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Fluids 101

It flows (1ts particles easily
move past each other)

Takes the shape of the
container (no permanent

shape)

Cannot resist an outside
shearing force

Variables: {p,P}, not {m, I’}
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Fluids 101

It flows (its particles easily
move past each other)

Takes the shape of the
container (no permanent

shape)

Cannot resist an outside
shearing force

Variables: {p,P}, not {m, F}
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When 1s fluid dynamics applicable?

. Large separation of scales 1.e. small Knudsen (or inverse Reynolds)
| number

Small scale* (H,0 molecule)

Kn ~

Large scale (s1ze of lake)

* mean free path 1.e. distance before the molecule collides with
something else

Question: When can you apply fluid dynamics?
Answer: Kn < 1



Fluids are everywhere
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Fluids at the extreme

What happens when a fluid moves at the speed of light?

New equations of motion (Israel-
Stewart) are needed to preserve %
casualty and stability

What happens when fluids are heated up to the highest

temperatures possible on Earth? 101° K
.

T'he degrees of freedom are deconfined quarks and
gluons

What is the smallest fluid?

We’re still figuring that out, but Knudsen
numbers get tricky




Why not all three?

The Quark Gluon Plasma is created using the highest
temperatures on Farth, in the smallest systems possible (colliding
nucleil, maybe even colliding protons), and flows at ultra relativistic

speeds

Quark
Gluon

Plasma

Nucleus
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'To understand the Quark Gluon Plasma, we
first need to understand the strong force and
Quantum Chromodynamics



Strongest Force

Force Strength Range (m)
15 (@]
Strong : 10~ "° (size of
nucleus)
T (-a) 1
Electromagnetic N7 = S s 00
—18 0
Weak 1077° (0.1%

of the proton)

Gravity




Scales of the universe

Distance Earth to Sun

Scale ~ 10~ meter Scale ~ 10'"" meter
Discovered by humans Discovered by humans ~ 250
~ 1800’s BC

Experiment Chemistry . Experiment various




Scales of the strong force

Gluons

101° meters
Quarks

~101% meters ~1014 meters ~101 meters

Distance to nearest star (Alpha Centauri system) ~10'° m

- Natural Units: h=c=1ie. E=Mc®> - E=M

~ Length 1 Femtometer [fm] = 10715 [m]

- Temperature 1000 Megaelectron-volt [MeV] = 11 billion [K]
- Mass 1 [MeV] =1.79 %1030 [kg]
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T'heory of the strong force:
Quantum Chromodynamics (QCGD)

Quantum Chromodynamics (QCD)- David Politzer, Frank Wilczek and David
Gross 1973 (2004 Nobel Prize for Physics)

Bound states=Hadrons Confinement- no free quarks

Baryons: B
Fermions Start with a p°(uu) meson
Spin 1/2 - am

4m‘1
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T'heory of the strong force:
Quantum Chromodynamics (QCGD)

Quantum Chromodynamics (QCD)- David Politzer, Frank Wilczek and David
Gross 1973 (2004 Nobel Prize for Physics)

Bound states=Hadrons Confinement- no free quarks

Baryons: . B
Fermions Start with a p°(uu) meson
Spin 1/2 e —

Am‘l
Dra! on

% ‘%

Neutron Lambd
Mesons:

Bosons




Visible Matter

QCD is ~ 95% of visible (baryonic) matter

1000000
100000 0 QCD mass
;‘ 10000 H Higgs mass
Q

= 1000

)

on 100 M, =2*2.3+4.8 [MeV]
© 10 =9.4 [MeV]

= . M., =938 [MeV]

M5 =928.6 [MeV]
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B. Mueller Nucl.Phys. A750 (2005) 84-97




Phase Iransittions of Water

Temperature

Heat added

Studying strong interactions/Quarks and Gluons

Can we 1} T enough to deconfine Quarks and Gluons?




Current Gartoon of the QGD phase
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Deconfined Quarks and Gluons 1n
the Early Universe

~ 107% s after the Big Bang — Quark Gluon Plasma
(1975 Collins and Perry)
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How far back in ttime can we see?

