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Hydrodynamics, QGP, and the QCD phase diagram
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Ideal hydrodynamics: Isentrope
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How does out-ot-equilibrium effects (entropy production)
influence the trajectories?




Need relativistic viscous hydrodynamics

+ 3 conserved charges (BSQ)

Review: Dexheimer, Noronha, JNH, Ratti, Yunes, 7 Phys.G 48 (2021) 7, 073001 BEST: 2108.13867 [nucl-th]
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Expanding, cooling Quark Gluon Plasma Hadron Resonance Gas Comparisons to Dzata
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https://arxiv.org/abs/2108.13867

Hydrodynamics 1s a field, don’t just probe one
trajectory 1n (T, ug)
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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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0+ 1D Hydrodynamics+baryon current

Dore, et al, Phys.Rev.D 102 (2020) 7, 074017

j 1 o :

- Energy density: ¢ = — — [e +p+1I1+ 77;’77] Diftusion vanishes
T

' Baryon density: p; = e

in Bjorken flow.
1+1D tuture study.

T
Shear Viscosity
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Iransport coethicients/viscosities

Transport coefficient: Perturb the fluid from equilibrium- how
quickly does 1t return to equilibrium?

Diffusion

Vorticity

»QCD conserved charges
(B,S,Q)

\
3 eF3s B
. ; .

Diffusion

vorticity

Viscosity - resistance to deformation or “thickness” of liquid



Shear viscosity at ug > 0

Dore, et al, Phys.Rev.D 102 (2020) 7, 074017
Hadron resonance gas + Parameterized QGP phase

JNH, Noronha, Gremner Phys.Rev. C86 (2012) 024913 Dubla et al, Nucl. Phys. A979 (2018) 251-264
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https://arxiv.org/abs/2103.02090

Bulk Viscosity at pgz > 0

T 1/3 — 2

Non-critical bulk: — = 36 x

T T
Critical Scaling: (C—> -~ (44 1 + £
CS S

Critical Scaling: Monnai,
Mukherjee, Yin; Phys.Rev.CG 95 - -
(2017) 3, 034902

1 (oM(r.h
Correlation length: &% = = < (r ))
0 r

Correlation Length to 0(0°): Dore, et al,
Phys.Rev.D 102 (2020) 7, 074017

See also: Martinez et al Phys.Rev.D 100 (2019) 7,
074017; Rajagopal et al Phys.Rev.D 102 (2020) 9,
094025
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Simulations: full 7#* small effect
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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,

Assuming we know the point of freeze-out (from thermal models/
fluctuations), initial conditions then unknown

J. Noronha-Hostler



Au-Au @ 19.6 GeV
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Beyond 0+1D studies

1D study, if 1nitial start in
equilibrium, diftusion and shear play
biggest role

| See also Du & Schlichting Phys. Rev. Lett. 127 (2021) 12, 122301

J. Noronha-Hostler
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All critical points not created equally

Mroczek et al, Phys.Rer.C 103 (2021) 3, 034901
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Eftect of critical region on hydro?

Travis Dore, Isaac Long, Debora Mroczek, Yukar: Yamauchi, Paolo Parotto, Claudia Ratti, JNH, to appear soon
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E 0.30 e

Spread 1n critical region vs dip 1n ¢
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¢ dip — critical point trajectories
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EoS: Constraining the 4 free parameters

' Mroczek, Parotto, Hjorth-Jensen, JNH, Ratti, Vilalta to appear soon

. Using active learning+machine learning to label viable EOS

Stable Unstable

T MeV] 150 3L T Mev] 1E0 ' *0

| T IMeVT 150 A o #owY] - il
| PDF - Stability
: [
f ; 0.006}
. Most ethicient method: =
~ random forrest with °'°°"'J_,_/7
| margin sampling 0.007]
| 000 550 300 350 a0 Mol
Debora Mroczek
21 UIUC PhD Student
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Full 2+1 & 3+1 BSQ hydro

order phase PT
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Heavy-1on Collisions: 4 /syy Vs pp

Large Small

V‘ y*

e Lorentz contracted (2D)

Baryon
capture

* Nuclei1 pass through

instantaneousl
: * 3D nucle1 pass slowly

* oo quick to capture

baryons * ]1me to capture baryons



Initial conditions: l.ocal charge
Huctuations

!

