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Why do we need a finite temperature expansion of the dense matter EOS?

Inference
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® Dynamical description of neutron star formation and their mergers requires a 3D EOS
® Current tools are limited/oversimplified
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What is needed from a temperature expansion of the dense matter EOS?

the regime relevant for neutron stars.

Dense matter (in this work) — hadron/quark state of matter with no strange degrees of freedom in

Starting from an arbitrary NS P
EOS, reconstruct a 3D EOS for
numerical relativity simulations.

isolated, stable
neutron stars

1) Baryon number density (isolated, stable NS)

a YQCD
", = p Relevant scale: nuclear saturation Q
B~ 0 I density, n., = 0.16 fm™>
B ug Symmetric
Pure neutron nuclear matter
> matter (PNM)

YQCD
2) Charge fraction / isospin asymmetry Q

QCD
n No leptons, hadrons/
Y QLD — ¢ >0 =1— 2YQCD quarks only. 5 SV neutron rich EAM

mergers,
supernovac
np

QCD
YQ

3) Temperature

I
1~ 70 - 100 Mev

mergers,
supernovae

isolated, stable
neutron stars ol O
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. Mroczek et al., 2404.01658
What is needed (pt. 2) and our approach

T

; mergers,
isolated, stabl
solated, stable ' supernovae
neutron stars

Np

np

QCD
YQ

1 — 2: Expansion of the symmetry energy about NS EOS

. . RC 109 (2024
[ Thermodynamically consistent Yao et al, PRC 109 (2024)

[ Beyond n+p degrees of freedom 2 2 — 3a: Finite temperature expansion at fixed y,,
[/ Connection to available ——» 7 Obs.

experiments, observations, and
theory predictions il% Theory

New!

3a — 3b: Expansion of charge fraction dependence of
finite temperature effects New!
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From f-equilibrium to arbitrary charge fraction

« Symmetry energy expansion derived in Bombaci and Lombardo
(1991), modified in Yao et al. (2024):

Euicsym  ENs,Qep > ~ Lsymsat (B
sym,sat |
N B N B 3 no
N ® 1
— N — NS
B — Y a5 =0.01
Q,QCD

0.8(— Yo =0.1

- Yt

- g

B Y =0.4

B RV G

Q.Qcp~ Y-

0.4—

B E.,m=31.5 MeV, L_ =46 Me
0.2 Koyn=0 MeV, J_ =0 MeV

— Yao et al. PRC 109 (2024)

O I I I I | I I | I I | I I | I I
1 2 3 4 S 6
Example: large bump in CSZ(FZB) of NS to SNM ng/n__,

1 | Ksym,sat np
18 no
Input:

® NS EOS

L0t 5~ 600f
Brandes & | s L
. E 400}
Weise, PRD | os -
& 200f
111 (2025) P
0 250 500 750 1000 020 500 750 1000
e [MeV fm™] e [MeV fm 3]
Coefhicient Definition Range References
Esym sat (EP NMN_BESNM )n . | 31.7+3.2 [MeV] | Multiple data analyses from nuclear physics and astrophysics [121]
Lsymsat | 3Msat (%)n . |98.7£28.1 [MeV]| Multiple data analyses from nuclear physics and astrophysics [121]
Koymsat | InZae(—525™2) | 106+ 37 [MeV] PREXII [122, 123]
B
—1207%5, [MeV] |Bayesian analyses inferred from GW170817 and PSR J0030+0451[124]
Jsym,sat |27 Sat(d 523’“’2 )., .| 300 £ 500 [MeV] Many-body nuclear theory [125]
B sa

Yuao et al. PRC 109 (2024)
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From T = 0 to finite T

|
e Taylor expansion about p(T' = 0, pg, up) New! Mroczek et al.,

lattice
0 oo QCD 2404.01658

(”—B> <35
T

T=0,u
Entropy Heat capacity — > 0 < - Toft
S(T'=0) =0 oT T T
:O — T/IJB =0.1

. T/ug = 0.01
HADES FO

0 500 1000 1500 2000
up [MeV]
® Special case: Sommerfeld (1928) expansion [ Physical motivation |
® Ideal Fermi systems at T << T, Expansion parameter (7T/ug) < 0.1 in relevant regime |

PR prey+ T + BT . freereou (0

® Fermionic quasi-particles FO fit from Cleymans et al, PRC 73 (2006), HADES FO from Harabasz et al,
PRC 102 (2020)
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From T = 0 to finite T, test with microscopic model

®* Numerical tests with relativistic mean-field (RMF) theory (n+p) well suited for the expansion

T? term captures the finite temperature behavior of the pressure to high accuracy when 0s/d7T is known

18 x10°

10° M k et al
SRS e ® Breakdown near
2404.01658 ™ .
(L I A N liquid-gas PT
Cﬁ """" ® Linear coetficient
— 1.0 OE g — easy to parametrize
3 = o 772 :
>~ 1.5 > 1024 I~ term dominates
2, | >, Yo =0.5, T [MeV]
s 1.4 linear, drs ~ i = == T =0, RMF But: must know
2 .
© OO' RMF . aTS fOI’ all IMB’ 'MQ
1.3 100, expansion O(T?)
100, expansion O(T3)
1.2 0! Microscopic model: RMF

