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EOS to heavy-ion data?
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Main takeaway: heavy-ion collisions are complicated.

Don'’t trust anyone who tells you they know the
large n, EOS.

But there’s hope we will with enough time and effort!



Heavy-ion collisions (HIC) vs Binary neutron star
(NS) mergers

Neutron Star Mergers (Numerical Relativity) [HADES] Nature Phys. 15 (2019) 10, 1040-1045

I NoronhaHostler UIUG . Low-energy Heavy-lon Collisions (hadron transport)



Stages of a binary neutron star (NS) merger

Cold (inspiral) Hot (merger)
T ~ 107> MeV T ~ 100 MeV

Not yet measured

J. Noronha-Hostler UIUC



Stages of a heavy-ion collision (HIC)

Example of 4 /syn ~ 10 GeV collision

Initial State Hydrodynamics Hadron gas Freeze-out

T'~0MeV, ng~ng,, 1o~ 200MeV  ug' ™ ~ 300 MeV Tro~ 140MeV, ug~ 200MeV

“Archeology” Data obtained here

J. Noronha-Hostler UIUC 5



System size BNS vs HIC

Difference L, /Ly~ ~ 105

Lys ~ 10*m Ly~ 1074 m
* Neutrinos and leptons matter . QCD (hadrons/quarks) matters
*  Magnetic fields > viscosity . Viscosity > magnetic fields
* Convergence issues (Nils talk) . Converges
» Time scales milliseconds (107 sec) . Time scales femtometer (1072 sec)
. Causality? . Causality challenges with viscosity
e  FEOS has constraintsa 7 = 0 * EOS is known nearly exactly at high energies
. EOS unknown at finite T 7? . EOS unknown-ish at finite ng, ng, n, talk
eng S6n,, TS50MeV, Y, <02 + ngS2ny,, T2 S50MeV,Y, 2 0.38
. e =0 . ng=>0
. [gnore anti-matter . We have a TON of anti-matter

J. Noronha-Hostler UIUC 6
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HIC: what we know, what we don’t
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Hydro simulations from \/E =[3,7.7,27] GeV
Shen&Schenke, Phys. Rev. C 105, 064905 (2022)

(T, up) extracted from STAR net-(p,7,K), net-p, net-K
fluctuations
Alba, et al, Phys. Rev. C 101, 054905 (2020)

Chiral transition from lattice QCD
[WB] Phys. Rev. Lett. 125, 052001 (2020)

Dilepton measurements from
[STAR] 2402.01998 [nucl-ex]
[HADES] Nature Phys. 15, 1040 (2019)
[NA60] Eur.Phys.J.C59:607-623,2009

Statistical Hadronization Model
[HADES] Phys. Rev. C 102, 054903 (2020)

Liquid-gas phase transition location
Elliott, et al, Phys. Rev. C 87, 054622 (2013)

Up estimate Vovchenko, et al, Phys. Rev. Lett. 118, 182301
(2017)

Hints of a QCD critical point
beginning to appeat...


https://arxiv.org/abs/2402.01998
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Hydro simulations from \/E =[3,7.7,27] GeV
Shen&Schenke, Phys. Rev. C 105, 064905 (2022)

(T, up) extracted from STAR net-(p,7,K), net-p, net-K
fluctuations
Alba, et al, Phys. Rev. C 101, 054905 (2020)

Chiral transition from lattice QCD
[WB] Phys. Rev. Lett. 125, 052001 (2020)

Dilepton measurements from
[STAR] 2402.01998 [nucl-ex]
[HADES] Nature Phys. 15, 1040 (2019)
[NA60] Eur.Phys.J.C59:607-623,2009

Statistical Hadronization Model
[HADES] Phys. Rev. C 102, 054903 (2020)

Liquid-gas phase transition location
Elliott, et al, Phys. Rev. C 87, 054622 (2013)

Up estimate Vovchenko, et al, Phys. Rev. Lett. 118, 182301
(2017)

Hints of a QCD critical point
beginning to appeat...


https://arxiv.org/abs/2402.01998
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t we know, what we don’t

Hydro simulations from \/E =[3,7.7,27] GeV
Shen&Schenke, Phys. Rev. C 105, 064905 (2022)

(T, up) extracted from STAR net-(p,7,K), net-p, net-K
fluctuations
Alba, et al, Phys. Rev. C 101, 054905 (2020)

Chiral transition from lattice QCD
[WB] Phys. Rev. Lett. 125, 052001 (2020)

Dilepton measurements from
[STAR] 2402.01998 [nucl-ex]
[HADES] Nature Phys. 15, 1040 (2019)
[NA60] Eur.Phys.J.C59:607-623,2009

Statistical Hadronization Model
[HADES] Phys. Rev. C 102, 054903 (2020)

