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Properties of nuclear matter are reflected in the EOS
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The EOS = key to understanding fundamental properties of QCD matter

1) Uncovering the phase diagram of QCD matter
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The EOS = key to understanding fundamental properties of QCD matter

1) Uncovering the phase diagram of QCD matter
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The EOS = key to understanding fundamental properties of QCD matter

2) Uncovering the 1sosp1n -dependence of strong interactions T N 77 AN
LIGO, PhyS Rev. Lett. 121 16, 161101 (2018), arXiv:1805.11581 ! . )
e — . _ Miller et al. _
R Al | \ Essick et al.
?:; I — : i \ 300_ _
208Pb O pr101'“ 90% | | N | - ]
10%) = P |
> L i
=107 2 200 -
Z / =" |
31034‘; % - .
/ 5 } | T3 pes % I )
1 / > = = 1 1 Pe2 B §
1033-5 / SN T = § e a 100 F i
T (I BN | -
. P(p. i |
e ) 208p) plg/cm’] e _ T=0 |
0.14}\ xEFT at N°LO + causal EOS ] neutron matter -
0.12:_InteriorBaryonDensity :IIIII ]
o - -0 F max. R Mm = 2Nsat, - [ | | | | | ]
= 0.1:— E min. R(Mmnax = 2.0Mg) : - - - - - —
= — Extracted from PREX -pW 3.0 - min. R(M 9 6M®) E 0 1 2 3 4 >
:0-"8_ S or - EE— o max _ o) N : baryon density ng[ng]
2 = Ot ~ ; -
5 000 N P, g : J0740+6620 (68%) R. Essick, |. Tews, P. Landry, S. Reddy, D. E.
= 004:—pch ata y  d =~ 20:_ ..................................................................... M? HOIZ, PhyS Rev_C102, 055803 (2020),
04 --, 2-parameter Fermi fit Pk 2 - /' J0030+0451 (68%) 1 .
- R, iRy < 15L arXiv:2004.07744
002 <> v ol ' ———— w— :
B Weak skin/g/ - GW 170817 (94%) ]
Do b b b b boad B 1.0 -
O 1 2 3 & s 6 7 8 9 10 : o :
tadius Lo 0.5 F -J *from S. Reddy’s slides; M-R results:
D. Adhikari et al. (PREX Collaboration), 8' — 'é' — '1'0' — '1'1' — '1'2' — '1'3' — C. Drischler, S. Han, J. M. Lattimer, M. Prakash, S. Reddy,
Phys. Rev. Lett. 126 17, 172502 (2021), arXiv:2102.10767 Radius R [km] T. Zhao, Phys. Rev. C 103 4, 045808 (2021), arXiv:2009.06441

Agnieszka Sorensen 4



The EOS = key to understanding fundamental properties of QCD matter

3) Understanding extreme behavior at high baryon densities: is CS2 > 1/3 for symmetric matter?
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The QCD phase diagram: enormous interest in behavior at high n,
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The QCD phase diagram: enormous interest in behavior at high n,

Relativistic viscous hydrodynamic
simulations with LQCD EOS:
amazing agreement with data
from high-energy collisions

0.2 ||vy ==+ | RHIC 200GeV, 30-40%

Vo = | filled: STAR prelim.
—-. | open: PHENIX

) C. Gale, S. Jeon, B.
" we=012| Schenke, P. Tribedy,
C T | R. Venugopalan,

A e c ﬁ“’”’;&;—i Phys. Rev. Lett. 110

ot ] (2013) 1, 012302,
O e % arXiv:1209.6330

fast equilibration = hydro applies

Hadronic transport simulations:

systems out of
equilibrium
= IMICroscopic
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Intermediate-energy heavy-ion collisions probe wide ranges of density and temperature
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Intermediate-energy heavy-ion collisions probe wide ranges of density and temperature

9 ; AuAu, b _ 6 ﬁn,Iavéra;geé inlr < 2 lfm' _' HADES (Elab = 1 23 AGeV) dllepton ana1y51s
| - (T) = 71 8 + 2 1 MeV o

250 B /// N

\®

S

S
|

Elab [AGGV] | [GCV]

12.8 AGeV | 5.25
6.4 AGeV _
3.2AGeV | 3.09
1.6 AGeV
0.8 AGeV 4
0.4 AGeV | 2.07
0.2 AGeV

Ol1121314l516l7 0 9) 4 6 Q

BTl s S e Tz A T Te < .= - S LB A ZNr S il - 2 Silit-Snl daniaiie R 2 - 2 itk sl DG - vy ) 2 it Snk
>. U .. ] - PR DR SN L . 4 c P PR AV T DRt Sy e . J - - PR LT e e -y - - P P P e

Ei, [AGeV]] [GeV]

1 | 2.32
5
4 ] 3.32

8 50 F
16
32 | 797

temperature [MeV ]

*t X WS

HICs = the only means to probe densities away from 7, in controlled terrestrial experiments
', Hadronic transport is necessary to interpret the results: BES FXT, HADES, CBM, FRIB, FRIB400

