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FESU  Neutrons stars: physics of extremes

» Natural laboratories of matter under extreme conditions
« Extreme density:
p = 10pg
where p, ~ 2.5x10'"kg/m? Atmosphere

« Extreme magnetic fields:

B < 10— 10" G (surface)
B < 107 - 10'8 G (inside)
e What 1s the inner core made of
— meson condensates (?)
— hyperons & other exotics (?) /

C s Credit: Paul Wootton

Y quarks (?) - @BBC Sky at Night Magazine
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FSi

Quark matter cores?

EoS of most massive stars indicates presence of (=conformal) quark matter

e Matter in conformal limit: ¢? = % (sound speed) & y=1 (polytropic index)

[Annala et al., Nat Commun 14, 8451 (2023)]

The “conformality” measure: ; 65 BN . 63% CI &2,
O 95% CI c2
d, = /A% + (A)? ' |
—— 68% CI GP
where
A=1_¢
Y
and
1 il
A = c? (; - 1) : A
O. T | 1
¢ 10° )\I \ITOV 10
Baryon number density n [ng]
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ESU Cooling of compact stars

* The key factors affecting stellar cooling
— The composition and heat capacity of matter in each phase
» normal degenerate matter C,, ~u*T
« gapped phases C,~u?Te4/T
— Auvailable cooling mechanisms and their interplay ¥
e neutrino emission E,, o< R3T® (direct Urca)
or E, o« R3T® (modified Urca)

. . g 2 4
* surface photon emission E;, X Rgy face Tsurface
— Thermal conductivity

— Possible reheating mechanisms

« Strong magnetic fields may affect all of the above

V

“‘... ‘-\n‘j\er Cf' ‘.JS t: :-': ..':

s utericory 4
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% Quark matter: v (v) emission

* Neutrino emission comes from direct Urca (weak) processes:

ut+e -»d+v, & d->u+e” +v,

n, = 0.5n4,n, < 0.003n,
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ESl Iwamoto’srateat B = 0

At B = 0, the rate was calculated by Iwamoto in the 1980s

: 457 14
g(Iwamoto) S ; GQ 2 O 11y, eT6 O ( R )
> —630a F COS U My lalt + qu

Kinematics 1s restricted by energy-momentum conservation:

Edzl_()u+]_{)e+l_()7

where kd ~ VrHlad, ku ~ VrHu, ke ~ Ues k? =T

Fermi liquid corrections:

Scales: T < 1 MeV, u,~50 MeV, uy, S ug~300 MeV Ep = i+ vp(p — pp),

~1_2a5

Vp =

3n

1.6, T Kpu, and U, <K Uy S Ug

Note: I_éd, I_éu, l_ée would be (=) collinear without Fermi liquid corrections

[[wamoto, Phys. Rev. Lett. 44 (1980) 1637], [[wamoto, Annals Phys. 141 (1982) 1]
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FSU Kadanoff-Baym formalism (B +# 0)

« Use Kadanoff-Baym transport equation for neutrinos (~kinetic equation)

10, Tr[y" G (t, P)] = -Tx[G; (t, P)E5 (¢, P) - £5(¢, P)G; (¢, P)]

/

e The main information comes from the neutrino self-energy:
d
Wi ' #W_ — W—' W Y
¢ 7 e ¢ v /\

 This leads to an explicit expression for neutrino-number production rate

<y

8f,(t:py) __ Gheos’bc d3pee Pest
ot =———F Zinzo 1) T nF(Ee,n_,ue)nB(pv‘l‘Ne E. n)L5 )\(pe,p,,)lm [H&?(Q)]

where Im|II 50(Q)] is the absorptive part of the W™ self-energy

[Ghosh, Shovkovy, JHEP 04 (2025) 110; arXiv:2501.03318]
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Sl Energy & momentum rates

* Then, the energy and net longitudinal momentum emission rates are

d3 ) afv(t»ﬁ) . B
=2 f (27-[)3 ot Note: [eB] = 1.69%1014 G

i.e., |eB| S 1000 MeV?