Cosmic Microwave Background ~ 10° years after Big Bang

Quark Gluon Plasma existed ~ 107° seconds




Liattle Bangs 1n the Lab

T'he Large Hadron Collider and RHIC create "little bangs™

deconfined quarks and gluons 1n the lab

B S et Target
- <CPHGBQS) 12:00 o’clock
10:00-0%clock RHIC
8:00 0 tlm‘l‘~

LINAC e ot
‘BIS NSRL &
. EBIS g i
\ - B!)_(_)El\t‘l’ 3 ..'.“

=g ATLAS

Run 168665, Event 83797

‘ XTlme 2010-11-08 11:37:15 CET .’.u. EXPERIMENT

108 times hotter than the sun!



Smashing two gold 10ns at the speed of light

Nuclear collisions and the QGP expansion

collision evolution . particle
expansion and cooling

kinetic
freeze-out
lumpy initial hadronization _,;:"f:,',“.',..’_ distributions and
. 7 A correlations of
energy density \ iR

QGP phase

quark and gluon
degrees of freedom

\
|

collision
overlap zone




Big Bang vs. Heavy-lon Collisions

Pressure, entropy, energy density
Quark/gluons vs. Hadrons
Temperature when hadrons are formed
Strong Force
Nearly perfect fluid
System Size

Entire Universe 10M-14 m
Finite volume effects
Equilibrated Out-of-Equilibrium
Viscosity matters!
Expansion rate large
1 data point Billions of events

Initial Conditions (many
different shapes)




Solving Quantum Chromodynamics

1
Locp = _ZF i e VA (i;/MD/“‘ - mq> w? where DX — df — |7 | 'EF)

= = - = Gluons
Gluon Interactions Quark Interactions

Theoretical Description

Temp X g g 9
g g 4
X =P g
X is any quark. 9
gluon self-interactions

Lattice
Quantum Chromodynamics

T

c

T ~155 MeV
~1.8¥102 K
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Lattice QCD: Solving Quantum

Chromodynamics

Flavor Hierarchy

CHANICAL VACUUM TRANSISTOR INTEGRATED CIRCUIT
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Finding missing strange resonances — | jghts vs.
PRD96 (2017) no.3, 034517 H strange
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SOURCE: RAY KURZWEIL, "THE SINGULARITY IS NEAR: WHEN HUMANS TRANSCEND BIOLOGY", P.67, THE VIKING PRESS, 2006, DATAPOINTS BETWEEN 2000 AND
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Moore’s Law: number of transistors per square inch on integrated

circuits had doubled every year since their invention




Lattice QCD: Phase 'Iransition

Cross-over phase transition 7 ~ 155 MeV
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Limitations ot Lattice QCD

Equilibrium Properties

Fermi1 Sign Problem

# Baryons > # anti-baryons

cannot be
1 50 reached
by present
A analysis
7.7 (1) /

Temperature (MeV)
o
o

O
o
l
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I

widening/uncertainty
due to higher order terms

|

1

I

1

200

400

Baryonic chemical potential (MeV)

[WB] R. Bellwied et al., Phys.Lett. B751 (2015) 559-564

Work around - Taylor expansion

Out-of-Equilibrium

» ‘Iransport coethicients

e Dynamical description of

the Quark Gluon Plasma

» Ettective Models:
The Quark Gluon Plasma

can be described by
relativistic viscous
hydrodynamics with a
hadronic afterburner



What 1s a good (or “pertect”) fluid?

Good fluid Bad fluid

.
A

Best fluids are the closest to an 1deal fluid 1.e vanishing viscosity



Iransport coethcients/viscosities

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

Diffusion Vorticity
¢ ~ &V (1/T)

»QCD conserved charges

E " o - o vorticity
AN

Diffusion

Viscosity - resistance to deformation or “thickness” ot lhiquid




Shear viscosity - n/s

Physics 101 E_ o,V
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Experimental probes of #/s(T)

1.2
. 0'” ' pQCD [only valid at high Tj
v e} ‘Hadron Gas
~ 0.6% ?
Q7 o
0.4 *y
0.2 M AdS/CFT
 ——— _
0-200 200 500 1000 2000

>

RHIC 2000-2025
LHC Run 1 2010-2013

LHC Run 2 & 3 2015-2025

Hadron Gas: JNH et al, PRL103(2009)172302; PRCS6(2012)024913
AdS/CFT: Kovtun, Son, Starinets PRLI4(2005)111601
pOCD: Arnold, Moore, Yaffe JHEP 0011(2000)001 ; THEP0305(2003)051