Quarks carry ~3 conserved charges:

|
B = £ — Baryon number

Each grid point in an mmitial i i | Strangeness

condition needs to mitialize 1 )

{T’pB’pSapQ} Q=i§<d,S>OI‘Q=i§<U_>
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Initial conditions: ICCING- Intializing
Conserved Gharges in Nuclear Geometries

g < qq

1.0
-+ =—Energy
------- Baryon (+)
0.8- —— Strange (+)
-~ ~Charge (+) TN )
- - "N - .
0.6 ~~ - \ \
&" ' -~
-
E" - /// . . \ .
0.4- arzon, Martinez, Sievert, \ %
' Wertepny, JNH 1911.10272; \\ B
\
0.2- 1911.12454 \ -
' PbPb @ 5TeV \
% 20 40 60 80 100
Centrality (%)

Matt Sievert
Former Postdoc UITUC
Faculty NMSU

Patrick Carzon

PhD UIUC



https://arxiv.org/abs/1911.10272

Initializing finite baryon density with
nucleons

10.0 -

: lfln ‘ .l"}.) at Ve = 17.27GeV, b=2.0fm 19.2

Strings between nucleons to -
- 16.8
. ° 5.0

simulate baryon stopping o
2.5 =
'E* 12.0 w\:
Werner, Phys.Rept. 232 (1993) 87-299 ; Jeon and Kapusta, 5 00 06 i
Phys.Rev. G56 (1997) 468-480 ; Bialis, Bzdak, Bozek, Acta = . )
Phys.Polon. B49 (2018) 103; Schenke and Shen Phys.Rev. C97 72

(2018) no.2, 024907 et

Transport (UrQMD/SMASH) 100

=120 -7%5 50 =25 o0¢C 2.5 50 75 1C.0

x [fm]

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?

26
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https://inspirehep.net/author/profile/Karpenko%2C%20Iu.A.?recid=1343339&ln=en

Initial Conditions: What are we
missing’?

Definition ot eccentricities tor BSQ); what 1s the
eccentricity of the mitial baryon density? How does that
translate to a v, ot protons?

e Liccentricities are calculated 1in the center of mass
frame, can’t do a center of charge frame when pz — 0

Full 7* at finite ugz. Need mitial g# as well
What are the right degrees ot freedom? Just nucleons?

Should we be modeling the imitial conditions as fluids?

27



Initial state: {e, Uy, 7, 11, g* }

Current stmulations at finite ygz include mitial
conditions for {e, uo}

Very common to still run i1deal hydro at low 4 /syy

Some include transport coethicients: nT/w, {T/w, kyy

where X, Y=BSQ). Some include 2nd order

E.g. Du & Heinz Comput.Phys.Commun. 251 (2020) 107090

None include mmitial conditions from {n””’ 1, q”}

28



QCD Phase Diagram
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Light transition Phys.Lett. B738 (2014) 305-310; Strange Transition Bellwied, JNH, Parotto, Vazquez, Ratt, Stafford, arXw:1805.00088 ;
Neutron Star (mevgers) V. Dexheimer anXw:1708.08342; Holography Critelli, JNH, et al, Phys.Rev. D96 (2017) no.9, 096026
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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

KpsA™0, (MB/ T)

J. Noronha-Hostler



Full BSQ hydro simulations

2+1 BSQ relativistic viscous Dekra Almaalol
Lydla Spychalla PhD Kent

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

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

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

ermodyna

Svatives
o -

A= 3
o Crltlcaht;/ - “t1c viscous hyc
Stephanov, Nal s 1n, Schaeffer, Yee, An, '

ISRl ], Weller, Ridgway, Du, Hag
PhD student 31

guestlon'

atsu Ya

Debora Mfoczek

UIUC PhD Student
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Dynamics: Smoothed Particle

Hydrodynamics (SPH) for BSQ

With BSQ diffusion, the charge

current becomes

= u
NBSQ pBSQ“ +n BSQ

zdeal diffusion

However, SPH requires one to divide
by ppsp, In heavy-1ons pgg, may be 0!