MeV?2

afV(t:ﬁ)
?VZ =2 f (27'[)3 ot

« Approximations made in calculations:
— Neglect the LL quantization of quarks (6ez = |efB|/uq).~%

— Account for the exact LL quantization of electrons "

— Include Fermi liquid corrections for quarks, vy = 1 — 2a/(3m)

— Include exactly nonzero temperature effects
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%l Formal results for &,

General expression (£ = 1 /,/ leB])

: 12NCG%COS290T5 (u,v)dudv e™" Vit
5 5 ”F“uﬁ‘dz gz / / Juvutv e+l <L15 (e n)__Ll“( ))
V2n+u (l_vFue(ud+uu)€2>]

x[Ln (20)— L1 (20)] | 1+

24 4y, u+v

where - ¥V2" +T7;‘ Hel  (u,v) = 6 (v+v — v}u2e?) 6 [0} (pa + )6 — u— o]

n

Low-T approximation, T «< |eB|/u, (u,, = puit* — 2n)

; 457t N.G% cos? 0 X ( O (up,v)e ’dv vhu2l?
0) — YU C e 7 B
il 9 P e ol () LA RS

LLL approximation (|eB| = 12)

) 457132 N G2, cos26 s p
(LLL)N cCHYF C 6 ,Ll.e 9 9,9 #e - 'UF/.Le
S 5040¢ vF pupial ( 2%) ((1+2vpue€ ) e erfc () Ve
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Energy emission: T «< |eB|/u.

 Energy emission rate exhibits a sawtooth dependence on |eB|/u2 when
T — 0, with divergences at LL thresholds

Divergences as T — 0:

Ue=40 MeV

> T=0.25 Me
s T=0.5 MeV

leB| 1 11 =20 4
2~ oo
M e Zn ==Y, 1.0 Hhhaa,,
o
] ‘:f:’! ‘
Oscillations of €,, are 5 }
similar to de Haas—van 3 R p
Alphen (or Shubnikov— ' f |} e
de Haas) effect 0.7
Increasing T attenuates 0.6- /
the oscillations 002 004 006 008 010 012
[Ghosh, Shovkovy, JHEP 04 (2025) 110; arXiv:2501.03318] |eB|//1g
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B-dependence of &,

MeV? < 1000 MeV?2

B| ~
leBl ~ T eoxi0mi G

Ue=40 MeV

* Energy emission rate:
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B [GaUSS] [Ghosh, Shovkovy, JHEP 04 (2025) 110; arXiv:2501.03318]
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%l Momentum emission: T «< |eB|/u,
d°p  9f,(t,p)

¢ Momentum emission rate: 7,, = 2 j

OB
Di T ) e NN R
ivergences as T = 0: © o T=0.25Me 11,240 MeV
005t * T=0-5MeV
|eB| 1 T—>O ...........................
2 —  — 0020_ ..........................
pe im0
_ & 0015
Sign of P, , is not fixed ;3 }
N 0.010] ‘
Q& - iR L 3 [ &
Increasing T attenuates 0.005; ' F; -
the oscillations o .
~0.005 ANITRAR 5 | AT %
0.02 0.04 0.06 0.08 0.10 0.12

|eB| /2

July 10, 2025 Igor Shovkovy, the 9th Conference on Chirality, Vorticity and Magnetic Fields in Quantum Matter, Brazil 12

[Ghosh, Shovkovy, JHEP 04 (2025) 110; arXiv:2501.03318]




ESU B-dependence of P, ,

e Momentum emission rate:

T T

1 0.020¢

0.15- 0.015}

L 0.010+

0.10¢ 0.005}

=0)

. 0.000
0.05-

P, -/EB

0.00

-005- 1) =

i

o e S |

5x10'5 1x10'° 5x10'6 1x10"7 5x10"7

B [Gauss] [Ghosh, Shovkovy, JHEP 04 (2025) 110; arXiv:2501.03318]
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LI contributions to év

» Partial contributions of the nth Landau-level electron states

Env/E,([B=0)

0.30+ ] pe=40 MeV, T=0.5 MeV — |eB|=O.025;1§-:
S B R T R e R ._ N |€BI=005/££

0.25} s 5 — |eB|=0.075u2
: = = — |eB|=0.1p2

0.20 L b b Nesssssssssssassssssssssasasannnennnnannnnns

0.15

0.10}

0.05 emrmenent

0.00!