: > 2] 6K ° bl Lot < Ll . el g i T . IR d s i > i S ST Al X% ) L &Y R T e > il S Y= STy % el SRy LR : ghod il > S S RBTERSL ST RITSTR °
IS LIPS L "> s NPT Y . - Y e I TS g i LS - . o B ST NP DR e o . - e Neaa | - N - R\ o T R N A - A S e y = - - S\ o - PR YT S N TR - N



The EOS is a common effort within the nuclear physics community

A. Sorensen et al., arXiv:2301.13253 Hot QCD

Dense Nuclear Matter Equation of State from Heavy-Ion Collisions *

Low energy + Astro
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Transport model simulations of heavy-ion collisions

¢ Boltzmann-Uehling-Uhlenbeck (BUU)-type codes:
of; dx; df; ~dp; 9f

- solve coupled Boltzmann equations Vi: | | = (i)u
ot dt ox; dt op; °

with the method of test particles: the distribution is oversampled with a large number of discrete
test-particles, which are evolved according to the single-particle EOMs
(test particles probe the evolution in the phase space)

- forces from gradients of single-particle energies (mean-fields: needs a robust density calculation!)

- collision term based on measured cross-sections for scatterings and decays

¢ Quantum Molecular Dynamics (QMD)-type codes
- solve molecular dynamics problem (evolve nucleons according to their EOMs)

- forces: in principle distance-dependent particle-particle interactions, in practice: often mean-fields!

- collisions based on measured cross-sections for scatterings and decays
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Transport model simulations of heavy-ion collisions

¢ Boltzmann-Uehling-Uhlenbeck (BUU)-type codes:
oy dx; df; dp; df; _ 70)

- solve coupled Boltzmann equations Vi | i
ot dt ox; dt op; °°

with the method of test particles: the distribution is oversampled with a large number of discrete
test-particles, whi . | i
(test particles pro Transport automatically includes:

{ ¢ non-equilibrium evolution, including triggered by
_ forces from grad' probing unstable regions of the phase diagram
{ o effects due to the interplay between participants and

- collision term bag ~ SPectators o
§ e baryon, strangeness, charge transport/ditfusion

insity calculation!)

« Quantum Molecular Dymamics (OMDTme codes
- solve molecular dynamics problem (evolve nucleons according to their EOMs)

- forces: in principle distance-dependent particle-particle interactions, in practice: often mean-fields!

- collisions based on measured cross-sections for scatterings and decays
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Two ways of using hadronic transport

1) Use it as a “non-critical baseline”

Most would agree this means “perform simulations as if there is no hadron-QGP transition”.
BUT that doesn’t mean there are no interactions.

Consequences of these interactions may be significant
over vast ranges of the QCD phase diagram
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Phys. 105, 82-138 (2019), arXiv:1903.02881 054904 (2019) arXiv:1906.01954 ’ (2021) 3, 034904, arXiv:2011.06635
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Two ways of using hadronic transport

2) Use 1t to map out the QGP-hadron phase transition

e.g., use parametrizable interactions to search for the softening of the EOS
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Flow observables in heavy-ion collisions
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Flow observables in heavy-ion collisions

Flow observables are the canonical observables for extracting the EOS There is code-dependence:

x (fm)
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Flow observables in heavy-ion collisions

Flow observables are the canonical observables for extracting the EOS There is code-dependence:
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Comparisons between different codes are needed to understand the dependence on:
§ 1) different physics assumptions 2) different implementation solutions
£ See efforts by, e.g., TMEP collaboration
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Standard way of modeling the EOS: Skyrme potential

The most common form of the EOS is the “Skyrme potential”: U(ng) = A

DLL used something a bit more sophisticated:

T

n n
B B
n() no

U(ng) = (cmB + bng)/ll + (O.4nB/nO)T_1] + U,

pmax/po: ~2 ~3 ~O ~7

_I 11 I | | | I I I | | | l i l | | |

04 DATA more pressure —

. O Plastic Ball :

D EOS 7S K=380MeV

0.3 [ ® E895 7 TN ~

o [ :
%) _ -
02 I~ =

© T 300 -
L1 _ -
- e 210 -

01 [ 7 ..o Tl B

B 167 7

oo Tt B

- less pressure -

01 TR REET1 SRS NEET L1

0.1 0.5 1.0 5.0 10.0
r_ XpdA) E,.. /A (GeV)
d(Y/Yem)
WYem=1

Agnieszka Sorensen

005 BT ]
s eSS pressure - _
- cascade .-~
000 —————— =" —— Ayt — fl
A - T
N - DATA -
o : -
S -0.05} ¢ Plastic Ball
v i O EOS —'l
- 210 -
. ® E895 -
. o 4
-0.10F 300 \./’ i —
i K=380 MeV  more pressure }
1 11 I 1 1 | I 1 111 I 1 1 ] I 1 11 ll 1 1 | |
0.1 0.5 1.0 5.0 10.0
E..../A (GeV)

P. Danielewicz, R. Lacey, W. G. Lynch,

Science 298, 1592-1596 (2002), arXiv:nucl-th/0208016

15



Standard way of modeling the EOS: Skyrme potential

, “the heavy-ion constraint”