Liquid-gas phase transition location
Elliott, et al, Phys. Rev. C 87, 054622 (2013)

Up estimate Vovchenko, et al, Phys. Rev. Lett. 118, 182301
(2017)

Hints of a QCD critical point
beginning to appeat...


https://arxiv.org/abs/2402.01998

History of HIC: why don’t we understand large ;2
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History of HIC: why don’t we understand large ;2
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History of HIC: why don’t we understand large ;2
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History of HIC: why don’t we understand large
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Breakthroughs:

Event-by-event
Relativistic viscous hydro
Lattice QCD EOS
Cross-over EOS
Hadron improvements
Constrained initial state
Nuclear structure
Open-source frameworks
Bayesian Analyses
Quantitative Predictions



Hlstory of HIC: Why don’t we understand large 7
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Breakthroughs:

Event-by-event
Relativistic viscous hydro
Lattice QCD EOS
Cross-over EOS

Hadron improvements
Constrained initial state
Nuclear structure
Open-source frameworks
Bayesian Analyses
Quantitative Predictions

Beam ener n

HADES/SPS
Rest of this talks




Before proceeding , need to
understand how we connect
the EOS (equilibrium) to data

ooooooooooooooooooooo



Heavy-lon Collisions: Equilibrium vs Out-of-Equilibrium

Conserved Currents

Energy-Momentum Tensor

Diffusion

Local rest
frame

Equation of THv _
State (EOS)

Contains diffusion matrix and gradients of u/T
Bulk Pressure I = Tr lT”” — T (/)‘”] O . A & H

Kpp Kps Kpo
K= | Ksg Kss Kspo
K K K
Shear stress tensor 7 = T+ — T¢* — 11 0B Xos XKoo

[gnoring magnetic fields and rotation
J. Noronha-Hostler UIUC



Heavy-lon Collisions: Equilibrium vs Out-of-Equilibrium

Conserved Currents
Energy-Momentum Tensor

Mo H
THY — T(/)w Iy Baryon Current N, =[ng* H g,
u 17 ] Ditfiic
e 0 0 Strangeness Current NS g, Diffusion
frame A NN n

Heavy-ion collisions are NOT in equilibrium, out-of-
equilibrium effects must be properly accounted for to
extract the EOS!

K= | Ksp Kss Kso
Shear stress tensor 7#* = THY — T(’)"” — 11 Ko Kos Koo

[gnoring magnetic fields and rotation
J. Noronha-Hostler UIUC



4d EOS of heavy-ions T, ny, ng, 1

I

Lattice QCD
! | | ! | ! All)uali et all,
L.attice 0.5 HHUp = 437 MeV 2504.01881 [hep-lat]
=700 MeV p=35T
~ O'Snsat B 6 ﬁ =3.0T ——-
04 B & 2°5nsat u = 25 T ]
T O u=20T r—-
0.3 0 II : L2107
B I l.,l = |. — _
CrEm IIII: ====== - u = 05 T
- II u=0 r—

50 100 150 200 250 300 350 400 450 500
T [MeV]

Reasonable estimates: pig/pp ~ 1/3 B E NS Tt e e 1) Lines are ideal hadron
resonance gas (HRG)

UL Tl Sl with large fluctuations!

| NoronhaHostler UIUG Data bars come from lattice QCD


https://arxiv.org/abs/2504.01881

4d EOS of heavy-ions T, ny, ng, 1

! Lattice QCD
Lattice 0.5 3/ MeV zsofgféaélf Fl‘tleall,—lat] .
it 7 5 u=3.0T ——
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Reasonable estimates: jig/upg ~ 1/3 B RtR NSt iRl Lines are ideal hadron

U7 Tl S W with large fluctuations! resonance gas (HRG)

| NoronhaHostler UIUG Data bars come from lattice QCD


https://arxiv.org/abs/2504.01881

Equations of motion for out-of-equilibrium pieces

Almaalol, Dore, JNH Phys.Rev.D 111 (2025) 1, 014020

Equations NOT unique: Derived from enforcing only positive entropy production

U
T " + o = 2net A g = [_mt 21 R AVACTTLOT lnw V2
T ' 2 2'671_ T ﬁ 1 q 2 q 1
— ' o ‘n . c LT
¢ 9 y
L Y9q"ly Y9q Kaq , [1 N\ Kyq , B i ,
qu,ng,+ng — qu,V”aq/+ 5 0 2% ﬁqqngq' ; },5161 VATT > Vﬂygq ; },qu V7' A 2 Vyquq
qq

J. Noronha-Hostler UIUC 12



SELEEE  Does this actually work? Analytical checks

Causality With viscosity, at finite densities

+stability
constraints

Ingles et al,
2503.20021 [nucl-th]

J. Noronha-Hostler UIUC Many: types of checks exist, this is just one example


https://arxiv.org/abs/2503.20021

Comparing to data: dynamics of HIC

Beam direction (z) What do pressure gradients do?

