Equilibrium and Dynamical Properties of Hot and Dense
Quark-Gluon matter from Holographic Black Holes

based on: Phys. Rev. D 104, 034002 & Phys. Rev. D 106, 034024

Joaquin Grefa
mmuses UNIVERSITY of

ONP2M HOUSTON

DEPARTMENT OF PHYSICS

with: Claudia Ratti & Israel Portillo(UH), Romulo Rougemont (UFG),
Jacquelyn Noronha-Hostler, Jorge Noronha & Mauricio Hippert (UIUC),

)\( Raghav Kunnawalkam Elayavalli (VU)
XXXth International Conference on Ultra-relativistic
2 Nucleus-Nucleus Collisions.
September 3 - 9

Joaquin 2 Holographic QCD EoS and transport



https://arxiv.org/abs/2102.12042
https://arxiv.org/abs/2203.00139

Outline

© The QCD Phase Diagram
© Holographic Black Hole Model
© EoS Results

@ Transport properties
o Transport of Baryon Charge
@ Shear and Bulk Viscosity
o Energy Loss

© Summary

Joaquin

Holographic QCD EoS and transport

2/25



Table of Contents

© The QCD Phase Diagram

Joaquin Holographic QCD EoS and transport 3/25



QCD Phase Diagram

e The Phases of QCD

We can explore the QCD phase diagram by J

changing +/s in relativistic heavy ion collisions

Many models predict a first order phase
transition line with a critical point J

Future FAIR Experiments
Lattice QCD is the most reliable theoretical S
tool to study the QCD phase diagram. J Critcal Point "’%,D —
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QCD Phase Diagram

We can explore the QCD phase diagram by
changing +/s in relativistic heavy ion collisions

< T A
Oe X, ®
Many models predict a first order phase -
transition line with a critical point | Bt
Lattice QCD is the most reliable theoretical
tool to study the QCD phase diagram. )

Ding, Heng-Tong, arXiv:1504.05274v1 u B

Sign problem
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Model Requirements

The model should exhibit:

-Deconfinement

-Nearly perfect fluidity

-Agreement with Lattice EoS at ug =0
-Agreement with baryon susceptibilities at
us =0

Taylor Expansion for small pup

P(T,pp) — P(T, p = 0)

T4
® pB 2"
n(T (7)
;(Qn)!xz O\
_ a1
where Xn(T7MB)_W

Joaquin

o How can we fulfill these conditions?
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Model Requirements

o How can we fulfill these conditions?

HOLOGRAPHIC BLACK
HOLES!!!

-Deconfinement

-Nearly perfect fluidity

-Agreement with Lattice EoS at up =0
-Agreement with baryon susceptibilities at
uB =0

Taylor Expansion for small pup

P(T,pp) — P(T,pp =0) _
T4 a
=1 /B \?"
n(T (7)
n 4
where  xn (T, pB) = %
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Holography (Gauge/String duality)

Holographic gauge/gravity correspondence

5D Classical Gravity with <= 341D Strongly coupled QFT
asymptotically anti-de Sitter geometry in Minkowski spacetime

Maldacena 1997; Witten 1998; Gubser, Polyakov, Klebanov 1998

@ Strongly coupled, nearly perfect fluid behavior of
the QGP.
Kovtun, Son, Starinets. PRL 94 (2005)
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© = 0, and make predictions at finite density. J.
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Holography (Gauge/String duality)

Holographic gauge/gravity correspondence

5D Classical Gravity with <= 341D Strongly coupled QFT
asymptotically anti-de Sitter geometry in Minkowski spacetime

Maldacena 1997; Witten 1998; Gubser, Polyakov, Klebanov 1998

o Strongly coupled, nearly perfect fluid behavior of
the QGP.
Kovtun, Son, Starinets. PRL 94 (2005)

o BH solutions — QFT in T and u.