T'heoretical calculations of viscosity

1.5}F ' T """ — UI’QN'ID ----------- ] 0.30 T T T- --------------------
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See references in FNH arXw:1512.06315
Dip expected: Phys. Rev.Lett. 97 (2006) 152303, Nucl. Phys. A769 (2006)
71-94, Phys.Rev.Lett. 103 (2009) 172302
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Bayesian analysis (agnostic n/s & {/s)

Shear viscosity Bulk viscosity
0.3 - 0.08 -
Calibrated to:
Pb—-Pb 2.76 and 5.02 TeV
—— Posterior median
90% credible region 0.06 -
0.2 -
= 0.04 -
0.1 -
0.02
0 | 1 | 0 | | |
150 200 250 300 150 200 250 300
Temperature (MeV) Temperature (MeV)

Bernhard, Moreland, Bass Nature Phys. 15 (2019) no. 11, 1115-1117



Relativistic fluids

Schenke IP-Glasma+MUSIC



Relativistic fluids

Schenke IP-Glasma+MUSIC
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Relativistic viscous fluid dynamics

» Nawvier stokes equations are used for non-relativistic systems
with viscosity

o At relativistic velocities, Navier Stokes equations become

acausal and unstable.
Object
CoG

AI_

Stable Neutral Unstable

 Israel-Stewart equations incorporate a relaxation time (a finite
time for the system to return to equilibrium)
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Israel-Stewart E.quations of Motion

Annals Phys. 118 (1979) 341-372

Conservation of Energy and Momentum
0,1"" =0 and J N* =0
The energy-moment tensor contains a bulk dissipative term IT and
the shear stress tensor z7** 1s

T" = eu*u” — (p + H) A

4
T <AﬂmﬂDﬂ P+ gﬂﬂy9> = 2150, — 7,
AN

Coordinate System: x# = (T, ), ;7) where 7 = \/ t* — 7% and

I+
n=05In (—Z>
[ — =
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“Standard Model” ot the Quark

Gluon Plasma

LR TN B N SN SN SN T G N NG U U I B I . S o e

Initial Conditions
Quantum fluctuations in
the position of protons,

neutrons, quarks, and

stot HISQ
(e-3pyT* W .

llllllllllllllllllllllllll

0
Hydrodynamics viscosity and
thermodynamics Hadron Gas: number

of hadrons,decays,
interactions etc

- initial time to
switch on hydro

Tsw temperature at which
the Quark Gluon Plasma
switches to hadrons
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Initial conditions

d’ﬂu riﬂ_
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Impact region of two heavy ions
(not really spheres due to quantum fluctuations)
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Eccentricities &,’s are directly related to the final measured flow

observables v,’s
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Initial conditions

Shape quantified by eccentricities € where n=2
(ellipse), n=3 (triangle), n=4 (square) ...

£ [GeV/fm?]

Initial Condition
v
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r=0.6im 4 r=1.5fm
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"y (tm]

e °ressure gradients.,
push outwards

Final State

£ [GeV/im®) Vn a En

£ [GeV/im?)

r=5.5fm r=8.5im "

"y (fm] “ym) s ° y (fm]

Eccentricities &,’s are directly related to the final measured flow
observables v,’s



Quantitying flow
The distribution of particles can be written as a Fourier series

dN | dN
e 1+Z2v cos[ ) — l/fn)]
d’p 2z prdprdy

Collective flow: Flow harmonics, v,{m}, are calculated by
correlating m=2 to 8 particles — collective behavior
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[(I+ 1)C/2m (uK?)

CMB vs. Heavy lon Collisions

TITTTIIITY

T[TTTTT

o 100 500
Multipole Moment ({)

Vni2}

Viewra. Machado et al, Phys.Rev. G99 (2019) no.5, 054910
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1 Precise predictions with
hydrodynamics
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v-USPhydro sensitive to deformed nucleus
Giacalone, JNH et al. Phys. Rev. C 97,034904 (2018)

Giuliano Giacalone

PhD Saclay

1.5 P O M2
A n=3

1.44°

O

---n=2 spherical

Hydrodynamics dampens deformation effects
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. Prediction

[0 CMS (preliminary)
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O ALICE

J:D EID 3IIEI 4'[] 5|D E-ID
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Dewiation from experimental data: possible constraints on nuclear

structure?



Limits on the smallest Huid

When do you have too tew particles to use hydrodynamics?