A A Geometric shape or “eccentricity”, propagated to
Beam —_— Beam final state in momentum space
v v (V p drive hydro response)

Transverse plane (x,y) Initial State Final State

“Spectators” “Spectators” O

CCAKE 2.0 Pala et al, to appear soon

J. Noronha-Hostler UIUC 14



Comparing to data: dynamics of HIC

Beam direction (z) What do pressure gradients do?

A A Geometric shape or “eccentricity”, propagated to
Beam —_— Beam final state in momentum space
v v (V p drive hydro response)
Transverse plane (x,y) Initial State Final State

“Spectators” “Spectators” O

Overlap region (“participants”)
This is the initial condition!

CCAKE 2.0 Pala et al, to appear soon
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Comparing to data: dynamics of HIC

Beam direction (z) What do pressure gradients do?

A A Geometric shape or “eccentricity”, propagated to
—> final state in momentum space
v (V p drive hydro response)
Transverse plane (x,y) Initial State Final State

Since final state is measured in momentum, and the

“Spectators” transverse plane is where most of the “action” occurs, we

talk about the transverse momentum p;
Overlap region ("participants

This is the initial condition!

CCAKE 2.0 Pala et al, to appear soon

J. Noronha-Hostler UIUC 14



Multiplicity and collective flow

Counting of particles, Fourier analyses: oh my!

Fourier decomposition

Count up particles

Can compare across p, or rapidity (more
well-defined relat1v1st1cally z” direction)

T T =2 7 =3 n=4 =05 n==~6

0.3 K K 'i T
i World data _ — o —+ —
_ L = 0 rordcaa - 0.06; * AutAu, 0-80% *E-E
; 2_ &?.é; I O © STARBES I ‘\ n-sub EP 85)\-% _
L Tl | - B A

i 1}1 | ] 1 +
g [ e Ty 3 T aSK
X 5 50 & r- e
B ' r Er?l l B [STAR Collaboration], Phys. 7
0-1_ ] %% = Rev. Lett. 110, 142301 (2013) -
B [] .
@m0 i
O EPD| AT BT R |
1 10 100 1000 __
\/Syy (GeV) :

L —
—_———— T
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Multiplicity and collective flow

Counting of particles, Fourier analyses: oh my!

Fourier decomposition

Count up particles

Can compare across p, or rapidity (more
well-defined relat1v1st1cally z” direction)

L L LR ol
0.3 __ K'/m* K/n __
. o 0 1 World data _
i T%I.E[]I ° O
0.2 T Te ]
= I = Eﬂ+lT :
: L | @ %
2 P L %
i @ TO? :
01 . o
N L D%El
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npg 4—
—_— 7

J. Noronha-Hostler UIUC

* Au+Au, 0-80% *E=-=
| m-sub EP Opp
\ OA-A
AK-K
AT -TT

[STAR Collaboration], Phys.
Rev. Lett. 110, 142301 (2013)




Collective flow and viscosity

Out-of-equilibrium and EOS intertwined!

CGC Shear viscosity vital to reproducing

collective flow observables at n; = 0 bulk

O STAR non-flow corrected (est). —0.0¢ and diffusion are sub-dominate there.
e STAR event-plane N '

At finite ng, systematic studies of EOS

® « e .
4’ 000900000 0cC variations+ all transport coefficients for

® W’ m O ..
Qoo@ 1/5=0.16 realistic hydro DO NOT EXIST.

Simpler studies of fixing EOS varying
nls = const, sometimes (/s do

pr[GeV] Simpler studies of varying EOS with

transport coefficients in o+1D or 1+1D exist
J. Noronha-Hostler UIUC 16



How well to HIC models reproduce data?
/S ~ [200 GeV,6 TeV] RHIC/LHC

2016 Theory predictions 2010-2020 Bayesian parameter 2025 Bayesian posteriors
confirmed at the % level. estimates begin accurately predict OO data!
[ALICE] Phys.Rev.Lett. 116 (2016) 13, 132302 Bernhard et al, Nature Phys. 15 (2019) 11, 1113-1117
- Laucepore " Hydrodynamics -
> 0.15-5.02 Tev 2.76 TeV 5.02 TeV, Ref.[27] —

- mv, {2, |An>1} O Vv, {2, |An|>1} EVZEZ. |An >1{
_ oV,;{2, |[An|>1} o vi{2, |An[>1} —v;3{2, |An[>1
L v, {2, anP>1} O v4i2, |Anf>1}

v, {6}
0.1—xv, {8}

[ALICE] Initial Stages 2025

0.05

- | LA NLNLEL LR BN WL B e
e 1.2 vV v, Hydrodynamics, Ref.[25] —
T qE T ey peram E
0:1.15— e 1) : . E
g7 A (b)=

: | | |
0O 10 20 30 40 50 60 70 8 _ .
Centrality percentile https:/alice-collaboration.web.cern.ch/

2025-ALICE-Initial-Stages

J. Noronha-Hostler UIUC 17



How well to HIC models reproduce data?