Define Prso = Prsoi” +1 BSQ where Paso =/ >0

BSQ hydrodynamic simulations coming soon!




Hydro # Hydro # Hydro
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How are the hydrodynamic
equations of motion derived?

* Phenomenological Israel-Stewart: derived from the 2nd law
of thermodynamics 1.e. entropy always f

» DNMR: power counting in Kn and Re™!
e “Standard 1n the field”

e BDNK: frame choice neither Ekhart nor LLandau, first-order
hydrodynamics

» Fewer transport coethicients

e Near equilibrium

34
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Hydro as we approach a critical
| point

Hydro breaks down as — critical point

| Phydro = Pequilibrium — C V.o

hydro micro scale
| breakdown Ungpy Ly . . .
1 .ﬂo l hydro+ ‘ l _

Stephanov, Yin Phys. Rev. D 98, 036006 (2018)

However, what theory works best for as long as possible?

1.

: 35
IJ Noronha-Hostler



How well-behaved 1n hydro near a
CP? Do attractors exist?

- et T T J——— - G ————— . W st

Boltzmann — Israel-Stewart equations

R — OWR atacr o Attractors at ug = 0
Y uwpl AR 1imply out-of-
&0.65, equili.briu.m
&l contributions to the
‘ mitial conditions are
i P 1 washed out
0.0k . nd, Jltl/’G. DeriiCOL PRD 2?18 :
T : * Mostly only ¢,’s matter

First work from Heller & Spalinsk:
Phys.Rev.Lett. 115 (2015) 7, 072501

: 36 In Holography: Critelli Phys.Rev.D 99 (2019) 6, 066004
U Noronha-Hostler
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Critical point and equations of motion and

attractors, varying | o/, I1,

Shear stress tensor
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Dynamics: BSQ) diffusion in
relativistic hydrodynamics

Ensure only positive entropy production

Many new terms that couple shear, bulk, and BSQ diffusion!

T T~ T 2 1
T " + " = 2nott + ——0 — —f_nt"¥ — = <}/1‘1V<”nc’;> +—n V”>y1q>
2 20, 1 2
: T T - G 1
I1 I1
ol + Il = — ({ + —I11)0 pull — =\ yID n* + —n*'V y?
I1 I1
) 2161_[ 'B 0O KU ¢ 7 q K0
Tz n ey oy , 1 , K, , Y :
qu,r'z/q’, e =—« Via, + qqz 1o - 2;;,'qulngq' — % <ygq VHII — EV”ygq> — % <y1qq V., o + %Vyquq>

Dore, Mroczek, Almaalol, Sievert, JNH to appear soon

38 See also Monnai Nucl. Phys.A 847 (2010) 283-314
J. Noronha-Hostler



BSQ diffusion from DNMR/DBNK

Fotakis, Niemi1, Denicol, Disconzi, Bemfica,
Greiner, Greif Noronha, Kovtun

el d

IN PROGRESS |

' J. Noronha-Hostler



Pseudo-critical temperatures

Example: T at (3/s),,,

Guidance from holography

210

—‘ min. If|:/(€+p)
Shear and Bulk Viscosity
2000 T e e max. {T/(e+p)

190! e = peak (e-3p)/T*

= = == = inflec. (e-3p)/T*

Rougemont, JNHet al, Phys.Rev. ., - f
140t D96 (2017) no.1, 014032 TN e
o 100 200 300 400
M [MeV]
40
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BSQ T, in and out of equilibrium

190

—
= 160 ~ o,
Q B
" 50
150
L. ------- - -y - e
140 il -
Rougemont, JNHet al, Phys.Rev. - -
D96 (2017) no.1, 014032 -, -
1 : : : : 1 . . . , : . : : : . . J
3OO 100 200 300 400
He [MeV]

J. Noronha-Hostler



Pseudo critical temperatures ot
transport coethicients

Should all converge all the critical point
Large spread at low g

Equilibrium (yp S,Q) vs. Out-of-Equilibrium (o S,Q)
quantities do not, necessarily, have the same pseudo
critical temperatures

How does this affect ssmulations????