@ Can be constrained to mimic Lattice EoS at
© = 0, and make predictions at finite density. J.
G., et al. PRD 104 (2021) M. Hippert Tuesday 9:50

@ Able to handle near and out-of-equilibrium

calculations.
S. S. Gubser et al. PRL 101, (2008)

J. G. et al. PRD 106 (2022)
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Gravitational Action

O DeWolfe et al. Phys.Rev.D 83, (2011). R Rougemont et al. JHEP(2016)102. R. Critelli et al., Phys.Rev.D96(2017).
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Locating the Critical End Point (CEP)

CEP
Teep = 89 MeV pp = T24 MeV
o Holographic QCD Phase Diagram

, 1501 T~ 1
15

Qe 1 7
05

50} - - --Minimum of c? 1

408 —— X2 inflection line

1st order transition line
e CEP

0 200 400 600 800 1000
pp [MeV]
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Comparison with the state-of-the-art lattice QCD thermodynamics

4.5 T
pe/T =0
o ir=s. Pressure ,
p,B/T =1.0
351 HB/T =15 ]
pp/T = 2.0 T
sr up/T =25 r .
T 25f ua/T =30
~ ne/T = 3.5 =
~ _ ff
Q~I 2r > 4£! 7
ez
25>
15 j” 1
=
1r ¥ ffgf/ .
Z2ZZ2 Excellent Agreement
05 = up to pug/T <35 ]
0120 11‘10 lE;O léO 260 22‘0 2“10
T [MeV]

Lattice results: S. Borsanyi et al. 10.1103/PhysRevLett.126.232001
BH curves: J. G et al. PRD.104 (2021)
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Comparison with the state-of-the-art lattice QCD thermodynamics

18

Enfropy density

16

N Excellent Agreement us/T
up to up/T < 3.5 pp/T =35
%20 140 160 180 200 220 240
T [MeV]

Lattice results: S. Borsanyi et al. 10.1103/PhysRevLett.126.232001
BH curves: J. G et al. PRD.104 (2021)
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Equation of State

600
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pup [MeV] T [MeV] o0
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o Entropy density and baryon
density exhibit a gap that
corresponds to the line of first
order phase transition.

o Critical point localized (see
pressure)

e The minimum on 3
corresponds to the location of
the critical point.

plots: J. G et al. PRD.104 (2021)
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Baryon Conductivity op

400
i?\\‘
200 N

100 i
T [MeV] 0 o 1 [MeV]

——nup =0
—— g = 300 MeV

11z = 500 MeV
—— g = 724 MeV
g = 850 MeV
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T [MeV]

op(T,pp) =

A 1
2 w
2KED Y

Can be computed from linear perturbations to the black
hole background fields.

7 im0 L (e**hf(¢)Im[a * a']) [MeV]

J

Overall dependence of o /T with up is relatively small.

op/T remains finite at the critical point, and exhibits a

discontinuity over the line of first order phase transition.

plots: J.G. et al. PRD.106 (2022)
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Baryon Diffusion Coefficient

Nernst-Einstein Relation

OB

Dp =
x5

Controls the fluid response to
inhomogeneities in the baryon density

The baryon diffusion charge is suppressed
as the baryon chemical potential increases.
v

TDp

Vanishes at the location of the critical

0% —pup =0 .
—— i = 300 MeV point. )
o Jip = 500 MeV.
0.02 ——pup = 724 MeV
i = 850 MoV plots: J.G. et al. PRD.106 (2022)
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T [MeV]
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Holographic shear Viscosity

n 1
s 4w
nT/(e + P)
¥ measures the resistance to deformation in
e \D\ T the presence of a velocity gradient in the
T [MeV] o e [MeV] layers of the fluid.
.
0.08 nT . 1 1
= A KBPB
_ 0.07 € + P 47T 1 + Ts )
R,
+ 0.06
[ . At pp =0, it reduces to the well known
up = 300 Mev holographic result of 1/47m
008 pp =500 MeV/ y
—— g = 724 MeV
iy = 850 MeV

plots: J.G. et al. PRD.106 (2022)
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Bulk Viscosity

4A 12 s pr/
¢ 1y 1 [ e*Ahe 2 Im[H* H']
s 36w limg,—0 w ( A2

Measures the resistance to deformation of
a fluid to a compression or expansion.