Know \/Svv ~ [200 GeV,6 TeV] RHIC/LHC
extremely well
2016 Theory predictions 2010-2020 Bayesian parameter 202§ Bayesian posteriors
confirmed at the % level. estimates begin accurately predict OO data!
[ALICE] Phys.Rev.Lett. 116 (2016) 13, 132302 Bernhard et al, Nature Phys. 15 (2019) 11, 1113-1117
c L AUCEPbPb  Hydrodynamics -
> 0.15}-5.02 Tev 2.76 TeV 5.02 TeV, Ref.[27] —
L mv, {2, |An>1} O v,{2, |An|>1} Evzg. |§n ;H
L ev, {2, |An>1} O V{2, [An>1} V34 1AM _
| ev, {2, )An>1} O V{2, |An>1} i
+v, {4} TV, {4} _
0.15 (8 d -
- i . . . [ALICE] Initial Stages 2025
; X - All in the vanishing
: 0 _
0.05- B np ~ 0 regime! What
" B
e _ :
IR R Po@- happens at finite ny?
o12E 'V, v V. Hydrodynamics, Refi28]| | +—
E 11 z_ S e qu)é%ram " _z
1§||‘||| nnnnnn I T T N R N A A A ||||.||.||||(|b?.z
,91'2:_lI”|””|””|””IH AN RN RARRE
i d S
1;_+ + ] é | +l ] | + | | | (C) _:
0 10 20 30 40 50 60 70 8 _ .
Centrality percentile https://alice-collaboration.web.cern.ch/

2025-ALICE-Initial-Stages
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Differences as you lower /s in HIC

Quark-gluon degrees of freedom may matter significantly less

—
—
—
e
—
Initial
®
. Lorentz contracted (2D) ® aryon
| capture

- Nuclei pass through
State

instantaneously . 3D nuclei pass slowly

. Too quick to capture

. Time to capture baryons
baryons

. Diffusion, phase

- - With . /S\xn , different time spent in n
. Simulations best \/ NN P fransitions matter
understood quark/gluon phase vs hadron phase

J. Noronha-Hostler UIUC 18



Equilibrium: Complexity atlow , /s,

Know

extremely
well [MUSES] Living Rev.Rel. 27 (2024)4, 3

Large parts of heavy-ion collisions outside
of the regime of validity for lattice QCD
and the HRG

Know
extremely
well

Jamie’s talk

) g
4
4
U /.
d
’
Z
? &
.
“@
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> <4
) g
> ”,
oy
- _.
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p e
"
- P - _»"_ ~ :
T ) y R - )
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5,
0y =7 -- ' g0
o 4 ‘- S
N
3
\J
3

Need to smoothly match to lattice
QCD/HRG, include search for critical
point/first-order line, match to NS,

HRG

requires 4D EOS as well!

J. Noronha-Hostler UIUC



Know
Hints of a critical point

Using lattice QCD+models (holography, functional renormalization group, data etc)

Hippert et al, Phys.Rev.D 110 (2024) 9, 094000

Bayesian analysis to
reproduce lattice QCD,

finds highly constrained
critical point!

J. Noronha-Hostler UIUC 20



Out-of-Equilibrium: Complexity atlow , /s,

Shear viscosity of pQCD  Bulk viscosity at a critical point

Monnai et al,

Phys.Rev.C 95 (2017) 3, BSQ diffusion matrix ???
034902
Danhoni et al,
Phys.Rev.D 111 (20235) 11, 116006
Baryon diffusion at a
critical point
Shear
viscosity of
Danhoni et al,
Phys.Rev.D 111 (20235) 11, H RG ‘|‘ch D
1160006

Grefa et al,
Phys.Rev.D 106 (2022) 3

, 034024

J. Noronha-Hostler UIUC



Out-of-Equilibrium: Complexity atlow , /s,

Shear viscosity of pQCD  Bulk viscosity at a critical point

Monnai et al,

Phys.Rev.C 95 (2017) 3, BSQ diffusion matrix ???
034902

Danhoni et al,
Phys.Rev.D 111 (20235) 11, 11600

Recall, cross-correlations between
transport coefficients, this is all very non-

aryon diffusion at a

.. critical point
trivial! b

Also, no lattice QCD calculations...
VISCOSItY O
Danhoni et al, HRG‘|‘pQCD

Phys.Rev.D 111 (2025) 11,
116000

Grefa et al,
Phys.Rev.D 106 (2022) 3

, 034024

J. Noronha-Hostler UIUC



Baseline calculations (cross-over all the way down)

