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Needed Theoretical development

Review: Dexheimer, Noronha, JNH, Ratti, Yunes, 7 Phys.G 48 (2021) 7, 073001
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pg“ ~ 525MeV

EOS: Lattice QCD (only)
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| U ~ 450 — 600MeV
EONS: Lattice + criticality

Taylor series does not

Couple Lattice QCD to 3D Ising model

capture criticality
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Parotto, JNH et al, Phys.Rev.CC 101 (2020) 3, 034901
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Ul ~ 1100 MeV

EOS: holography
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Signature ot the critical point:
Kurtosis

3D Ising (leading order terms only) Stephanov. PRL 107 (2011)
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Still signature in 3D Ising model with all sub-leading terms?
Generic signature 1n all models?
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Dip NO'T a clear CGP signature

Models without criticality

already see a dip

» Baryon conservation

Braun-Munzinger et al, Nucl. Phys. A960, 114 (2017);
arXiv:2007.02463, see also Bzdak et al Phys.Rev.C 87 (2013) 1, 014901

o Lattice QCD Taylor series

Braun-Munzinger et al, Nucl. Phys. A960, 114 (2017);
arXiv:2007.02463, see also Bzdak et al Phys.Rev.(C 87 (2013) 1, 014901

. UrQMD
Braun-Munzinger et al, Nucl. Phys. A960, 114 (2017);
arXiv:2007.02463, see also Bzdak et al Phys.Rev.C' 87 (2013) 1, 014901

3D Ising+sub-leading terms,

only peak clear signature!
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QCD Phase Diagram
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Averaged trajectories vs. EOS

Ditferences between only baryon conservation vs. BSQ

influence the trajectories through the QCD phase diagram.
Shown with #/s = 0.08
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E Far from equilibrium causes turther
: deviations from 1deal

| Travis Dore
= PhD UIUC

Dore, McLaughlin, JNH
Phys.Rev.D 102 (2020) 7, 074017

Emma McLaughlin
PhD Columbia U,

Far-from-equilibrium mnitial conditions 1n heavy-1on collisions can
dramatically aftect the passage through the phase diagram
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dynamically

Nuclear collisions and the QGP expansion

collision evolution particle
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Initializing finite baryon density with
nucleons

10.0 -
: ) lfln ‘ .l"}.) at Ve = 17.27GeV, b=2.0fm 19.2
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- 4D,
> 5.0
baryon stopping o
2.5 =
'E* 12.0 é
Werner, Phys.Rept. 232 (1993) 87-299 ; Jeon and Kapusta, 5 00 06 i
Phys.Rev. C56 (1997) 468-480 ; Bialis, Bzdak, Bozek, Acta = . )
Phys.Polon. B49 (2018) 103; Schenke and Shen Phys.Rev. C97 72
(2018) no.2, 024907 —5.0 o
—7.5 24
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Karpenko, et al;Phys.Rev. C91 (2015) no.6, 064901
et 2y s RXev GO (201 0) no, Mohs et al, J.Phys.G 47 (2020) 6, 065101

What about at the quark/gluon level?

14
J. Noronha-Hostler


https://inspirehep.net/author/profile/Karpenko%2C%20Iu.A.?recid=1343339&ln=en

3 conserved charges: BSQ)

QCD has not only baryon number but strangeness and electric charge
conservation

Quark Gluon Plasma
Stor = 0

Bi,tat = Bf,tot
Qi,tot = Qf,tat

Each grid point in an
initial condition needs
to 1nitialize

" {T, PB> Ps: PQ}

Local charge

fluctuations
15
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Theoretical development
Martinez, Sievert, Wertepny
JHEP 02 (2019) 024;JHEP 1807 (2018) 003 16
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https://arxiv.org/abs/1911.10272
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Upgrades to Hydrodynamics

Equation of State
Baryon, Strangeness,

Electric Charge
EOS+CP

BSQ Hydro
Transport Coefficients Ideal BSO

Shear and bulk viscosity OMB” =0, B" = ppu* + ng
nT/W(Ta //tBa luSa /’lQ) DifﬁlSiOn
BSQ Diffusion kg0, (ug/T)

Kpp> KBs> --- BSQ) cross terms
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Viscosity at finite densities
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Consequences of #T/w across pg
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https://arxiv.org/abs/2103.02090

BSQ dittusion

MakeAGIF.com

How do quarks spread out over time? How quickly do u, d, s quarks diftuse
through out the QGP since they carry multiple conserved charges?

1.

. 21
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BSQ Diftusion Matrix
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Initial hydro results

3+1 B hydro
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Fotakis et al Phys.Rev.D 101 (2020) 7, 076007



BSQ) equations of motion

| - 2+1 BSQ relativistic viscous Dekra Almaalol
Lydia Spychalla PhD Kent

REU UTUC hydro dynamics +]CCING Soon UTUC postdoc
3 Coming Soon!

Almaalol, Carzon, Cruz Camacho,
Dore, Mroczek, Plumberg, Spychalla,

Christopher Plumberg i Sleve It ’ JN H Nikolas Cruz Gamacho
UIUC postdoc PhD UIUCG

ermodynamic derivatives

e Cniticality + relativistic viscous hydro still open guestion!
Stephanov, Nahrgang, Basar, Yin, Schaeffer, Yee, An, Martinez, Teaney, Akarhatsu, Yamn,

Rajagopal, Weller, Ridgway, Du, Heinz, Song
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Critical fluctuations in 1+1D hydro
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0.5

Critical slow down (from baryon
transport), no noticeable affect.