1000

np =0
5 = 300 MeV
g = 500 MeV
——pp = 724 MeV
s = 850 MeV

0 —_—
140 160 180 200 220 240 260 280 300 320 340

T [MeV]

plots: J.G. et al. PRD.106 (2022)
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Heavy quark Langevin Diffusion coefficient and jet quenching parameter

1/23
;T

(v = 0.99)/X

K
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100

s =0
—— up = 300 MeV
s = 500 MeV
g = 724 MeV
pp = 850 MeV

300

g =0
= 300 MeV
pz = 500 MeV
pip = 724 MeV
= 850 MeV

U. Gursoy et al. JHEP 0704 (2007)

Langevin diffusion coefficients

describe the thermal fluctuations of a heavy
quark trajectory with constant velocity

under Brownian motion.

F. D’Erano, H. Liu, K. Rajagopal. PRD 84 (2011)

The jet quenching parameter

characterizes the energy loss from collisional
and radiative processes of high energy
partons produced by the interaction with
the hot and dense medium they travel

through.

Their inflection point provides another way
to characterize the crossover region.

)

plots: J.G. et al. PRD.106 (2022)
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Jet energy loss modeling

Time an emission takes to behave as an
independent source of radiation.

1
2E%(1 — z)(1 — cos 01,2)

Tform =

Energy and emission angle

taken from a distribution that depends on
the jet quenching parameter §

P(6,w) = awb’®

L. Apolinario. Progress in Particle and Nuclear
Physics, 103990
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Translate T to 7

25 - 30 %

350

o TRENTOo is used to model the initial

w0 state of relativistic heavy ion collisions.

~ 250
=

o TRENTo provides a map of the energy
density in the transverse plane
(perpendicular to the collision axis) just
after two heavy ions collide.

Input: Holographic EoS.

Z 200
~
150

100

50

7 (fm) o This energy density map is then
. 2530 % evolved in time by using Bjorken
’ hydrodynamics to model the QGP.

1278
@

¢

plots: J.G., Mauricio Hippert, et al (in

i
o

preparation)
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Translate T to 7

Average, 25 — 30 %

3004\ —— fit

\ ——= average

"\\ === model
/ ~o R
10 Sa
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Joaquin

TRENTo is used to model the initial
state of relativistic heavy ion collisions.

TRENTo provides a map of the energy
density in the transverse plane
(perpendicular to the collision axis) just
after two heavy ions collide.

Input: Holographic EoS.

This energy density map is then
evolved in time by using Bjorken
hydrodynamics to model the QGP.
The 't Hooft coupling (M) should be
fixed by phenomenological input.
plots: J.G., Mauricio Hippert, et al (in

preparation)
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Translate T to 7

Average, 25 — 30 %
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Joaquin

TRENTo is used to model the initial
state of relativistic heavy ion collisions.

TRENTo provides a map of the energy
density in the transverse plane
(perpendicular to the collision axis) just
after two heavy ions collide.

Input: Holographic EoS.

This energy density map is then
evolved in time by using Bjorken
hydrodynamics to model the QGP.
The ’t Hooft coupling (M) should be
fixed by phenomenological input.

plots: J.G., Mauricio Hippert, et al (in
preparation)

JETSCAPE result taken from: L. Apolinario.

Progress in Particle and Nuclear Physics,
103990
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Preliminary results

Jets are less quenched as compared to a static §. The overall degree of quenching of the jet population is
reduced.

q(z_f) / constant q
P

0.8

o
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[TT T[T T[T T [T T[T TTT]

o
'S

Lo b b b b v b b b b b
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Vacuum Jet pT - Quenched Jet pT / Vacuum Jet pT

omTT

plots: J.G., Mauricio Hippert, et al (in preparation)
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Summary

o There is an excellent agreement between the Lattice QCD EoS and the Holographic result where
there is lattice data available.

o The holographic model, which is fixed to mimic the Lattice EoS for up = 0, predicts a CEP.
see M. Hippert — Tuesday 9:50

o With the first order phase transition line located in the QCD phase diagram, we considerably
extended the baryon chemical potential coverage of the EoS in the QCD phase diagram.

o The transport coefficients related to transport of baryon charge, viscosities, and parton energy loss
(12 in total) were obtained over finite baryon chemical potential, over the line of first order phase
transition and the critical end point.

