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Fluid dynamics

@ long distances, long times or strong enough interactions
@ quantum fields form a fluid!
@ needs macroscopic fluid properties
e equation of state p(T', )
o shear + bulk viscosity
o heat conductivity / baryon diffusion constant, ...
o fixed by microscopic properties of QCD encoded in Lagrangian

@ old dream of condensed matter physics: understand the fluid properties!
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Thermodynamic equation of state

@ describes volume V' with temperature T' and chemical potentials ug, pc
and ps associated with conserved baryon, charge and strangeness numbers

@ exchange of energy and particles with heat bath
@ can be simulated with Lattice QCD

o all thermodynamic properties follow from
p(T, pB, 1q, ps)

@ chemical potentials

e up for (net) baryon number
o pq for (net) electric charge
o ug for (net) strangeness
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Thermodynamics of QCD
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[Borsanyi et al. (2016)], similar Bazavov et al. (2014)
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o thermodynamic equation of state p(7T') rather well understood now

o used for fluid dynamics at LHC energies
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Moments and cumulants at equilibrium

@ mean value of net baryon number

_ 0
Np = (Np) = Va—p(ﬂ KB HQ, 1S)
"B

@ variance in terms of SNg = N — N3p

2 2 e
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@ skewness
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@ similar for mixed derivatives
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Lattice QCD results for cumulants

o Lattice QCD results for

B 0123 <6N]23>

X2 T yrs T Tyrs B~ (5N2) 317 79 T (5Ng)
X2 X1 Q
free quark gas | G cont, est. 41=Sa% /Mo \au[.alearﬁ'n“x;nxm] —
g @ 5] No=6 o 25 N
Pz o e
& POGHAG — 08 mymp=20 (opor) 2
A e .
Ne=16 %0 0306 L] | BNL-Bielefeld =8 —a—
12 - = i 5 [1208.1220]
5 m 04 u STAR preliminary
6 hﬁ\m 1
mgm=20 (open) 02 Bg,  reequikgas
27 (filled) |- E—— 05
o
0 T [MeV] 140 160 180 200 220 240 260 280 0 TMeV]
T [MeV] 140 160 180 200 220 240

140 160 180 200 220 240 260 280

[Bazavov et al. (2017), similar Bellwied et al. (2015)]

@ Hadron resonance gas (HRG) approximation works

[Borsényi et al. (2013)]

at small temperatures



Hadron resonance gas

o pressure for free hadrons and resonances with vacuum masses

. T2 2 m; Bius + Qipg + Sips
p—ﬁ;dlmiKz(T)cosh< T

o implies relations like

54
T2 d4p n
2 o (B7)
RBO'B:TB: : :1, HBMB:SBUB,
B,u%p

when only baryons with B; = 41 contribute

@ and for us = pg = 0 one has relations like

T 33 »
oud, uB
=t h<7)
an

SBoB = —5

Bp% p
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Hadron resonance gas versus experiment

@ ratios of cumulants are independent of volume V' and less sensitive to
kinematic cuts
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o particularly well suited to compare to experiment
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Moments versus differential correlation functions

@ problem 1: what is optimal range of acceptance?

o full coverage for 2°®Pb - 2°®Pb: no fluctuations at all

Np =2 x 208 = 416, Ng =2 x 82 = 164, Ng = 0.

@ too small coverage: Poisson statistics
@ problem 2: fireball is not in thermal equilibrium
@ approximate local equilibrium = viscous fluid dynamics

@ need more differential description including dependence on rapidity,
azimuthal angle and transverse momentum
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Correlation functions as generalized moments / cumulants

correlation function of baryon number density

CP P, &5t &) = (np(t, D) np(t',2')) — (np(t, @) (ns (', &)

@ integral over equal time correlation gives variance

JZB:<5N§>:/ d%/ &’z PP (¢, 751, &)
\4 |4

@ similar for higher order correlation functions

thermodynamic variables can be traded

(enp,nq,ns) < (T,pB, 1q, ps)
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Cooper-Frye freeze-out
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@ single particle distribution [Cooper & Frye (1974)]

AN [ dS. L,
B, =P /Ef @) filp; )

with close-to equilibrium distribution

fi(p; 'T) = fi(p; T(QZ), .ui(x)f u'u(x)v ﬂplw(l‘)v W("I")7 .- )

@ precise position of freeze-out surface is unknown, usual assumption

(T'(z)) = Tto = const
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Particle correlations from freeze-out

[Floerchinger & Guenduez, work in progress]

@ can be used for expectation values...

<E2§Z> = <pu /Ef éi;ﬂ(p;w)>
o ... but also for correlation functions
<EZ§,\Z E ji\]g> = puby /Ef éi; éi/): <fi(p; x) fj(p';w')>
the right hand side involves correlation functions

<fi(p; ) f5(p'; w')>

between different points = and x’ on the freeze-out surface.

works similar for higher order correlation functions.

thermal fluctuations and initial state fluctuations contribute to correlations
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Particle correlations from field correlation functions

[Floerchinger & Guenduez, work in progress]

@ one can decompose
T(2) = T(@)+0T(2),  p(a) = i) + ou(z)
and expand the distribution functions
filps ) =fi(p; T(x), f(), .. .)
7)o i T(@), ), )
+ Oula) 3 0 T@), ), ) -