.: symmetric matter neutron matter
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Standard way of modeling the EOS: Skyrme potential
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Relativistic vector density functional (VDF) model

A. Sorensen, V. Koch, Phys. Rev. C 104 (2021) 3, 034904, arXiv:2011.06635 inspired by relativistic Landau Ferml-hquld theory;

G. Baym, S. A. Chin, Nucl. Phys. A 262, 527 (1976)

1) Postulate the energy density of the system: Jut = n’
" d°p IRl B b—11. . .
&N = %N[fp] = 8 (27) €xin fp 2 C, (]ﬂ J”) ’ ]O ]O — gOO ( b ) i ]ﬂ «<— Lorentz covariant
: i=1 i : il
N | 2 d3p C. D :
_ |(+ L 17 — =2 2 tabi -field interactions
&in =+ (77— ), CUJMD2TT) +m? &y = gJ \/p +m- f, + 7 mean
\< Z‘ : ) rest (27) ' 1221 b © parameterized by C; and b,
frame
s [Thermodynamic]
. . _ p . . 1 L y B
2) Quasiparticle energy: .- 57 = €., + Z C, ( J J”) 250 § consic tency! :
P i=1 TSN,
3) Get EOMs dx’ _ a‘C"p dpi _ agp ) input to transport code;
dt  dp; dt  0x; use in Boltzmann eq. to obtain 7

| d’p N b—1
m, : _ 0 kk _ —p(e,—pp) it b;
4) Use TH" to get the pressure: P, = 3 Zk T T gJ PR T ln[l + e P& ] + z C. - n,

=1 !

frame

Agnieszka Sorensen 16



VDF model: two 1st order phase transitions

A. Sorensen, V. Koch, Phys. Rev. C 104 (2021) 3, 034904, arXiv:2011.06635
Systems with two 1st order phase transitions: nuclear and “quark/hadron”, or “QGP-like”
e degrees of freedom: nucleons
e “QGP-like” PT: “more dense” matter coexists with “less dense” matter

e minimal model: 4 interactions terms = 8 parameters to fix:

35
d’ - T <P 0 :
P=g| =L T In|1 +ePlam)| 4 Y ¢—n) |
27)3 ' p. b i _
( ﬂ) B B i=1 l —_— 25
E
> 20 T=18 MeV -
C; and b, are fitted to reproduce: >
A |
no = 0.160 fm3, Ep = -16.3 MeV = 15_
TN =18 MeV, nc{N) = 0.375n0 é 10 -
ToQ = ?, nQ = ? |
5 —
Ny = ?, Np = ? : "QCID(—I{EE)?" 1%131)?86 ;rinsnTl]T;: _
0 | - —— (50, 3.0, 270, 3.22) |

0 1 2 3 4
baryon number density ng [fim”]
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VDF model: two 1st order phase transitions

A. Sorensen, V. Koch, Phys. Rev. C 104 (2021) 3, 034904, arXiv:2011.06635
Systems with two 1st order phase transitions: nuclear and “quark/hadron”, or “QGP-like”
e degrees of freedom: nucleons
e “QGP-like” PT: “more dense” matter coexists with “less dense” matter

e minimal model: 4 interactions terms = 8 parameters to fix:

d> - 1 NE= b1 175 B
P = gJ 7 |1 + e Plam)| 4 Z C;— n’
(271.)3 - - i1 bi B 150

C; and b; are fitted to reproduce:
No = 0.160 fm-3, Eg = -16.3 MeV
TN =18 MeV, nc-M = 0.375n0
T =? n(Q="7?

temperature T [MeV]
o o
W -

N
-

[\
N

0 200 400 600 800 1000
baryon chemical potential ug [MeV]
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VDF model: two 1st order phase transitions

A. Sorensen, V. Koch, Phys. Rev. C 104 (2021) 3, 034904, arXiv:2011.06635
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Results from UrQMD with (non-relativistic) VDF

J. Steinheimer, A. Motornenko, A. Sorensen, Y. Nara, V. Koch,
M. Bleicher, Eur. Phys. J. C 82, 10, 911 (2022) arXiv:2208.12091

protons
—_— ' ' ' ' 0.45 —— Caseade T 0.6 —m™M8M8M8 1 ——
— I ] imulati t - i i
mE Skryme hard 0.40 - Skyrme - hard Simulation (protons) 0.05
— SK ft 0.5 Cascade -
450 F VDYILTEG ;? /- 0.35- — Skyrme - soft _ ———Skyrmehard | | @ -7 L= ==
— (o) ' . -
— ] i —— Sk ft _
% — — VDF EoS?2 "o % 0.0, - 0.4- 3 yrme so
----- VDF EoS3 , - — 0.3- 0.00 -
=300 S O, 25" <03
3 ’ f 0.201 > 02- > /
S _ - . ~_ -
(/p) 0.10 1 il Simulations (protons):
()] T T 0.0 — — Cascade
— 0 7 0.05 - - | Data: - —— Skyrme hard
Q. 0 2 4 ) 8 ] ] -0.14 © protons —— Skyrme soft
0.00 +————————rrrr e . T 1 N A —
Density n, [n ] 2 4 6 b; . 2 4 6 8 2 4 6 8
4Tm
0.45 T T 5fm<b<8.3fm
|~ VoF oS . oo rooney | 008]
EoS | T2V [MeV] | ni?¥[no] | T{¥[MeV] | Ko[MeV] 0.40- - - VDF EoS2 : 0sl ation (protons): - -
VDF1 18 3.0 100 261 | VDF EoS3 ~ — -VDF Eo0S2
VDF?2 18 4.0 50 279 s ' & T VDF EoS3 -
VDF3 22 6.0 50 356 ) ' 0.00
Ié'_ "" <{> protons
,, v -0.051 If" § ¢ charged particles
Very SOft EOS at nB E (2,3)”0 ; Simulations (protons):
. | VDF EoS1
= — — VDF Eo0S2
not supported in VDF+UrQMD § N VDF Eos?
P 8 10