Bulk viscous elflects still relevant
il D iE R

Monnai et al, Phys.Rev.( 95 (2017) 3, 034902;
Dore, McLaughlin, JNH
Phys.Rev.D 102 (2020) 7, 074017; Du et al,
2107.02302
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Freeze-out: inding the cross-over
temperature
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Hadron resonance gas at large pp

* Conservation of B,5,Q in MG sampling

D. Oliinychenko ef al, Phys.Rex.C' 102 (2020) 3, 034904
» Cooper Fry diffusion corrections

AT, g s ) + 8, + 3 + Sy,
e N -body Interactions/ potentials SMASH A. Sorensen, Koch 2011.06635
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https://inspirehep.net/authors/1258769

Flavor hierarchy in freeze-out

Strange

180 Hadrons
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Y
160 \
| Light
| 1 . "® . \ ~ Hadrons

o STAR thermal fits (rt,p,K)
STAR thermal fits (r1,p,K,A,=,Q,¢,K?)

200 [ x¥x5 (this work)

T [MeV]

Q;,Q

¥ X{/x2 and xy/xz (Alba et al.) Thermal fits also see
100" ) ,
0 50 100 150 200 250 flavor hierarchy
[STAR] Phys. Rev. C 96 (2017) 44904; Alba et
Ug [MeV] al, Phys.Reo.C 101 (2020) 5, 054905, Flor et
Bellwied, FNH, et al, Phys.Rev. C99 (2019) no.3, 034912 al, Phys.Lett. B 814 (2021) 136098
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Phase transitions in hadronic
transport

| "QCD-like" phase transitions:

. |

baryon number density ng [n;]

baryon chemical potential pg [MeV]

Such an approach allows for better systematic checks



bt a CP

finite g

J- Noronha-Hostler

Conclusions and Outlook

. » KOS from Lattice QGD reaching larger pgz, models hint

* BSO charges likely will aftect final How harmonics
e Studies of BSQ) viscous hydrodynamics underway

» Unanswered questions about transport coetficients at

» Possible signs of a flavor hierarchy at freeze-out

31



BES-EOS: 6 unknown parameters

. ¢ 2 location: {Tc’ﬂg}

* Angles:

* a, between transition line & r

* a, betweenr & h

» Strength of critical region: p,
Eliminate 2: chiral transition line

Machine Learning in progress!
Debora Mroczek et al
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the NS EOS?

Can heavy-ions be used to constrain
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Constraints at low 1" and large py
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Inspiral Merger Remnant

NICER: Observations

WORK
of 1solated Neutron Star

IN PROGRESS

Late-stage Inspiral, Merger, Post-merger, ...
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HADES: Heavy-lon Collisions

vs. Neutron Stars

Comparable T, p;z between low-E heavy-ions (HADES) and top 1’s in neutron
star mergers.
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Viscosity revolution

Viscosity was a game changer for heavy-ion collision - what about
neutron star mergers?

37
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Bulk viscosity in neutron star mergers

| Bulk wiscosity also plays a significant role in neutron star mergers

Bulk Viscosity

¢ [9/(s cm)]

Numerical relativity+viscosity
needed

' J. Noronha-Hostler


https://arxiv.org/abs/2009.05181

Bulk Viscosity: Heavy-1ons vs.
Neutron Star Mergers
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https://arxiv.org/abs/2107.05094
https://inspirehep.net/authors/992780
https://arxiv.org/abs/2104.00804

lestable shear viscosity T/w(T, ug)

McLaughlin, JNH, et al, 2103.02090

Constrain the Excluded Matched to parameterized QGP

volume from Lattice QCD 8 shear using a variety of methods
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Include critical point (different locations) and
sharp vs. smooth cross-over
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https://arxiv.org/abs/2103.02090
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Radius

Plug EOS into Tolman—Oppenheimer—Volkoft (TOV) equation
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Hea\/}; neutron stars

Nico Yunes GW190814 O, Virgo], Astrophys. J. 896, 144 (2020)
ICASU director

Hung Tan

UTUC PhD Student +Dore and Dexheimer (to appear soon)

Compact object of M > 2.5M_ measured, 15 it a neutron star?
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Bump in ¢ > 1/3?
Alternatives: spin/new strange interactions
Bedaque & Steiner, Phys.Rev.Lett. 114 (2015) 3, 031103; Alford et al,

Phys. Rev. D92, 083002 (2015), Ranea-Sandoval, et al, Phys. Rew.

C93, 045812 I. Tews, et al, Phys. Rev. C98, 045804 (2018); Zhang & Li Astrophys.J. 902 (2020) 1, 38; Dexheimer
McLerran & Reddy, Phys. Rev. Lett.122, 122701 (2019); et al, Phys.Reo.C 103 (2021) 2, 025808; Tsokarus et
Dexheimer & Schramm, Phys. Rev. G81, 045201 (2010); al, Astrophys.F 905 (2020) 1, 48; Tews et al,
Jakobus, et al, arXiv:2004.07026 [nucl-th]; 49 Astrophys.J.Lett. 908 (2021) 1

J. Noronha-HoBaym et al, Astro-phys. J.885, 42 (2019)



lestable shear viscosity T/w(T, ug)

McLaughlin et al, 2103.02090
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| Calculate nfTRC T /oy,
l NPT /wat ug =0 T. — 158 MeV 5 HB > 0: T, follows
l - parabola
! min n/s = 0.08 at T),. = 199
| MeV, but flat region between
. T T .
| Matching: 777RCT fw to n?¢P T jw > weoom
|
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https://arxiv.org/abs/2103.02090

Linear vs. Gubic response

Linear response Vp red _ }/n %n

Teaney,Yan,PRC83(201 )064904;Gardim,et al, PRC85(2012)024908;PRCY | (2015)3,034902
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