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Axions and Neutron Star Cooling, typically

Some of the strongest bounds come from NS cooling

lwamoto 84, Raffelt 2008, Buschmann et. al. 2021
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Axions and Neutron Star Cooling, typically

Some of the strongest bounds come from NS cooling
lwamoto ’84, Raffelt 2008, Buschmann et. al. 2021

Axions get produced in NSs and supernovae and lead to faster cooling
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Neutron Star Cooling

Rely on the existence of a heat-blanketing envelope: Raffelt ‘08, Buschmann et. al. "1

NS cores are roughly isothermal due to large conductivity: 1. ~ const.

In low-density envelope 7 < 10™°ng, ng = 0.16 fm™°, typical size O(100m),
temperature decreases
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Neutron Star Cooling

Rely on the existence of a heat-blanketing envelope: Raffelt ‘08, Buschmann et. al. "1

NS cores are roughly isothermal due to large conductivity: 1. ~ const.

In low-density envelope 7 < 10™°ng, ng = 0.16 fm™°, typical size O(100m),
temperature decreases

GM GM

* Hydrostatic equilibrium: p' = — 5 P = —gp g’ 2
r
* Energy flux: Fe =1 KT b= T;‘ (constant gravity, no energy sources/sinks)
16! T3
Thermal conductivity K ! 3%
or o T
q (9p - Kp g Mean opacity !

Can be integrated for typical opacities, weak dependence on boundary conditions



Neutron Star Cooling

Rely on the existence of a heat-blanketing envelope: Raffelt ‘08, Buschmann et. al. "1
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Neutron Star Cooling

Cooling then is dictated by energy balance equation Raffelt '08, Buschmann et. al. 21

dr.

Co(Te) dt

= —L,(T,) — L(T,) — Lo + H

1O§i I T TTTTI I T TTTTI I T TTTTI I T TTTTI I T TTTTI
-
1035
1034
1033
1032
1031
1030
1029
1028
1027
1026
1025
1024
1023
1022
1021

1020 [ IHIHl | IIIIIH| | IIIIHd | IIIIHd [ IIHId [ IHIHl T | I

10Y 10t 102 103 104 10° 109 107 108
t |yl

Te! Ts relation

4 \ 0.455

I
T,, = 1.288
8514

— T

Gudmundsson, Pethick, Epstein ‘82




L [erg S

Neutron Star Cooling

Cooling then is dictated by energy balance equation  Raffelt 08, Buschmann et. al. "21

dT,
Cv(Tc) dt = —LV(TC) — L'y(Ts) — La + H

1037
1036
1035
1034
1033
1032
1031
1030
1029
1028
1027
1026
1025
1024
1023
1022
1021

1020 Ll Ll L sl L sl Ll Ll EREEEN | | IIIH%

10Y 10t 102 103 104 10° 109 107 108
t |yl

1038 T TTTTT T TTTTT T TTTTTI T T 11T T TTTTT T 11T T TTTT - Old |SO|ated NSS
E = “Magnificent 7”

Te! Ts relation

T4 0.455
T,s = 1.288( 36)
8514

— P

Gudmundsson, Pethick, Epstein ‘82




COMPL TELY ‘?’5
DIFFERENT >

-t
: 5
r ‘ s \‘. .._\

Light QCD Axions can prevent the existence of
heat-blanekting envelopes!
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Light QCD Axion

e Anomaly
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Light QCD Axion

e Anomaly
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e Potential

V()= "mif?[cos@ /f )! 1]

$%0
V(0)=0 'l ] Hook 18 > |
 Non-derivative coupling to nucleons
L!" 1yn[cosC/f )" 11N lyn ! 50MeV N =(p,n)’
 ALP-dependent nucleon mass >
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Light QCD Axion at Finite Density

Consider finite nucleon background '™®N"#! N N"$ n
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Consider finite nucleon background '™®N"#! N N"$ n

* Potential gets correction

V(I,n)=1!"mf7 11 = cos — ! 1

* Leads to a phase transitionat n>n.!
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Light QCD Axion at Finite Density

Consider finite nucleon background '™®N"#! N N"$ n

* Potential gets correction

— n~2¢2 - y
V({,n)=1"mfs 1! Mt 2 COS e 11
i Im¢f 2
* Leads to a phase transitionat n>n.! —
| N
V() 14 . - .
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Axion is minimized at !! " = "f and effective nucleon mass is reduced
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Neutron star equation of state depends on the Axion!