\/snn [GeV]

Agnieszka Sorensen



Results from UrQMD with (non-relativistic) CMF

J. Steinheimer, A. Motornenko, A. Sorensen, Y. Nara, V. Koch,
M. Bleicher, Eur. Phys. J. C 82, 10, 911 (2022) arXiv:2208.12091

protons
r— 0'45 ' ' ) N L L 0-6 ! ! ! L L DL A B T T T LN B B S S B B B B B e B R R REE R
™ ‘ Cascade Simulation (protons):- 0.05 - |
E 0.40—- —— Skyrme - hard 051\ Cascade ]
3= 450 0.35- —— Skyrme - soft - \§ ——— Skyrme hard . Y G
> —_ 0.4 \ —— Skyrme soft  _ '
O = 0.30- 2 ]\ \® .
=,300 . 025 o 03 ] o
Q. & . 1 o~ ,
. - > 0.2 1 =
O 50 A 0.20 B _
L <~
- > -
2 § o © 01 0051 /43 :
% 0.10+ 0.0- \ S i K Simulgtions((jprotons):
N\ — — Cascade
o 0 0.05- - | Data: \ ' — Skyrme hard
Q. 0.00 : - -0.14 © protons N 1 —s&ﬁZ sg;t
2 4 6 8 2 4 6 8 2 4 6 8
0.45 ———— .,b<,34fm 0.6 5fm<b<8.3fm
| CMF | . ' ! ror et '|"""""I""""I"""'.' 1 ! ! ror et '|""""I""""I""""_
0.40- OMF-PT1 ) ; 5_- Slmulgtll\cjlr; (protons).—- 0.05 ]
035 ~~ CMF-PT2 359 [ Vg CMF-PT1 | _ X - N
| 3 CMF-PT2 i} *®
~—y - - : 0.4 1 - 3
= 0.30- Ll e ¢ . ..
B - —= 0.00- ’ |
= 0.25- ] = 0¥ ' $
] 5 0_20_- _ > 0.2- - >’ ¢
A O
0 - ’ ' ~ ' 1@ 1 7
;] § 0.15- . % 0.1+ b ® . -0.05 - / & -
VeI S’ SOft EOS at nB E (2,3)"0 0.10 - - 0 O—. @ ¢ _ ?J'/- Simulations (protons):
» y 1 o | Iy CMF ]
not supported in CMF+UrQMD §  °°: 1 o1 : £ OME-PT1
0.004+— S 0.10+
p 2 8 10 2 2 10

/s [GeV]
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Generalized VDF model: custom ¢

d3 b;— 1
VDF model: Ey=8 J 2 €rin i ZAk]O 2 ( b

_ 0
€p = €kin T ZAi
i=1

The distribution (Fermi or Boltzmann) will have factors of

A .o
)Ak]/l ],u]'u — nl%

Pk _q

Al = Celiih) >

'B(g _'MB) — e (gkm-l_ Zz 1 l_'uB) — eﬁ(gkm_ﬂ*)

Assume arbitrary vector interactions: A = a(ng)/*
The effective chemical potential is U* = up — a(ng)ng
e s 8 8 2 2\
AtT =0, ¢ = pu* and the density is given by ngz = p —(,u* —m )
622" " 6n2
6o\ 23
Combining the two allows one to solve for 1p(ng) = a(ng)ng +1 [ m* + ( & )
8

D. Oliinychenko, A. Sorensen, V. Koch, L. McLerran,
arXiv:2208.11996
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Generalized VDF model: custom c?

Assume arbitrary vector interactions: A = a(ng))”

The effective chemical potential defined as U* = up — a(ng)ng

3/2
AtT =0, ¢ = pu* and the density is given by np = %(ﬂ*z — mz)
T

2/3
6ang )

Combining the two allows one to solve for p(ng) = a(ng)ng + J m? + (
g

d In
On the other hand, ¢? = a

= , and solving for up:  pp(ng) = ,uB(nIgO))exp I dInn c*(n)
=0 d In Nng

7

, , | 0 "B , , Orny 2
Solve for vector interactions: a(ng) = — //tB(nl(g ))exp dinn c;(n) | —4/m~+

np n© 8

D. Oliinychenko, A. Sorensen, V. Koch, L. McLerran,
arXiv:2208.11996
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Generalized VDF model: custom c?