Most recent Bayesian analysis with

fixed (lattice QCD+HRG) EQOS, vary Search for the QCD critical point
(simplified) transport coefficients

Afrid et al, _
Phys.Rev.C 110 (2024) STAR preliminary

5, 054905
Hydro: Vovchenko et al,
Phys.Rev.C 105 (2022) 1, 014904

Deviations exactly at 4 /sy = 7.7 GeV, hydro still works. Sign

of a critical point?
J. Noronha-Hostler UIUC



Coming soon: CCAKE 2.0

3+1D simulations with BSQ diffusion, on CPUs/GPUs, generalized
coordinates

Hp [GeV] Hs[GeV] HolGeV]

T=0.60 fmjc T=0.60 fmjc T=0.60fm/C " pala et al, To appear soon

. _ _
) -~
. g“' ‘ id — T

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 -03 -02 -01 00 01 02 03 -03 -02 -0.1 0.0 0.1 0.2 0.3
g [GeV] Us[GeV] Ho[GeV]




Coming soon: CCAKE 2.0

3+1D simulations with BSQ diffusion, on CPUs/GPUs, generalized
coordinates

Hp [GeV] Hs[GeV] HolGeV]

T=0.60 fmjc T=0.60 fmjc T=0.60fm/C " pala et al, To appear soon

. _ _
) -~
. g“' ‘ id — T

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 -03 -02 -01 00 01 02 03 -03 -02 -0.1 0.0 0.1 0.2 0.3
g [GeV] Us[GeV] Ho[GeV]




What do we do in the meantime?

Need to work out the math to connect HIC to NS, this isn’t very trivial...

J. Noronha-Hostler UIUC 24



2002 Collective flow & extracting the heavy-ion EOS

Varied Symmetry energy properties, extrapolated EOSto T'= 0
Extremely hard to fit both dv,/dy and v,

Danielewicz, Lacey, Lynch

Science 298 (2002) 1592-1596

dv,

Fermi-liquid/mz, p, n transport assumed

What does modern HIC find?

J. Noronha-Hostler UIUC 25


https://inspirehep.net/authors/1012469

Alot has happenin 20+ years

New data, insights from neutron stars and high-energy HIC

Olinychenko et al,
Phys.Rev.C 108

(2023) 3, 034908

J. Noronha-Hostler UIUC
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Triplets V.

/ Tan et al,
o Phys.Rev.D 105 (2022) 2,

Ng/Ngat

New STAR data not identical to old

HIC data, bumps in CSZ, but 20 years
of knowledge from HIC...


https://inspirehep.net/authors/1258769

2020’s Low-energyy/s < 7.7 GeVHICs

New STAR data, new interpretations

Do quark-gluons d.o.f. matter? Flexible potentials — phase transitions

Build phase transitions into hadron transport

— 71—
- "QCD-like" phase transitions: :
200 1
I (T(CQ)’ nf:O)s nL7 nR) A S ]
- —— (50, 3.0, 2.70, 3.22) - DOrensen
175 —— ( 50, 3.0, 2.85, 3.12) Phys.Rev.C 104 (202
; ( 50, 4.0, 3.90, 4.08) 1) 3, 034904
S150F —— (100, 3.0, 2.50, 3.32)
§ — (100, 4.0, 3.60, 4.28)
—asL T (125, 4.0, 3.60, 4.28) N + A
-
5 I
= | nuclear phase transition:
= 100 [ . .
Phys.Rev.C 104 (2021) s i (T(C )’ n(C ))
3, 034904 Q. .
=  — 18, 0.375
§ 75 ( )
50F Hadrons q
25F -

N B : ]
1 i 1 11111]' - o o1 1 1 1 i

2 3 - S
baryon number density ng [ng]
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2020’s Low-energyy/s < 7.7 GeVHICs

New STAR data, new interpretations

Do quark-gluons d.o.f. matter? Flexible potentials — phase transitions

Build phase transitions into hadron transport

— 71—
- "QCD-like" phase transitions: :
200 1
I (T(CQ)’ nf:O)s nL7 nR) A S ]
- —— (50, 3.0, 2.70, 3.22) - DOrensen
175 —— ( 50, 3.0, 2.85, 3.12) Phys.Rev.C 104 (202
; ( 50, 4.0, 3.90, 4.08) 1) 3, 034904
S150F —— (100, 3.0, 2.50, 3.32)
§ — (100, 4.0, 3.60, 4.28)
—asL T (125, 4.0, 3.60, 4.28) N + A
-
5 I
= | nuclear phase transition:
= 100 [ . .
Phys.Rev.C 104 (2021) s i (T(C )’ n(C ))
3, 034904 Q. .
=  — 18, 0.375
§ 75 ( )
50F Hadrons q
25F -