@ The holographic transport coefficients can be potentially used to model jet energy loss.

Joaquin a Holographic QCD EoS and transport 24 /25
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Thermodynamics at up = 0

Matching to Lattice EoS around the crossover
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Mapping the QCD phase diagram from Black Hole solutions

The BH solutions are parametrized by (¢o, ®1), where
¢o — value of the scalar field at the horizon, and

®, — electric field in the radial direction at the horizon

8 350
[ 300 £
6 250 £
St = 200
o
£, S
150
&~
3L ]
100 £ 1
=~
2F 1 ——
50 E =
g
. . . . . . 0
0 01 02 03 04 05 06 07 08 0 200 400 600 800 1000
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Locating the first order phase transition line

%108ty = 800[MeV] py = 850[MeV] py = 900[MeV]

10

s[MeV3]

P[MeV4]

65 75 85 65 75 85 65 75 85
T[MeV] T[MeV] T[MeV]

J. G et al. arXiv:2102.12042 [nucl-th].
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V(¢) and f(9)

R. Critelli et al., Phys.Rev.D96(2017).
J. G et al. arXiv:2102.12042 [nucl-th].

Free Parameters for the Holographic Model

ke = 81Gs = 87(0.46), A =1053.83MeV,

V(¢) = —12cosh(0.63¢) + 0.65¢° — 0.05¢" + 0.003¢°,

sech(c1¢ + ca¢?) c3

(@) = 1+ c3 1+c3

sech(cad),

where

Cc1 = —0.27, Co = 0.4, C3 = 1.7, Cq4 = 100

Joaquin Grefa Holographic QCD EoS and transport

4/18



Equations of Motion

2 F2u
S:% d’zv/—g R—M— V() _M
265 J g 2 —— 4
nonconformal 1 B0
ds?2 = 240 [—h(r)dt2 + d?Q] + eth((":)dr2
¢ = ¢(r)
Apdzt = O(r)dt

Equations of Motion

(r , , e 2AM @/ ()2
¢ (r) + {}flz((r)) +44 (7“)} & (r) - ﬁ {a‘ggﬁ) _ 2<1>( ) 81;2?) _y

o)+ 2400+ DL /) <o

A" (r) + L(g)Q =0

B! () + 44/ ()l () — e 24 £(9)9'(r)* = 0
h(r)[244'(r)” = /()] + 64'(r

W (r)+2V(¢) +e > f(¢)@' (1)’ =0
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Solutions

Far-Region asymptotics:

A(r) = a(r) + O(e=2vem), where a(r) = AT r + Ag‘"
h(’f‘) — hfu/r + O( —4af( 'r))

¢(T) ¢A€ va(r) +O( —(2+u)a(r))

(I)(T) q)far+(1>far —la(r) +O( 7(2+u)o¢(r))7

Thermodynamics:
1 2
4 ¢1/u h(j;ar K5P4
for ofor
0 A pp=-— 2 A3

ol \ng

e = Vv [y f
A hp"
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Baryon Conductivity

The EOM for the gauge invariant linearized vector perturbation a(r,w) associated to the baryon
conductivity is given by,

" ’ I f/(¢) ’ ’ 672A w2 2 _

which again must be solved with infalling wave condition at the horizon and normalized to unity at the
boundary, what may be done by setting,

rii“’P(r,w)

alrw) = ———2—~—
’ Tt P(Tmaz, W)

The DC baryon conductivity in the EMD model is calculated by means of the following holographic Kubo
formula,

A -\
on(Ton) == lim & (24 hf(9) Imfa = o)) [MeV]

Joaquin Grefa Holographic QCD EoS and transport 7/18



Bulk Viscosity

The equation of motion (EOM) for the gauge and diffeomorphism invariant linearized scalar perturbation
H (r,w) associated to the bulk viscosity through the holographic dictionary is,

h/ 2¢// 2A//
H// 4AI o _ H/
- < t Rt T T +

—2A 2 ’ ” " —2A
e w h A ¢ € 1 gt N\ /2
—t = | = - = 3A - | H=0
(-5 ) G e @) - 10
which must be solved with infalling wave condition at the black hole horizon, and normalized to unity at
the boundary, what may be done be setting,