Assume arbitrary vector interactions: A = a(ng))”

B J S5 re ’ %S e ; ) GRS i B e S o
- P . > g Lo ol P . > s S >y : SoeT . _ 4 Py - .o > e :

————

The effective chemical potential defined s u” = — alipny

A&

These interactions, parametrized with a chosen shape of ¢?
as a function of ng, can be used in hadronic transport simulations!

B gt o B,

0
Solve for vector interactions: a(ng) = — //tB(nIgO))eXp J dinn csz(n) —1[m?+

nB nlgO)

D. Oliinychenko, A. Sorensen, V. Koch, L. McLerran,
arXiv:2208.11996
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Better suited for detailed studies: piecewise parametrization of CS2

Piecewise parametrization of csz(nB):
c?(Skyrme), np < ni = 2ng 50 N
C%, 1 < npg < %) 025_\_/|— = 0.6 -
2 . ) N i @ B
CS(nB) — 627 ’]’LQ < nB < n3 Q" 000 (_D, 04
>
2
Crry s Ny < NB
P/Po P/Po
Single-particle potential U(ng) = a(ng)ng:
Usk(np) , ng < nip = 2ny
2
_ &3
Ung) = { [Us(m) + 1 ()| (£) " =1 (ns) , m < np < na
: % npg Ci k n; C?_l %
Usi(mr) + ()| (22) " TIE, (525) = w*(me) , mk < g < mgs
D. Oliinychenko, A. Sorensen, V. Koch, L. McLerran, Gradients of U(nB) enter the EOMs!

arxiv:2208.11996
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Better suited for detailed studies: piecewise parametrization of CS2

: : : : ) .
Piecewise parametrization of c¢; (np):

cg(Skyrme), ng < ni = 2ng . o
C%, niy <np < no 0.25 < 0
C?(”B) — C%v ng < np < ns U wof— (3
-0.25 - D
2 -0.50
Cm, MNom < np oo\_/\/
P/Po P/Po
Single-particle potential U(ng) = a(ng)ng:
Usk(np) , ng < nip = 2ny
2
i ;2
Ung) = { [Us(m) + 1 ()| (£) " =1 (ns) , m < np < na
‘ 2 2
i Ck L _ Ci—1
Usi(na) + % (m) | (52) "TIiza (725) — —#*(nB) , me <np <
D. Oliinychenko, A. Sorensen, V. Koch, L. McLerran, Gradients of U(nB) enter the EOMs!

arxiv:2208.11996
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Hadronic transport with csz—parametrized mean-fields

D. Oliinychenko, A. Sorensen, V. Koch, L. McLerran,
arXiv:2208.11996

Generalized VDF (nz-dependent interaction coefficients):

mean-field potential piecewise parametrized by (constant) values of ¢ for n, < ny < n;

0.9
0.7
05
~u 03
0.1

0.9
0.7
0.5
0.3
0.1

2
S

0.9
0.7
0.5
0.3
0.1

0
—0.1

c;(T=0)

0O 1 2 3 4 5 6
n/n()

1/2
[G3V13 4 56789

dv,/dy’'

—0.2}

SMASH AuAu b=56 fm
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Hadronic transport with csz—parametrized mean-fields

. . . o D. Oliinychenko, A. Sorensen, V. Koch, L. McLerran,
Generalized VDF (n5;-dependent interaction coefficients): arXiv:2208.11996

mean-field potential piecewise parametrized by (constant) values of ¢ for n, < ny < n;

0.9 0.9 0.9
= 07 = 07 = 07
0.5 I 05 0.5
— - —
o 03 o~ 0.3 o 03
Q Q Q
0.1 0.1 0.1
0 0 0
_0'1 | | | | | | _0.1 | | | | | | _0.1
0O 1 2 3 4 5 6 O 1 2 3 4 5 6 O 1 2 3 4 5 6
n/n() / n/Il() n/n()
1/2 1/2
s [GeV]y 4 5 6789 [swIGeVl3 4 5 6789 |swlGeVly 4 5 6789
0.05 T T T T T T i T T T T T T 11 T T T T T T ]
S of _ g B
- o d»
> | M
—0.05_“ - -
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STAR and E895 data cannot be simultaneously described

1.0 _ 0.10
, 0759 o)
_ — 0.50 -
! 0.25 - © 1/2
N 0.0- :E | \l SNN [G?V] 3 3.5 4 45
0.00 - > - 3 | o R
% < 0.00 0.5 (a) .
-0.5- 3 -0.25- -, 04f * 3
~0.05 - S 03fF ¢ .
- —0.50 + S I
-1.0 | l | | | | | | ®) 0.2F ¢ .
0 2 4 §) 2.5 5.0 7.5 10.0 2.5 50 7.5 10.0 ; * .
0.1F ¢ . -
1.0 | 0.10 Y , | | T
(82) — 075 (b2) (C2) + E895 - (b)l ' ' | ! ! ! 1 | ]
— 0.50 1 BN ]
0.5- )\ vl © * — 0.05- * STAR o 0.02F ¢ *
N aan \ Ul > 0200 | x - : ° ]
v 0.0- : = * N e & > —0.02F * :
A > 0.00 - > 0.00- S o oab ¢ E895 | ]
— S) < . > —0.04¢ :
= S X 0.06 5 o * STAR ]
~0.57 % =0.257 . l I |
~0.50 - —0.059 o 2 5 10
-1.0 I I I I I I I I Elab [AGeV]
0 2 4 §) 2.5 5.0 7.5 10.0 2.5 50 7.5 10.0
ns/no Ejab [AGeV] Ejab [AGeV] tension between the data sets