1
1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000 th.0py from Alford et al
MeV |
ug [ ] g [MeV] PRC 106, (2022)
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=9

supernovae

ng ng
yQCD

Q

o e Motivation: s/ny, for a given (Z/A, | /snxn) can be
> = (.05, RMF b 5 ( | Nl\.I)
= 0.05, expansion O(62) extracted from thermal fits of particle yields
o 140 — Expand d;(s/np) about SNM assuming isospin
L 1.00 symmetry
[ ® New expansion:
g 0-75 Heat capaci yQtb = (.5
= pacity at o Y
% 0.50 05(T, ng, Y)) 1 ()SSNM(T, ng, Yp) +
0.25 Mroczek et al., or np i
2404.01658 =0 .; .
0.00 r ; T T T . e
np [Ngat] 1 <1 oy >2 0 Ssama(T ng, 8 = 0)
© T35

2
Heat capacity across all i can be T=56=0
extracted from microscopic models
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Connection to heavy-ion collisions: system scan

® Nana et al extracted d*(s/ ng)/ 0567 from particle yields across

ditferent colliding species, central collisions at /sy = 200 GeV

System 2 A Yo Publishedyielddata? | Hitg predict a large and negative value

0+0 8 16 0.500 no

RuiRu 44 9 0458 o for 0°(s/ng)/06° at Trg ~ 145 MeV,

%giu Eg fgﬁg §§é§ %Ez ng ~ 0.025 n_,, in qualitative
v agreement with RMF (n+p) results

Q
0.50 0.45 0.40 0.35

x10~1

il Sl R M F (np) prediction
—
—0.5
;'E v 1.0 2
5 : oh NG
S 2 5| low T, high \?
T 5 densit
S T —2.0- Y
np [Ngat]
—2.5+ 1 — 3
i : 2 el !
Sy p -3.0 . - - ;
0.0 0.1 0.2 0.3 0 2 4 6 8 10
5 T [MeV]
F. Nana, [. Sali San Martin, and ].
ana, J. Salinas San Martin, and | Mroczek et al 2404.01658

Noronha-Hostler, 2411.03705

Mroczek et al
2404.01658

hottest/densest matter in NS merger

50 100 150 200

250

Needed: system + energy scan
Symmetric nuclei, e.g., O+0,

crucial for extracting the expansion
coefficient at 6 = 0

LHC, CBM @ FAIR?
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Proot-of-principle with a microscopic EOS

® Expansions 2) and 3) tested against an RMF

EOS

® Error introduced by finite T + s/n,

>
expansions below 5% across almost all S 200
Kps Mo at T=100 MeV <

® Larger error: liquid-gas phase transition —300

near 7,

® Did not account for uncertainty in

expansion coefficients:

oT

T=6=0

definitely

()3SSNM,2(T» np, 0)

01062

hopetully

0

—400
1000

0 O

T=6=0

1200

T =100 MeV

Mroczek et al.

2404.01658
1400 1600 1800 2000
us [MeV]

10 15
IApl/pRMF X 100%

20 25

Note: n+p RMF is used as a proof-of-principle, 100 MeV is
arbitrary. More realistic T for mergers is 50 MeV where we

achieve <1% error.
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problem:

p-equilibrium { p(np), YQ(nnB)}—> 3D EOS (1, ng, Y))

Summary

® Proposed: two new expansions for obtaining
finite 7, ¥, equation of state

T [MeV]
® Allows for beyond np degrees of freedom, path for
incorporating theoretical + experimental + 100

observational information — |HIC system/energy scan| |
® Reproduce a microscopic EOS up to T=100 MeV

for up 2 1100 MeV ( ~ 1 =2 n_,) within 5% error

® Clear method for uncertainty quantification

Outlook

® Caveats: no strangeness, no phase
transitions — both solvable

low-dens. EoS

Ap/p < 0.4

sat 50

Ap/p < 0.2

—

&
D

¥

A
8

P-equilibrium

® Future study: reducing numerical >
error, low-density EOS at finite 7, Y, Yo Mroczek et al., 2404.01658

(e.g. hadron resonance gas) m muses
-
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Numerical error quantification

Mroczek et. al
Biggest source of numerical error: 2404.01658

(T9 7) — (Ta nBa YQ)

1. Requires numerical derivatives of p(T, i)

2. ny(u’)is dependent on Y,

|Ap|/prvE X 100%

300 1000 1200 1400 1600 1800 2000
up [MeV]
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Yy(np) for arbitrary EOS in the symmetry energy expansion

O 1
S>-
0.8
v _ 1 -8 74/3ng m\2/3 X T 0.6
P16 | 218X (5) E3..

sym sym

X = (—24ES,np + V2,/288E12,n% + n2ES,, n¥)/3
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