[Ghosh, Shovkovy, JHEP 04 (2025) 110; arXiv:2501.03318]
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Sl L contributions to IP

e Partial contrlbutlons of the nth Landau- level electron states

| T T —T

00151_"0' ,ue—40 MeV T 0 <] MCV “a |eB|=0.025,ug_:
E_»,- i - |eB|=0.05,u§
0.010" B = z B — |eB|=0.075421
_ . 1 NS | — |eB|=0.12
S 0005 [l = 1 : y
o Tk '
=4 I ;
Q O.OOOT 6
N I
> b
Q -0.005] -
-0.010} .
~0.015} :
g 8§ 10 15 20 25 30

n [Ghosh, Shovkovy, JHEP 04 (2025) 110; arXiv:2501.03318]
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ESU B vs. Fermi liquid corrections

» Strong magnetic field resembles some effects of Ferm1 11qu1d correetlons

1 4_ """"" T U LR UT T T T ]
- /.te—40 MeV N 1
1 2 r f.f[ \ -
- / \
- ) / \
1 0 B N ;j“\; [} "2 a
AT A / /
8 I \q"w - é‘l‘ \’x j'r l‘\ \'s e -
1 08f R AVAVY \ W /’// A = -
@/ N -’ {1 X N VM,,,-**’
W | / \ f
5 0.6F - L e e i
: i e o o o == o
S S R e e S B AT ———
0.4} P A ]
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|eB|/ﬂe [Ghosh, Shovkovy, JHEP 04 (2025) 110; arXiv:2501.03318]
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B vs. Fermi liquid corrections

» Without Fermi liquid corrections, the average fPV’Z is~ 0
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|eB|/.ue [Ghosh, Shovkovy, JHEP 04 (2025) 110; arXiv:2501.03318]
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ESi Pulsar kicks?

* Net nonzero longitudinal momentum emission leads to a stellar recoil

or a pulsar kick
 The relative kick strength 1s determined by
n =22~ 2x1073 18
Ey UeT

c.f., early naive studies: n = (n_—n,)/(n_+n,)~0.1to1
[Sagert, Schaffner-Bielich, Astron. Astrophys. 489 (2008) 281], [Ayala et al., Phys. Rev. D 97 (2018) 103008]

 Estimated pulsar kick velocity:

ATTR g Pdt 41T RE P g ....“‘:dt 41T RS’
Te=T3m ) A T T )T T
which leads to

v ) () ) (20 ) () B
9 10 G)\ M /\10 km e 300 MeV/ \10 Mev) &9
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ESi V;V; synchrotron emission

 Other types of emission operating only when B # 0? q

» Synchrotron-like emission:
qr = qy T vi tV;

c.f., the usual synchrotron emission: e~ - e~ +y

qr = qy + v in heavy-ion physics: [Wang, Shovkovy, Phys. Rev. D 104 (2021) 056017; arXiv:2103.01967] = —
[Wang, Shovkovy, Huang, Yu, Phys. Rev. D 102 (2020) 076010; arXiv:2006.16254] -

Magnet

Synchrotron
Light

* Previously, e = e~ + v; + v; was studied in other phases of matter in

CompaCt Stars [ Yakovlev, Tschaepe, Astronomische Nachrichten 302 (1981) 167]
[Kaminker et al., Phys. Rev. D 46 (1992) 3256]

[Kaminker, Yakovlev, J. Exp. Theor. Phys. 76 (1993) 229]

[Vidaurre et al., Astrophys. J. 448 (1995) 264]

[Bezchastnov et al., Astron. Astrophys. 328 (1997) 409]

» In some temperature/density regimes of core/crust of compact stars,
synchrotron emission may dominate the total rate
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S Formalism

« Using the Kadanoff-Baym formalism, we obtain

) 2NCG%‘|efB|2 - £12 0o T sbep[(1-cosB) 9 o o
&y = 3(27)5 ((CV) + (CA) )s; ‘/0 sin 6df _sben/(14cosb) dg. 45 nB(q0) (90 — 45) Js+1 (w) Js-1 (w)
where ¢ is the v;V; momentum, s =n’' —n, and w = | 7 g5 — ¢%sin6