N B : ]
1 i 1 11111]' - o o1 1 1 1 i

2 3 - S
baryon number density ng [ng]
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for HIC

Peakin ¢ atn?** = [2,3] n,

Olunychenko et al,

Phys.Rev.C 108
(2023) 3, 034908

See also Phys.Rev.Lett. 131 (2023) 20, 202303

Systematic Hydro studies still needed

J. Noronha-Hostler UIUC 28


https://inspirehep.net/authors/1258769

How do we connect
HIC to NS?

ooooooooooooooooooooo



Symmetric nuclear matter vs Pure neutron Matter
“Symmetry Energy”

Symmetric nuclear matter
Ho = 0

Meixner et al, 1303.0004 [astro-ph.HE]

[sospin asymmetry 6 = 1 —2Y, =0

YQ — 0.5

ONLY true for neutrons and protons!

n,. Symmetry energy

EpnmM ESNM
S (nB) =
Np np

J. Noronha-Hostler UIUC 30


https://arxiv.org/abs/1303.0064

Charge fraction of ions

Isospin asymmetry

/ Ny

YQ _ — = —
A g

Heavy-lons and Neutron Stars are all on the same phase diagram, but very different Y,
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_Te

Np

Isospin asymmetry

L,

A

Isospin-
Asymmetric
Matter (IAM)

YQZOO

Charge fraction of ions

Noronha-Hostler & Yunes, In Prep

Heavy-lon

Collisions (HIC)
YQ = [0.38,0.5]

Asymmetric
Nuclear Matter
(ANM)

Pure Neutron Matter
(PNM)

Heavy-lons and Neutron Stars are all on the same phase diagram, but very different Y,

J. Noronha-Hostler UIUC
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IGNORE Strange: Symmetry Energy Expansion

Connecting NS to HIC across YQ
Symmetric matter Original symmetry energy expansion from binding energies

(SNM) @ v o ISOSpiﬂ asymmetry 5 _ 1 o 2 YQ Bombaci & Lombardo Phys.Rev.C 44 (1991) 1892-1900
)=
: ﬁnﬁ where 0 = O for SNM and 6 = 1 for PNM
0 E E
o ! A = S 4 E, 000 + 0(5Y)
\ Np Np

Asymmetric Yy 5 0.1
matter (ANM) Expand in 0 where odd terms drop due to isospin symmetry

Convert EOS from NS to HIC, expand around n,

2 3
@ @ i . @ K ([ HIC > wic\ >\
Eric = ENs 4713 t1% L) - 1 (YQ - YQ,NS> + <YQ,N5‘ <YQ > )

Nt Mt 162 \ ng,

To varing Yglc

Esym,2(nB) 4 unknowns Yao et al, Phys.Rev.C 109 (2024) 6, 065803
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What about hyperons?

. . Yang et al, 2504.18764 [nucl-th]
Symmetry energy expansion with strangeness

Original symmetry energy expansion
considered only protons, neutrons

Original symmetry energy expansion
misses the ground state of nuclear

ISOsSpin S~=1_9YV matter when hyperons are present
asymmetry: ¢ ¢ i
21() \ Case 1: s — —1/2 Q)
L \ np = 0.99 fm
Gell-Mann-Nishijima formula 205 N

‘\‘ —= g
N\ —— FIT: 1117.24152.2 §2

Corrected isospin asymmetry

Yang et al,

YS _ 2 YQ 150 2504.18764 [nucl-th] .
—0.4 —().2 0.0 0.2 0.4
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Strangeness contribution to SNM
You really CANNOT ignore it NOT isospin symmetric

Yang et al, 2504.18764 [nucl-th]

For SNM, ¥ # 0.5 Wrong isospin

041 — Yo 5Q= 1_2YQ
-——- Y
- YQ — O.5Y5
0.2-
) I TS~ Correct 1sospin
Yang et al, 2504.18764 [nucl-th] TSNS asymmetry iSOSpin
—0. : : : : : o,=1-2Y,+Y :
fo00 1050 1100 1150 1200 1250 1300 I 0TS Yanget a, symmetric
73:; [Me\/] 2504.18764 [nucl-th]

PNM is meaningless for 0, = 1, then Y = ZYQ
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Ignoring strangeness

[NA49] J.Phys.G 28 (2002) 1761-1768

sd su
a\-z /3_
3 888 i
SO
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How do low-energy heavy-ion collisions at 7' = 0 connect to neutron stars?
Symmetry energy expansion

Given neutron star equation of state — convert to HIC and can constrain by 0 < ¢” < 1 and
saturation properties.