Hirw) = - Fnw)

Tmz“a)cF(Tmaxy w)

The ratio between the bulk viscosity and the entropy density in the EMD model is then calculated by
making use of the following holographic Kubo formula,

g _ L ) l e4Ah¢/2]-m[H*H/]
s(T’MB) T 36w ul)linow A2

Joaquin Grefa Holographic QCD EoS and transport 8/18



Transport coefficients Formulas

Fdrag

VAT?

(T, ppv) = —8mvhgeV 220240,

h(ry) = hg%Z

K far V273 () +3A(rx)
\/TtHTs (T, pp;v) = 1670° (' )S/QW

X (h (r+) [4A o) + f¢ () + }L((::))D /27

q _ 647> hi"
(T7 IU/B) -
/N\T3 frmx dr e—V2/36(r)—3A(r)
Tstart h(r) {h({av'_h(r)}
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Collision Energy Estimates

We estimate a collision energy needed to hit the CEP
m/s=25-41Ge/

800
P PP PP O PO 160] === minimum &
" Hadron Gas
600 4 BH freezeout
3 ——SHM1
=, 400 — —SHM2
S
200
0 H
5 10 50 100
Vs [GeV] Vs [GeV]

m The collision energy is reachable by the next generation of
experiments.

[BH] R.Critelli, I.P. et al., Phys.Rev.D96(2017).
[HRG] Paolo Alba et al. Phys.Lett.B738(2014),
[SHM1] A. Andronic et al. Phys.Lett.B673(2009).
[SHMZ2] J. Cleymans et al. Phys.Rev.C73(2006).
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The QCD Critical Point
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Low T EoS

ng=0MeV
25 T T T T
—— HRGyqaw PDG2014
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2} —— BH model
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250
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1 Lattice

s/T?

0 50 100 150 200 250

T [MeV]

Holographic QCD EoS and transport

12 /18



Fluctuations in The Theory and Experiment

o Susceptibilities xZ =

o™ (P/T*)

I(up/T)™

o Susceptibilities xZ are directly related to
the moments of the distribution

@ Volume independent ratios are useful to
compare experimental data

(b) 11.5 GeV

(c) 19.6 GeV
0|

Number of Events

() 200 GeV/

Au+Au Collisions
Net-proton
0.4<p,<0.8 (GeV/c)
ly|<0.5

Skellam Dis.
#0-5% .
©30-40%
070-80% ===x=+

Net-proton (AN;)

L. Adamczyk etal. Phys. Rev. Lett. 112 (2014), p. 032302

mean: M ~ x1
q 2
variance: o~ ~ X2
3/2
skewness: S ~ X3/X2/

kurtosis: k ~ xa/ X3

M/o® = x1/x2
So = x3/x2

2
Ko® = Xa/X2

So® /M = xs/x1

Holographic QCD EoS and transport
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Skewness is the asymmetry of a dstribution
A positively skewed distribution has a “tail”
pubed in the positive direction, A negatively

positive kurtosis

negatve

are negativ

Positively
skewed

Frequency of returns

negative kurtesis

NORMAL NOT ALWAYS THE NORM

Kurtosis refers to how peaked the curve is:
steeper means positive kurtosis and flatter means
negative kurtoses 5 occur when there are
more oetsaze returns on the downside or upside,
or both, than the normal curve suggests.
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Higher Order Baryon Susceptibilities

50

500 600 700 800 500 600 700 800
1y [MeV] 1y [MeV]
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Multidimensional QCD phase diagram
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Multidimensional QCD phase diagram

AT Nupecc-LRP2017
[&]
I qu,
" S arks & Sluong
N
552 <105 ove, CEp
ot - ~-0
o o’
- ‘\9&0(\5
£°
Ay
. A N
ae
o

ke

K

Holographic QCD EoS and transport

16 /18



Multidimensional QCD phase diagram

AT Nupecc-LRP2017
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Strangeness Susceptibility Matching
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