* Since ug, > T, the only relevant low-energy parameters are

T & depg = |eB|/uq

* The emission rate i1s determined by their ratio:

Pz

[Ghosh, Shovkovy, arXiv:2504.21083]
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ESi Synchrotron emission rate

* The final expression for the rate

. 2N.G%|esBIPT® ¢, ¢.5  , £12 |eB|
= & b - —
g, 320 ((cv) + () )F(b) T
e Limitbh - 0:
F(0) =11.06 Rl
 Limit b > 1: S
< 10
F(b) x e~b/?
’ 1077
e &, depends on u, only via b
005010 050 1 5 10 50

[Ghosh, Shovkovy, arXiv:2504.21083] b
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FESU  Transitions with fixeds =n' —n

 Partial contributions of different series of quantum transitions with
fixed values of s = n' — n:

(00)

F)=)  F(®) :

s=1

F,(b) has maximum around 0-100}

3 E:, 0.010
Smax ~ E
0.001
Fs_ . (b) < b o

1 5 40 50 100 500

S
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ESU Scaling of transitions with fixed *“s”

e [.(b)/b vs. sb approaches a fixed curve as b — 0:

Fy(b)/b

2.0

1.5

| | | AN ]
—— b=0.01 ]
—s— bh=0.05 |
—— b=0.]1 ]
—— bh=().2
-t b=0.5
—— bh=].

— h=2.

2 4 6 8 10

sb [Ghosh, Shovkovy, arXiv:2504.21083]
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Quark & electron contributions

 In electrically neutral, f-equilibrated quark matter, small density of

electrons must be present (n,, ~ 0.51,, n, <
10%° [ |

gsynch [erg/(cm?s)]

1026 :

1016

108

104

10-"% :

0.003n,)

- —— d(B=10" G)
- u(B=10" G)
— ¢~ (B=10!* G)

o f ,
7/ ! | === d(B=10"G)
! !
b ! - u(B=10"" G)
’I ! ; -== ¢~ (B=10'" G) |
‘ / L ‘ M | | ‘ L]

i 8lwamoto S ?
P s o i |
"'o P i
Y J _;_ >

107°

104 0.001

‘10‘

[Ghosh, Shovkovy, arXiv:2504.21083]

0010 0100 1
T [MeV]
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Rate vs. temperature

« Synchrotron rate £, is more than 1000 times smaller than €yamoto

o] f— :
- —— B=10"G JQuarks &
10~ B=10!5 G ,Kelectrons
Q — B=10"*G
Q
§ 10-5| = B=10"G
Q
=
3 107° Quarks only
‘W
1077
10_8 =4 Ll y vy ] el ~’~A , | ! y -0
10™4  0.001 0.010 0.100 1 10
T [MeV] [Ghosh, Shovkovy, arXiv:2504.21083]
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%l Other phases of quark matter

* Dense quark matter 1s likely to be color superconducting

— Gapped states contribute little to specific heat and neutrino emission:
CV X e_A/T
év o< e~4/T

where 4~0 (10 MeV) is the color superconducting gap

» 2-flavor color superconductor (2SC) has unpaired quark states

— It s likely to cool similarly to the normal phase of quark matter
 3-flavor superconductor (CFL) has all quark states gapped

— It 1s likely to play little role in stellar cooling (no heat, no emission)
» 1-flavor (spin-one) color superconducting phases are nontrivial

— Some but not all states at the Fermi surface are ungapped (gapless nodes & lines)

July 10, 2025 Igor Shovkovy, the 9th Conference on Chirality, Vorticity and Magnetic Fields in Quantum Matter, Brazil 26



ESU Summary and Outlook

» Detailed analysis of direct Urca & synchrotron neutrino emission from
quark matter 1s performed

» Direct Urca emission from quark matter 1s affected by the magnetic field,
but not very dramatically (~20%)

» Direct Urca emission 1s asymmetric, but ff’v’z 1s not large enough to
contribute to pulsar kicks

« Compared to direct Urca, synchrotron emission 1s significantly weaker

» 2SC & CFL color superconducting phases of quark matter are unlikely to
affect cooling (albeit for different reasons)

e Additional studies of spin-1 color superconducting phases are needed
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