_}EO

Remove acausal/unstable solutions

Phys.Rev.C 109 (2024) 6, 065803

nB o

Phys.Rev.C 109 (2024) 6, 065803
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Ultra heavy neutron star EOS works HIC ., v, 100 002 6, 065505

M AN e i -
7~ bl _
T 7 N\
s 0.5 ¢~ . ¥ -
5. LW N ~ j 7
> i \ E a
.o 0.3 e \\. i -
= n 5 -
2 02 :
,8;._ “L . _
o1 * k _
0 | | 1 | | | | 1 1 | | .‘: 1 | | | | | | | 1 | | . | | | 1 | | | | 1 | |
] l ] I I l ] I ] I I “ I 1 I ] 1 ' 1] ' 1 - I l 1] I 1 I I I ] I 1
0.05 - % 1 )

T
\ow

|
<
o
h

|

proton v, (y=0)

0.1k , / B HADES _J o

// % STAR ¥ % STAR | % STAR
i ;_—-;7“:7 ~e—-  cosl min —e— cos2min 7 —e— cos3min
-0.15— e o~ cosl max ~e-  cos2 max l “ - ¢0s3 max _

L Lo 1 [ & | 0oy Ry ] L
2.5 3 3.5 4 4.5 ./ . 2.5 3 3.5 4 4.5 2.5 3 3.5 - 4.5
b § V
Vsan [GeV] Vsan [GeV] Vsan [GeV]

Take extremes of the EOS band R A S St S e et S i e A

compare to heavy-ion collision flow &

derived for heavy-ion collisions, SRt T\ ANkt
run in hadron transport, and ol / A\ ' | -

=
KA‘-
-~
”
/
/
\
~
~
\
\

Z -
d T R R BTE BT B - s - L
ata 0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1
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pressure [MeV/fim’]

100 ¢

Ultra heavy neutron star EOS works HIC

[—
-

--------------------------

Yao et al, Phys.Rev.C 109 (2024) 6, 065803 -

€0S2 min
€0s3 max _
YEFT Drischler et al. 68% CI o

Oliinychenko ef al. 68%, 95% CI -

Danielewicz et al.
1 l 1 | 1 1 l 1 | 1 1

2 3 4 )
baryon density np/ng,

J. Noronha-Hostler UIUC 38

But, this does NOT match hadron only transport models

But, this is NOT the end of the story..
Strangeness symmetry energy expansion
Redo with hydrodynamics

Properly include quarks

Bayesian analysis BOTH with NS and HIC +
symmetry energy coefficients

Momentum dependence potentials

A lot of unused HIC data still...



Proposal: isospin HIC scan

ooooooooooooooooooooo



New finite 7' expansion

Mroczek, Yao et al, 2404.01658 [astro-ph.HE] 1D EOS — 3D EOS

Liam, Alex, Elias
(in this room!)

Expand from a cold, neutron star EOS
1 0Os

— T> + O(T°)
2 0T '1=0,ji

p(Ta 7) =pT=O T

pg [MeV]
J. Noronha-Hostler UIUC 40


https://arxiv.org/abs/2404.01658

. 4 .
Yields across n and the neutron star equation of state

Repu rposing isobars Nana, Salinas san Martin, JNH 2411.03705 [nucl-th]

Need information about how ds/07T varies with YQ

oT g oT 2 yHic | 0TS
=0 I=0yc=0

How do we get this
information?

Nana, Salinas san Martin,
JNH 2411.03705 [nucl-th]

Thermal models from heavy-

ion collisions and varying Y )!

Proof-of-principle from RHIC
\/s = 200 GeV

J. Noronha-Hostler UIUC 41


https://arxiv.org/abs/2411.03705
https://arxiv.org/abs/2411.03705

Open-source tools for more cross-disciplinary connections!

rlilllﬂ”[H m u ses https:/ce.musesframework.io/

» 7 available equation of state (EOS) modules

Software across the QCD phase diagram

* 6 new EOS modules in next year+2D synthesis
» 3 available observable modules (2+ coming soon)

* Both heavy-ion and neutron star EOS available

 [-release out and available! Possible to run crust to
core of a neutron star+calculate mass, radius, tidal
deformability etc

* Looking for new collaborators!
Later releases will connect heavy-ion and neutron

star EOS across the entire phase diagram!

J. Noronha-Hostler UIUC 42


https://ce.musesframework.io/

Thank you to my group + collaborators!
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Summary and Outlook

» We do NOT know the large nz; EOS probed in heavy-ion collisions, but there’s hope

* We DO understand high-energies (n; ~ 0) HIC extremely well: precision studies, Bayesian
analyses, predictions possible

» Large np has many moving parts (EOS + transport coefficients), slowly working our way
towards better models.

* Biggest limitations: time, computational resources, personnel, $$
» Joint Bayesian analyses in HIC and NS desperately needed, but it’s really hard
* Need to understand HIC (assumptions, limitations) before applying to astrophysical data

* CMB at FAIR in Germany is being built to study the regime between heavy-ions and
neutron stars — scans of Z/A

 Possibilities at other fixed target experiments? Here at CERN? AGS? FRIB400?