D. Oliinychenko, A. Sorensen, V. Koch, L. McLerran,
arXiv:2208.11996
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STAR and E895 data cannot be simultaneously described

] pmax/Poi ~2 -3 -5 -7 Pmax/P0: ~2 ~3 ~5 7 P. Danielewicz, R. Lacey, W.G. Lynch ’,‘ Same prOblem aS
‘ [T A A | ' LA LR L a TTT] T T [TrrT T LB B R T T Science 298 (2002) 1592-1596 7‘ °
¥ o4  DATA el ; .1 o § 111 the DLL constraint!
' . O Plastic Ball ] . d ] | symmetric matter s
X . O EOS 7 TS-.. K=380MeV - T . . . _
£ 03 eEs%s e ~~ 1 ool cascade .- 1 100l , Danielewicz, Lacey, Lynch,
10 L 1% | § Science 298,1592-1596 (2002)
'g g 0.2 I 300 - V2 a HARA ] % t
| -0.05 | o PlasticBall - 2 e sAGey 19 1/2
£ e D OO B oeos o mnca, | § GeV
y | AT e ' 167 1 . | ® E895 10¢ " i 3 | ] 3 35 4 45
4 ' M 1 o0} (/12Mawv ¢ EBTT . -— Akmal 13 0.5 ]
£ oo F=d(p:/A)/dy - - RS s - K=210 MeV | § E (a) ]
¢ — - K380 MeV “ ——K=300 MeV { § 0.4F * ]
| | T T L Ll L [l TR NIRRT T NN L ’ expenment ‘,’ 03 +
‘ 0.1 05 1.0 5.0 10.0 0.1 05 10 50 10.0 : 15 5 5 5 3 3 5 4 45 5 = .
Eicam/A (GeV) Epeam/A (GeV) olp. 0.2F ’ :
1.0 . 0.10 : | | *
(32) — 075 (b2) (02) + E895 O : (b)l | : l i ! l —1 ]
N— 7 0.04F -
o 0907 * STAR P *
- o
0-5 i\ v ” * . 0.05- S 0.02f . &
X3 - © I 0F :
e \>‘ 025 ” * - N o -
N 0.0- ' = * < — ¢ > —0.02F * .
-\ %\ 0.00 > 0.00- £ S _0.04E ¢ EB9S E
e ~ S * B ° % STAR | :
~0.5 - 2 -0.25- —0.06¢ ]
— . — .
~0.50 - 0.05 2 5 10
-1.0 I | I | | | I | Elab [AG@V]
0 2 Z 6 25 50 7.5 10.0 25 50 7.5 10.0

na/no Eab [AGeV] Ejab [AGeV] tension between the data sets
D. Oliinychenko, A. Sorensen, V. Koch, L. McLerran,

arXiv:2208.11996
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Bayesian analysis of STAR flow data with varying K,,, ¢

Vo (y'=0)

0.05-

0.00-

-0.05-

E lab [AG eV]

10

[3,4]ng

2
S

C

The maximum a posteriori probability (MAP) parameters are

K, =300 = 60MeV, 6[22,3]710 =047x0.12, c

Agnieszka Sorensen

[3 ,4]”0 o

2 2
[293]’/10, [3,4]"0
_ )
5, |
™ =
N 3%
i
0.5
0.0 %
-0.5-
450 ' ' ' ' '
400 -
350 -
300 - !1 L
250 - 1 #
200 -
05 0.0 0.5 05 00 05 200 300 400
c2[2,31no c2[3,41ng Ko [MeV]
008 i O 14 D. Oliinychenko, A. Sorensen, V. Koch, L. McLerran,

arxiv:2208.11996
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2

Bayesian analysis of STAR flow data with varying K|, 6[22,3],10, Ci3.41n,

2 5 O . v . . "
- 1=0 ¥ )
" symmetric nuclear matter ¢ The constrained EOS is very stiff at
200 .-
- 00: d 1, € (2,3)n, and very soft at n; € (3,4)n, !
£ A
- - = 5 = =
% 150_
2 : 5@ 0.5
O 100; ; 0.0 ,
| N0
o i Y os
O i
= 50_ 450
i 400
B %350
B = .
0 = 300 _
B | | | | | | | | | | | | | | | | | | | | | | | | ¥ 250_ i !
0 1 2 3 4 5 oo
baryon density nB [no] 05 c;fé)[z, 3]2f()5 1.0 -o'.5C . 2504]n00f5 200 Kié[?\/l N 400
The maximum a posteriori probability (MAP) parameters are
KO - 300 + 6OM€V, C22 3 — 047 + 012, C23 4 — — 008 + ()14 D. Oliinychenko, A. Sorensen, V. Koch, L. McLerran,
2,310 [3.41mo arXiv:2208.11996
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Bayesian analysis of STAR flow data with varying K|, 6[22,3]710, 6[23, Aln,

