVdpxva2FxaXlltbRWXt/Y3Nq2d3ZbKskkJk2csER2QqQIo4I0NdWMdFJJEA8ZaYeDq7HffiBS0UTc6WFKfI56gsYUI22kwD7wNGURycUIeopyyIN8qsCb0f1pYFecqjMBnCduQSqgQCOwv7wowRknQmOGlOq6Tqr9HElNMSOjspcpkiI8QD3SNVQgTpSfT94YwSOjRDBOpCmh4UT9PZEjrtSQh6aTI91Xs95Y/M/rZjq+8HMq0kwTgaeL4oxBncBxJjCikmDNhoYgLKm5FeI+kghrk1zZhODOvjxPWidVt1at3Z5V6pdFHCWwDw7BMXDBOaiDa9AATYDBI3gGr+DNerJerHfrY9q6YBUze+APrM8f49mYwg==</latexit>

ñ ⇠ m3
Ñ

<latexit sha1_base64="SBpex1edAz0xHQ9UVvsvDiSu5+c=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0VwVZIi1WXRjRulin1AE8NkOmmHziRhZiKUkN9w46+4caGIS135N07TLLT1wMDhnHO5c48fMyqVZX0bpaXlldW18nplY3Nre8fc3evIKBGYtHHEItHzkSSMhqStqGKkFwuCuM9I1x9fTP3uAxGSRuGdmsTE5WgY0oBipLTkmZajKBuQ9DaDjqQcOoFAOL3yUkdw2GJZlnLN8wy8zu7rmWdWrZqVAy4SuyBVUKDlmZ/OIMIJJ6HCDEnZt61YuSkSimJGsoqTSBIjPEZD0tc0RJxIN80vy+CRVgYwiIR+oYK5+nsiRVzKCfd1kiM1kvPeVPzP6ycqOHNTGsaJIiGeLQoSBlUEpzXBARUEKzbRBGFB9V8hHiHdjdJlVnQJ9vzJi6RTr9mNWuPmpNo8L+oogwNwCI6BDU5BE1yCFmgDDB7BM3gFb8aT8WK8Gx+zaMkoZvbBHxhfPyUfoQY=</latexit>

R̃ ⇠ MPl

m2
Ñ

<latexit sha1_base64="+WJob+fI5I179dGpCxWBZSwelvM="></latexit>

⇤4
B(ñ)

⇤4
B

' 1�
�Ñ ñ

⇤4
C

dense enough: large enough:

<latexit sha1_base64="mj1xlxfDOH3wBvaSdSWJlQV7HuY="></latexit>

mÑ . ⇤C

s
MPl

f

<latexit sha1_base64="H9HH6FxGmgJU3YHsXLtpPrn79Mo="></latexit>

��⇤ & m4
Ñ

✓
f

MPl

◆2

⇡ ⇤0 ⇥ 10�2
⇣ mÑ

10 keV

⌘4
✓

f

10TeV

◆2

Dark stars could seed phase transitions a priori consistent w/ change in dark energy.

Balkin, JS, Springmann, Stelzl, Weiler ’21
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Experimental Probes

recombination dark ages reionization galaxies dark energy

<latexit sha1_base64="xF2+1Dnriudo0aLfowFKMmKS2HQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbVqEeiF4+QyCOBDZkdGhiZnd3MzJrghi/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoduo3H1FpHsl7M47RD+lA8j5n1Fip9tQtltyyOwNZJl5GSpCh2i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+dHTohJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+ymXcWJQsvmifiKIicj0a9LjCpkRY0soU9zeStiQKsqMzaZgQ/AWX14mjbOyd1k+r12UKjdZHHk4gmM4BQ+uoAJ3UIU6MEB4hld4cx6cF+fd+Zi35pxs5hD+wPn8AevdjQY=</latexit>z

cosmic dawn

<latexit sha1_base64="Va2Z2OkFCv3Ow+vddyz9+rZ0SHo=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9m1RT0WvXisYD+gXUs2zbahSXZJskJZ+he8eFDEq3/Im//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW0eJIrRFIh6pboA15UzSlmGG026sKBYBp51gcpv5nSeqNIvkg5nG1Bd4JFnICDaZ5LmPtUG54lbdOdAq8XJSgRzNQfmrP4xIIqg0hGOte54bGz/FyjDC6azUTzSNMZngEe1ZKrGg2k/nt87QmVWGKIyULWnQXP09kWKh9VQEtlNgM9bLXib+5/USE177KZNxYqgki0VhwpGJUPY4GjJFieFTSzBRzN6KyBgrTIyNp2RD8JZfXiXti6p3Wa3d1yuNmzyOIpzAKZyDB1fQgDtoQgsIjOEZXuHNEc6L8+58LFoLTj5zDH/gfP4AEd6NnA==</latexit>

103
<latexit sha1_base64="zzCdFJ5CmkWvKYNf+6SznY4indM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ68NxeueJW3RnIMvFyUoEc9V75q9uPWRqhNExQrTuemxg/o8pwJnBS6qYaE8pGdIAdSyWNUPvZ7NIJObFKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0bdLnCpkRY0soU9zeStiQKsqMDadkQ/AWX14mzbOqd1k9v7+o1G7yOIpwBMdwCh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeWnDymUP4A+fzB+sOjPc=</latexit>

10
<latexit sha1_base64="mINfg+aHheM79HZECEqXxvUGVvY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKeix68diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVvV6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmoX5art3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDfTmMvQ==</latexit>

1
<latexit sha1_base64="TpN6sRMdEhkCqnjWyIQJr5WE10I=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKeix68diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivV3V6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmoX5art3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDe7WMvA==</latexit>

0

CMB

21 cm

GWs, …

Many potential probes of a phase transition at cosmic dawn.