KnNMNI
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Large scal




T TWYTITSTYIYY AT

YT R ST PTOOMS T ITTH ATY PYY

TYXIIPE ey

Experiment versus theory in small
systems

Hydro matches data well
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conditions, applicability of
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missing signals
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Giacalone, JNH et al, Phys.Rev. C95 (2017) no.5, 054910

(Questions remain on the nitial
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Next frontiers of relativistic
hydrodynamics

Magnetohydrodynamics/Chiral Magnetic Effect

Conserved charges of QCD- baryon

number, strangeness, and electric charge
» Fach quark carries multiple charges!
Source term 1n hydrodynamics for jets

Cntical fluctuations



QCD critical point

3Z4
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Search underway for the QCD critical point at the Beam Energy

Scan 11




Out-ot-equilibrium search for the GP

, Out-of-
Equilibrium-ness

Finite volume
Viscosity
Lifetime

COLLABORATION

Paolo Parotto
PD Wuppertal

Beam Energy Scan Theory
Collaboration

Temperature

A S »+ EOS+3D Ising CP

1,/ Quark Gluon  Payoste, FNH, et al, Phys.Rev. G101
2 Flasma (2020) n0.3, 034901

* Next, dynamical model
with critical fluctuations
and out-of-equilibrium
effects+Lattice EOS

Debora Mroczek Hadron gas

REU Houston
UIUC PhD Student

Ba on Romgtschke BSQ EOS
24 : arxiv:1609.02820 _ Phys.Rev. C100 (2019) no.6, 064910
DenS|ty Jamie Stafford Phys.Rev. C100 (2019) no.2, 024907

PhD student Houston


http://arxiv.org/abs/arXiv:1805.05249

Relativistic hydrodynamics

with conserved charges (BSQ)

Matt Sievert @ M. Martinez D. Wertepny
* Postdoc UIUC PD NCSU @B PD Ben Gurion . . .
Example Initial Condition

ICCING - Initial conditions

-12 1212
—

With COHS€I‘V€d Chargﬁs <BSQ> ’ Energy Density (GeV / fm®) | Baryon Density (fm™)
Stevert, Martinez, Wertepny, JNH arXw:1911.10272; 5 W% I
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: B e Strangeness Density (fm™) Charge Density (fm™)
8 1nitializes quarks as well! . ]
. Next, incorporate Parton . s, * | e |
= : : ” . ¥ W% e
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Future Experiments

Initial state

Energy Stopping Hydrodynamic
Hard Collisions Evolution

v 5 a0,

Hadro }'u | FreezeoLt

Electron lon Collider
(EIC) -
Nucleon/Nuclel
Structure affect the
Initial state (Important
for small systems)
>2025

SPHENIX/LHC -

Jets probe shorter scales
l.e. a QGP microscope
2018-2025

Beam Energy Scan
(RHIC)/FAIR — High
baryon densities,
hadron gas phase
2018-2020,>2024




Mapping the QCD phase diagram

LHC 5.5TeV in c.m.s. CERN Switzerland SIS 2GeV on target GSI| Darmstadt Germany
(ALICE, CMS, ATLAS) 2010-2025 (FOPI, TAPS, HADES) running

FAIR 30GeV on target GSI Darmstadt AGS 10GeV on target BNL Upton USA
A Germany (CBM) _ (E896, E917, E910) complete

NICA 10GeV in c.m.s. Dubna, Russia SPS 160GeV on target CERN Switzerland
(MPD, SPD) [ (NA49, NAS0, NAGO, WASS...) stopped

Za
@,

0

RHIC 200GeV in c.m.s. BNL Upton USA
(BRAHMS, PHENIX, PHOBOS, STAR)

St o ©®
; running until 2025

T
P R,

RHIC ®
5 itor experiment

NICER Neutron Star Satellite
(2017+)

Beam Energy Scan Il RHIC
(2017-2020)

Great Collider in China
>10 years from now
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Summary

o Relativistic viscous hydrodynamics provides an extremely
successtul description of the Quark Gluon Plasma

 Much to come 1n the tuture on the addition of conserved
charges, critical fluctuations, magnetohydrodynamics, jets
coupled to hydrodynamics...

« STAR BESII, sPHENIX, EIC, FAIR, LIGO crucial to a
further understanding ot the Quark Gluon Plasma/
Quantum Chromodynamics