- T=0
~ symmetric nuclear matter
2001 100
—_— i o
(o)
'E i é :Ef:”: 4.: i L T
> 150f > e
- 2 SRS grit et
% ; § 72 A :§f§5§§5?§5§:§5”’”
- &5 :‘:::’vrf .
= = V) i
o 1001 y) s |
E - 1 O # EEEEw Fe rmi gas
O : L — — Boguta
o~ -
& 5l -— AKkmal
i — K=210 MeV
- K=300 MeV
O i 1 ' DLL constraint
[ | | | | | | | | | | | | | | | | | | | | | | | |

0 1 2 3 4 5 i 19 2 25 5 50 4 45 =

. Danielewicz, Lacey, Lynch,
baryon density n [n ] p/p0 Science 298,1592-1596 (2002)

The maximum a posteriori probability (MAP) parameters are
KO — 300 i 60M€V, C[22 3]n0 - 047 i 012, C[23 4]n0 — 008 i ()14 D. Oliinychenko, A. Sorensen, V. Koch, L. McLerran,

arxiv:2208.11996
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Bayesian analysis of STAR flow data with varying K|, 6[22,3]%, C[23, Aln,

- 1=0 § Suggests that:
_ symmetric nuclear matter 3
200+ ] .
— A £ o at,/syny = 4.5 GeV, collisions probe QGP
3 :
S 150 at | /syn = 3.0 GeV, some QGP probed?
L -
> - therefore, using EOSs parametrized only by K|, (like
2 100p- the canonical Skyrme soft/hard EOS which doesn’t
% i have a QGP-like phase transition)
S 5ol is NOT ENOUGH to describe this region
! | | | | 1 LE
O | l | | 1 | | | l 2 | | | | 3 | | | | 4 | | | | 5 1 1 . 5 2 2 - 5 3 3-5 4 4. 5 E
) Danielewicz, Lacey, Lynch,
baryon density n [n 0] p/ p, Science 208,1592-1596 (2002)

The maximum a posteriori probability (MAP) parameters are
KO — 300 i 60M€V, C[22 3]n0 - 047 i 012, C[23 4]n0 —_ — 008 i ()14 D. Oliinychenko, A. Sorensen, V. Koch, L. McLerran,

arxiv:2208.11996
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EOS of symmetric nuclear matter: selected results

Symmetric nuclear matter

197Au+197Au & 12C+12C @ < 1.5 GeV/u

(1/Snn < 2.5 GeV)

observables: subthreshold kaon production
(KaoS)

model used: QMD w/ nucleons, A, N*(1440),

pions, kaons;
EOS parametrized by Ko;
kaon potentials, momentum dependence

C. Fuchs et al., Prog. Part. Nucl. Phys. 563,

113-124 (2004) arXiv:nucl-th/0312052

197Au+197Au @ 0.4—1.5 GeV/u
(1 /SNN — 207 - 252 GeV)

observables: proton flow (FOPI)
model used: isospin QMD (IQMD) w/

nucleons, A, N*(1440), deuterons, tritons;

EOS parametrized by Ko;

momentum dependence

A. Le Fevre, Y. Leifels, W. Reisdorf, J.
Aichelin, C. Hartnack, Nucl. Phys. A 945,
112 (2016), arXiv:1501.05246

Agnieszka Sorensen
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Ilo‘h et
& g ’ \
:llﬁ,:;} "5 56 e Févre et al
’ OO & A ]
L == Lynch et al. from Fuchs et al.
/ Eis’ #+H1  Oliinychenko et al. ‘
£A = Danielewicz et al.
o
(L Walecka model
48 .
oAy Fermi1 gas
P‘i | | | ! |g !
2

baryon density ng/ny

A. Sorensen et al., arXiv:2301.13253

197Au+197Au @ 0.15—10 GeV/u
(\/Snn = 1.95 — 4.72 GeV)

observables: proton flow (Plastic
Ball, EOS, E877, E895)

model used: pBUU w/ nucleons,
A, N*(1440), pions;

EOS parametrized by Ko;
momentum dependence

Danielewicz, Lacey, Lynch,
Science 298,1592-1596 (2002)

197Au+197Au @ 2.9—9 GeV/u

(/S = 3 — 4.5 GeV)

observables: proton flow (STAR)

model used: SMASH w/ over 120 hadronic
species, including deuterons;

relativistic EOS parametrized independently
In different density regions;

NO momentum dependence

D. Oliinychenko, AS, V. Koch, L. McLerran,
arXiv:2208.11996
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Momentum-dependent mean-fields are a necessary component

Measured in scattering experiments:
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Momentum- dependent mean-fields are a necessary component

Measured 1n scatterl
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Work in progress: Flexible momentum-dependent mean-fields

Measured in Scattering experiments: e e
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Work in progress: Flexible momentum-dependent mean-fields