- .
my(P)=my 1+"/y cos];— 1 1

1. Solve for the equation of state (EOS):
'(n,") p(n,!) - 1(p)

2. Input to solve pressure gravity equations

Aka Tolmann - Oppenheimer - Volkoff (TOV) equations
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Equation of state with light QCD Axion

" Hn,") = In(n,")+ V(")

!'? =0 minimizing the potential energy o(n,1)= py(n, 1)1 V(1)
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Equation of state with light QCD Axion

" Hn,") = In(n,")+ V(")

— =0 minimizing the potential energy o(n,1)= py(n, 1)1 V(1)

%
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' (n), p(n) EOS

It is very useful to look at the energy per particle
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N N




Free Fermi Gas of Neutrons
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Free Fermi Gas of Neutrons with light QCD Axion
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Free Fermi Gas of Neutrons with light QCD Axion

'(n,") _ 'n(n,")+ V(")
n n

— metastable (¢ =0)  ---- unstable New ground state (| = "f)
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- free fermi ga:

Energy per particle is related to pressure
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Free Fermi Gas of Neutrons with light QCD Axion
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Free Fermi Gas of Neutrons with light QCD Axion

(n,") _ I(n,")+ V()

n n
— metastable (¢ =0)  ---- unstable New ground state (| = "f)
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Free Fermi Gas of Neutrons with light QCD Axion

— metastable (4 =0)  ---- unstable stable (¢ = =f)
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- free fermi ga:
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Most important points:

1. Negative pressure for Nc<n<n

2. In the NGS phase p(!*)=0, 1" £EO



Free Fermi Gas of Neutrons with light QCD Axion

If a NGS is realized, the star ends at constant energy density
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Free Fermi Gas of Neutrons with light QCD Axion

If a NGS is realized, the star ends at constant energy density

p=n? d(e/n)
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Light QCD Axions and Neutron Star Cooling

As a result the star cools much quicker

1038

Cy(T,)

dt

d1,

L,(T,) — L(T,) — Lo + H
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Light QCD Axions and Neutron Star Cooling

* If gradient effects cannot be neglected, concept of EOS including axion breaks down

» Solve full coupled system, envelope scales A, A, mq_sl X fa
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Light QCD Axions and Neutron Star Cooling

Resulting cooling curves, depend on  Ar ~ m " « f,

* Modified hydrostatic equilibrium

p'=—p(g+ 9ga)

| GM . }n"V(a)a!
90 Tz %5 The "a
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Light QCD Axions and Neutron Star Cooling

Resulting cooling curves, depend on

* Modified hydrostatic equilibrium

p'=—p(g+ 9ga)

GM . 1n'V@

2V |
g- r2 ga ! nC lla

* Modified envelope determined by

K#0+ 0a

T " T
'p

Effectively rescalingof 9! 9+ Oa

Ar qu_sl X fa
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Light QCD Axions and Neutron Star Cooling

Resulting cooling curves, depend on

* Modified hydrostatic equilibrium

AN
10’35<
, — =
p T _p(g _|_ ga) 108l CasA PUPDISA—S
0205
. GM o lntv@ o
J r2 2 I n¢ a .:2 10’31'_.\
X '\,
L N
i : - 10} - =
* Modified envelope determined by  — — fa=10% GeV
fa =103 GeV
1077} fa=10% GeV °
1 O — 1.=105 Gov
= fa =10 GeV
'p K#g+ Oa 10%r ¢, =10v Gev
17 1 1

Effectively rescalingof 9! 9+ Oa

Ar qu_sl X fa

ag /G

R J1
Mﬂla PSR B0656

PSR B2334

P
A\~ =4

t (yr)

“io



Light QCD Axions and Neutron Star Cooling

Axion parameter space:
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Light QCD Axions and Neutron Star Cooling

Axion parameter space:
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Conclusions

Light QCD axions get sourced in neutron stars

This can lead to the existence of a new ground state of nuclear matter

Drastically alters the stellar composition of neutron stars:

Can prevent the existence of heat blanketing envelopes

Leads to order of magnitude enhancement of NS cooling

Confrontation with data leads to novel bound in previously unconstraint
axion parameter space

Thank you!
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Neutron Axion System

Lo = TG Bk, D, mi ()1 + S SA(SH) " V()

58  8S

C e e : — 2 _0
Minimizing the action 59m 00

GM oV omy(9)

" 1—2GM} —i—%(/)’ [1—7—27rGr2(6—p)] = 96 +p 9 = U(e,p), Coupled SyStem
{129 gue. Einstein equations and axion EOM

GMe[, p 2GM 1 dmr3 (¢)2
[%] [1‘ ; ] {”7(“7

M’ = drr? [ + % (1 - 2€M) (¢')2] . /

can be solved numerically, very technical

Luckily, there is a simplifying limit!



Negligible Gradient Limit

Scale hierarchy

Scale of the system l Scale of !

R | Ly lomy tr

Limit of a thin wall bubble

- Gradient energy becomes negligible: !'(r)=0

Hn#f 2