42



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

vvvvvvvvvvvvvvv

cross—over smooth

|0 ——[WB] Lattice QCD ; 5%
L ex. vol. HRG r=0.25 (PDG16+) [
0.8 — — Ideal HRG (PDG16+) 1/
%0.6 ’F
0.4 . “‘[‘:’»”1
100 110 120 130 140 150 160 170

100 150 200 250 300 350 400
T [MeV]

Include critical point (different locations) and
sharp vs. smooth cross-over

43
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https://arxiv.org/abs/2103.02090

Consequences of #T/w across pg

vvvvvvvvvvvvvvvvv

| cross-over smooth !
~ 10t ’
l = = cross—over sharp ;
> PP =1 CP {143,350} ’
= [---- CP{89,724) i
< 1:
< :
£ 050
0.10%
0.055

Viscous eflects more

prevalent at low beam
energles

' J. Noronha-Hostler
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McLaughlin, JNH, et al, 2103.02090

Transition line atfects

magnitude of nT/w
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Jump 1n 5/s across a lst-order phase

transition?
| : : | .
: N =3 PNJL:
I Soloveva et al, _—
10’k Phys.Re.C 103 (2021) 5, 054901 W, 4 K
: ———- g ] [GeV]
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BSQ dittusion

MakeAGIF.com

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

Kinetic Theory
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Dittusion: HRG to QGP?
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B1(Ay)/B(Ay)

Charge Balance functions: potential

probe of diffusion?
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Initial hydro results

3+1 B hydro 1+1 BS hydro
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See also, Du, Heinz Comput.Phys.Commun. 251 (2020) 107090
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How do we connection the heavy-ion
and neutron star EOS?

1%t order phase PT
250 - == STAR BES (net-p,Q)
- - =+ STAR BES (net-K A)
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Key differences between heavy-ions
and neutron star (mergers)

» Strangeness neutrality * Long lifetime, weak
(5)=Nyo—N:=20 decay: s-— = W=

» Short hifetime, » Strangeness most likely
strangeness conserved *not™ in equilibrium

» Charge: p vs. n 1n 10ns  Electrically neutral for

0.4(Q) ~ (B) stability (Q) = 0



Bulk viscosity in neutron star mergers

Bulk Viscosity

¢ [9/(s cm)]

New approach to understand the microscopic

degrees of freedom 1n neutron stars
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https://arxiv.org/abs/2009.05181
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Bulk viscosity in neutron star
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mergers, comparable to heavy-ions!

e Collaborations with
relativistic viscous
hydrodynamics needed

e +GR, what new
observables?

 Effects on lifetime? QCD

phase transition?



https://arxiv.org/abs/2107.05094

Viscosity 1n heavy-ions to neutron
stars

. * Very different sources.

* Heavy-1ons: directly from QCD

» Neutron star mergers: neutrino oscillations, truculence
» Dafferences in codes.

» Heavy-10ns: focus on fast codes, short imescales,
negative densities

* Neutron star mergers: precision, adaptive hydrodynamics
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MUSES: Modular Unified Solver of
the Equaty State
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Conclusions and Outlook

. * Cntical region along 'I" axis creates a trajectory attractor
e BSQO charges likely will affect final How harmonics
-« Studies of BSQ viscous hydrodynamics underway

» Unanswered questions about transport coetficients at
finite pyg

» Overlap 1n heavy-ion collisions and neutron star mergers,
but need viscosity 1n future simulations
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