Measured in scattering experiments: T A O AP IR TIIAIT
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Describing proton flow is not enough

|

|
® p(04<pr<2.0GeVic) | SMASH 2.0
O d0.8<pr<2.0GeV/c) |

— 0.4GeV =pr=0.45GeV
0.10 0.6 GeV < pr =< 0.65GeV
— 0.8GeV =pr=0.85GeV
—— Clustering hard EOS
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STAR, Phys. Lett. B 827, 137003 (2022) arXiv:2108.00908 J. Mohs, M. Ege, H. Elfner, M. Mayer,
D. Oliinychenko, A. Sorensen, V. Koch, L. McLerran, arXiv:2208.11996 Phys. Rev. C 105 3, 034906 (2022),
A. Sorensen et al., arXiv:2301.13253 arXiv:2012.11454
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Realistic description of light
cluster production needed:

e coalescence: doesn’t take
into account the dynamic
role of light clusters
throughout the evolution

¢ nucleon/pion catalysis:
consider as separate
degrees of freedom

(pBUU, SMASH),
produced through N or «
collisions

e the Holy Grail: dynamical
production through
potentials
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Describing proton flow is not enough

| | | | | | | .
'@ (04 <p; <20 GV L AutAu collisions -+ Strange baryons are not well described

o @ d(08<pr<20GeVi) Vo =3 GeV 10-40% | -the results may depend on:

¢ nucleon-hyperon and hyperon-hyperon
Interactions

e In-medium modifications of interactions

Models of interactions exists and could be
tested; interactions could be based on those

obtained within first-principle calculations (e.g.,

: HAL QCD, Nucl. Phys. A 998
HALQCD collaboration 121737 (2020), arXiv:1912.08630 )
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STAR, Phys. Lett. B 827, 137003 (2022) arXiv:2108.00908
D. Oliinychenko, A. Sorensen, V. Koch, L. McLerran, arXiv:2208.11996
A. Sorensen et al., arXiv:2301.13253
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Describing proton flow is not enough

sy = 3 GeV 10-40%

| |
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Describing proton flow is not enough

I Pions and kaons NOT described! 1l T -
- Not very surprising: UrQMD, JAM, and SMASH | %& o TS -
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Describing proton flow is not enough
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Precision era of heavy-ion collisions needs precision simulations

temperature [MeV]

0 1 2 3 4
density ng/n,

A. Sorensen et al., arXiv:2301.13253
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II. THE EQUATION OF STATE FROM 0 TO 5ng

A. Transport model simulations of heavy-ion collisions

3. Challenges and opportunities

Selected results presented in Fig. 9 showcase significant achievements in determining the EOS
and, simultaneously, the need to develop improved transport models to obtain tighter and more
reliable constraints. Answering this need will require support for a sustained collaborative effort
within the community to address remaining challenges in modeling collisions, in particular in the
intermediate energy range (Ej,p =~ 0.05-25 AGeV, or \/syn ~ 1.9-7.1 GeV). In the following,
we will address selected areas where we see the need for such developments: (1) comprehensive
treatment of both mean-field potentials and the collision term in transport codes, (2) use of micro-
scopic information on mean fields and in-medium cross sections, such as discussed in Section II B,
in transport, (3) better description of the initial state of heavy-ion collisions in hadronic transport
codes, (4) deeper understanding of fluctuations in transport approaches, which affect many aspects
of simulations, (5) inclusion of correlations beyond the mean field into transport, which is crucial
for a realistic description of, e.g., light-cluster production, (6) treatment of short-range-correlations
in transport, which are tightly connected to multi-particle collisions as well as off-shell transport,
(7) sub-threshold particle production, (8) connections between quantum many-body theory and
semiclassical transport theory, (gLinvestigations focused on extending the limits of applicability of
hadronic transport approaches, (10) studies of new observables, e.g., azimuthally resolved spectra,
to obtain tighter constraints on the EOS, (11) the question of quantifying the uncertainty of re-
sults obtained in transport simulations, and (12) the use of emulators and flexible parametrizations
for wide-ranging explorations of all possible EOSs. Fortunately, advances in transport theory as
well as the greater availability of high-performance computing make many of these improvements
possible. Support for these developments will lead to a firm control and greater understanding
of multiple complex aspects of the collision dynamics, allowing comparisons of transport model
calculations and heavy-ion experiment measurements to provide an important contribution to the
determination of the EOS of dense nuclear matter, which, in particular, cannot be determined by
any other method at intermediate densities (1-5)ny.
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Summary

What’s different, new, exciting about now?

e New analyses, new understanding: e.g., triangular flow, quark
number scaling, cuamulants

e New detectors, new data: unprecedented measurements, from
ultra-precise triple-differential flow observables to hyperon-

hyperon interactions

e New computing capabilities: large-scale simulations possible

: LHC Experiments
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Thank you for your attention
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VDF in SMASH: tests in the spinodal region

A. Sorensen, V. Koch, Phys. Rev. C 104, 3, 034904 (2021)
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Simulation info for practitioners:

time step: 0.1 fm/c

smearing: triangular with range 2 fm
lattice: cubic cells with 1 fm on a side
collisions: off

500 events
bin width =2 fm
t =50 fm/c

1/ 2

15 2 25 35 4 45

ng [n ]

The distribution becomes bimodal as the system separates!
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