@ two-particle correlation function governed by integral over
(filpsz) f;(05 ")) =filp; T(x),...) f;(0s T(2),...)
+ (TT@OTE)) g filp: T(@), ) g (T, )
+ (@) 5 (@), ) T, )
+ (@00 ) G F B T@) )3 LT, )

+ ...
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Critical physics

@ critical physics shows up in correlation functions

@ in homogeneous space

with correlation length

SmToTp

o critical slowing down triggers drop out of equilibrium
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Relativistic fluid dynamics

@ evolution of baryon number density from conservation law V,N* =0

uOun +nV,ut + V' =0

o diffusion current v* determined by heat conductivity x
2
nT m
a _ Aaﬁa (7>
v = [ L] A, (4

@ can be extended to second order in gradients

@ similar for net strangeness, charm and beauty currents

@ evolution of electric current needs also electro-magnetic fields F},,
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FEvolution of baryon number in fluid dynamics

@ small perturbation in static medium with «u* = (1,0,0,0)

%(m(t, &) = DV?6n(t, &)

@ baryon number diffusion constant
2
- [ (252)
€e+p on .

@ heat capacity x appears here because

baryon diffusion R heat conduction
in Landau frame in Eckart frame

is D finite forn — 0 7?



Heat conductivity

@ heat conductivity of QCD rather poorly understood theoretically so far.
o from perturbation theory [Danielewicz & Gyulassy, PRD 31, 53 (1985)]
T4

ko~ 1202 In o (bh<T)

from AdS/CFT [Son & Starinets, JHEP 0603 (2006)]

T T
m:87r2E77:27rZ—2 (n<T)

baryon diffusion constant D finite for yp — 0!
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Bjorken expansion
[Floerchinger & Martinez, PRC 92, 064906 (2015)]

o consider Bjorken type expansion

@ heat conductivity x does not enter by symmetry argument

1
dre+ (e+p)- -

(47+¢) 2 =0

1
dn+n—=0
T

e compare ideal gas to lattice QCD equation of state

(b)
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Perturbations around Bjorken expansion

[Floerchinger & Martinez, PRC 92, 064906 (2015)]

@ consider situation with (n(z)) = (u(z)) =0
@ local event-by-event fluctuation dn # 0
@ concentrate now on Bjorken flow profile for u*

@ consider perturbation on

d.6n+ L6n— D(r) <a§ o %a?,) sn=0
T T

@ structures in transverse and rapidity directions are “flattened out” by heat
conductive dissipation
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Solution by Bessel-Fourier expansion
[Floerchinger & Martinez, PRC 92, 064906 (2015)]

@ expand perturbations like

nrrom = [ dkk 32 [ S an(rkom,q) e g, )
0 m=—oo ™

o leads to )
0-0n + lén + D(1) (k2 + %) on = 0.
T T

e ratio of final to initial fluctuations
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@ only long-range fluctuations survive diffusive damping
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Initial transverse densities for conserved charge fluctuations

[Martinez, Sievert, Wertepny & Noronha-Hostler, 1911.10272]

@ conserved charge distribution from gluon to quark-anti-quark splitting

@ Monte-Carlo implementation
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Fluctuations at freeze-out

background-perturbation splitting can also be used at freeze-out

interesting observable is net baryon number

dNB o dNbaryon dNantifbaryon

dpdn —  dedn ddn

@ correlation functions and distributions contain information about baryon
number fluctuations

two-particle correlation function of net baryon number

dNg dNg >

CBaryon(¢l - ¢2,"71 - 7]2) = <W m
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Baryon number correlation function

@ in Fourier representation

d im 12
CBaryon (A¢, AT) Z / q CBaryon (m q) Ap+iqAn

m=-—o00

heat conductivity leads to exponential suppression

- 27 2 o~
OBaryon(m7 Q) =e " fimate CBan(m’ q)|n:0

@ [, and Iz can be approximated as

ne [ [F] (50,

w55 (50,

o I> > I, would lead to long-range correlations in rapidity direction
(" baryon number ridge”)
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More detailed theory: mode expansion

o Bessel-Fourier expansion of initial transverse density
[Floerchinger & Wiedemann (2013), see also Coleman-Smith, Petersen & Wolpert (2012)]

e(rdm) = &)1+ /k Wl () PN 1 8 o)

e azimuthal wavenumber m, radial wavenumber [, rapidity wavenumber k
@ can also be used for conserved charges

o fast convergence

=T
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Fluid dynamic response
Fluid dynamics of heavy ion collisions with Mode expansion (FLUIDUM)
[Floerchinger & Wiedemann (2014), Floerchinger, Grossi & Lion (2019)]

@ evolution of perturbations mode-by-mode
m=2,1=3

@ e. g. energy density,

7 [fm/c] 1°

r [fm]

0y

@ can also be used for conserved charges
@ particle distribution through response functions

free streaming hadrons

quark-gluon plasma

dN

prdprdédy

So(pr) [1+Zw

from background

™ o™ (pr) + ..

from fluctuations

@ resonance decays [Mazeliauskas, Floerchinger, Grossi & Teaney (2019)]
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Conclusions

o differential correlation functions of conserved quantum numbers

o net baryon number
o electric charge

e strangeness

o charm, beauty

contain very interesting physics information
@ sensitive to QGP transport properties

o heat conductivity = baryon diffusion
o electric conductivity
o heavy quark diffusion

@ need theoretical and experimental effort to understand this in detail