J. Noronha-Hostler UIUC 44



Robustness to grid-size changes, smoothing scale /2

CCAKE 2.0 Pala et al, to appear

J. Noronha-Hostler UIUC

Number of SPH particles

o
| 0.35 e d
o 9973 27703 39885 0101 —159600 5
| h=0.3 20-30% 025 — ~9973 :
3 : 0.20 --=27703
25 JNH et al, Phys.Rev.C 88 (2013) 4, 044916 N 0.15 I
1 tl 0.10} :
{ o esrimeerezizi 0% 20-30%
O X S e A A e T T T T T 000« ..
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
pr |GeV] pr |GeV]
05—
| —n=2 --3 —4 -5 -6
0.04 mckln 0-5%
0.03 - JNH et al, Phys.Rev.C 93 (2016) 2, 024909
S I
0.02 -
: B " " s s geemmm= s == me=- gprmmmm—m== =
0.00 I A AR TN S A R S
0.0 0.2 0.4 0.6 0.8 1.0

Smoothing scale: 2lfm]

45



Summary of theory and

experimental constraints [MUSES]

ng/T° (T)

Living Rev.Rel. 27 (2024) 1, 3

Resumed lattice QCD Lattice Phys.Rev.Lett. 126 (2021) 23, 232001; Phys.Rev.D 105 (2022) 11, 114504
Open-source code Phys.Rev.D 109 (2024) 9, 004046

T 180 : :
| | | | 150 chiral crossover M
’ 120t - ﬂ
- _'): 9 lattice QCD |
=
!!!!;!!!!!!!IIIIII_ - N
.............. 1] OUTJHEP 07 (2023) 055 gl
o T 30 i \/-3_
O 1 1 1 "
i it it i 0 0.2 0.4 0.6 0.8
10 140 160 180 200 220 240 260 280 Nn: = n
eV 0 /m= JAM (for ng = ng = 0)
anat .......l...lllllllll
y, =3 SNM Y, = 0.5
Np
chiralEFT
o I’lB
Review: Phys.Rept. 503 (2011) 1-75
+ many, many works PNM Y, = O
J. Noronha-Hostler UIUC Q 46

First principle QCD constraints
Equation of State (EOS)

JHEP 07 (2023) 055

Perturbative QCD np 2 40 Nt

Phys.Rev.Lett. 128 (2022) 20, 202701



Filling gaps in our knowledge

A —_— 1 Al AT A
_ Lattice QCD iy = 0, thenp(T. p = WIT) = T* ). il vkvxszQS”%”"s/"lé
ik Y

_ 1 oOs
Cold neutron stars T'= 0, then p(T, u') = py_ 1 > 3T g qu + O(T?) 2404.01058 [astro-ph.HE]
= ,//t

E E
Connect heavy-ions to neutron stars: ifNM = ;VM Esyméz +0(5%) & expansion around n,,
B B

Caveat: breaks down outside of regime of validity, struggles with phase transitions

Effective Mass approach for
neutron, proton, electron matter

Astrophys.J. 875
(2019) 1, 12

Qualitative features: bump in ¢Z, phase transitions, ...

Constrain theory vs data; vary free parameters Caveat: breaks down outside of

regime of validity, no phase

Caveat: model assumptions and degrees of freedom transitions, hyperons etc
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https://arxiv.org/abs/2404.01658

Head on collisions and deformations

Centrality % = O for head on collisions

Terminology: All b = 0 impact parameters,

-participants (colliding nucleons) very different shapes

-spectators (fly off to the detector)

Ann.Rev.Nucl.Part.Sc1. 57
(2007) 205-243

Head-on collisions most sensitive to structure, but b = 0 does

not necessarily mean ultra central!
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Causality and Stability: math-physics collaborations

Mathematical constraints from nonlinear causality and stability

Derivation: Bemfica et al, Phys.Rev.Lett. 126 (2021) 22, 222301 ;

Causality Inverse Reynolds (shear) Knudsen (shear)

T=2.60 fm/c T=2.60 fm/c T=2.60 fm/c

OO collisions, Danhoni, Pala, Almaalol et al, to appear

y (fm)

X (fm) X (fm) X (fm)
= Acousal WM ndeterminate Cousol [ e — —
1 1 1
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
R-1 Kn

Other related works in HIC: Plumberg et al, Phys.Rev.C 105 (2022)
6, Lo619got; Chiu et al, Phys.Rev.C 103 (2021) 6, 064901, Gavassino QM25, Cordeiro QM25
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Effects on transport coefficient extraction

Domingues et al,
Phys.Rev.C 110 (2024)
0, 004904

BUT, this goes WAY beyond just

heavy-ion collisions!
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