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http://inspirehep.net/record/1721796

= Motivation: Search for the QCD critical point.

= Experimental approach: Beam Energy Scan (BES) program.

= Theory toolkit: Generalized hydrodynamic formalism with

[) fluctuations in arbitrary relativistic flow. ) critical slowing down (Hydro+).
Misha's talk (Tuesday) Stephanov-Yin, 2017
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Historical review

authors year | relativistic | arbitrary flow | non-conformal | charged | critical
Andreev 1970s b 4 4 v 4 X
Akamatsu-Mazeliauskas-Teaney | 2017 v b 4 4 b 4 b 4
Martinez-Schafer 2018 v b 4 b 4 4 X
XA-Basar-Stephanov-Yee 2019 v 4 4 v v

QM 2019
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The Great Wave

K. Hokusai, 1830
Left: Original;

Right : Coarse-grained.

microscopic
Length: Crnic
Wavenumber: T

< b
> A

fluctuation background
< Y < L
> q > k

MWWWWWWWWWVYVVNNNNNS N S T

Relaxation rate I'jelax = ’yq2
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In equilibrium

competition

«~— q* — Out of equilibrium

Evolution rate w=csk = ¢* ~ J/csk/v.
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= Stochastic hydrodynamic equations:
o) = -V - (ﬂux [/)] + noise) (conservation)

where 1) = energy, momentum and baryon charge densities.
= Deterministic hydrodynamic equations:

O = =V -flux[v; G,
{ 0;G' = relaxation[G — G, Y]
where
V(@) = (), op(x) =0 —(); (I-pt)
Gz, y) = (00 (x +y/2)00(x —y/2));  (2-pt)
(noise(z 4 y/2)noise(z — y/2)) ~ 6@ (y). (FDT)

x—y/2 = x+y/2
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= “Confluent” quantities: correlators and derivatives adjusted by the fluid. xa, et a1 2019

u(z + Az)

() A(-y/2) M/ | ) A(y/2) A(Az) A(Az)dep(x)
u zfy/Z) T~ u(z+y/2) A
\ | ’ 5¢(®)§ ‘ =+ Az S(x + Ax)
T Y

equal time: u-y =0 correlator: G 5 G derivative: 9 -+ 8
= The “confluent” Wigner function
W(z,q) = / e Y Gz, y)
Y

satisfies a “confluent” evolution equation.
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= Upon averaging over fast modes on relevant time scales, seven slow modes survive.
The sound mode decouples and matches the kinetic equation for phonons: xa, et a,2019

- 0
LIWiy] = |(u+v)-V + force - 3 ] Wiy =-Ti?(Wey —T/E),

q

where v = ¢5q, E = ¢5|q| and
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Inertial Coriolis "Hubble"

“Finally, after about six months of work off and on, all the pieces suddenly fitted
together, producing miraculous cancellation, and | was staring at the amazingly simple
final result.” (C.N. Yang)
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= flux = flux [¢; G] where

A o~
Ga) = [ W) ~ A4 20w wT) + G

divergent remaining

Divergent part: renormalize flux, i.e., ¥ — ¥ (EOS), v — ~r (transp.coeff.).
Remaining part: non-analytic terms (long-time tails)

G~ ¢ ~ (csk/7)*? > OK?).
= We obtain a closed set of cutoff-independent equations suitable for simulation: xa, et ;2019

Onp = =V - flux [1); G Orpr = =V - flux [¢or; G,
— _ ~
9,G = relaxation[G — G(¢9); 4] . 0:G = relaxation[G; ¢¥R] .
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Critical slowing down: T'yejax ~ £% — 0 as the correlation length £ — oo near the critical
point.

Hydrodynamics breaks down when relaxation rate < evolution rate (i.e., I'elax S w) .

Hydro+: Extending Hydro by adding
one critical slow mode G relaxing
Wlth F)\ ~ 6_3. Stephanov-Yin, 2017

Our formalism merges with and extends Hydro+.
XA, et al, 2019

Hydro
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= Sound mode decouples, while remaining slow modes mix:
L[Woo) = = 20y (Woo — WD) + LW,
LIWsi] == (I +T'\) Woi + LWoo, Wei, Wij]
LIWij] = =21, (Wij - I/Vi(;q)) + L[Wij, Woi] .
= The correlation length £ increases as the system approaches the critical point, thus
Mh~Ee? <« T,~e? <« b

= Don't forget that I',jax and w compete!
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= Sound mode decouples, while remaining slow modes mix:
L[Wao] == 20 (Wao = WD) + LW,
LIWsi] == () +Tx) Woi + LWog, Woi, Wij)
L[W;j] = - 2L, (Wij - Wi(;q)) + L[Wij, We] -
= The correlation length £ increases as the system approaches the critical point, thus
M~¢3 <« Iy~e? <« ¢

s Ly < Iy

Hydro

|
g’ @
toward the smaller system (increasing w) approach the critical point (increasing &)

Hydro
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= Sound mode decouples, while remaining slow modes mix:
LlWog) = =205 (Woo — WD) + LW
LWy =— Ty + 1)) Woi + LW, Wi, Wij],
LWi;] = =21, (VVij - WS“’) + L[Wij, Woil .
= The correlation length £ increases as the system approaches the critical point, thus
M~¢3 <« Iy~e? <« ¢
N <w <!, < ¢l

Hydro

g’ £ @

toward the smaller system (increasing w) approach the critical point (increasing &)
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= Sound mode decouples, while remaining slow modes mix:
LlWoo] = = 20y (Woo — WD) + LW,
E[Wai] = - (Fn + F)\) Wai + L[Wam Wai; Wij] 5
LIW;;] = — 2T, (Wij - Wz‘(jeq)) + LWy, Woi] .
= The correlation length £ increases as the system approaches the critical point, thus
M~¢3 <« Iy~e? <« ¢
<D < w <<

Hydro

£ £ £l @
toward the smaller system (increasing w) approach the critical point (increasing &)
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= Sound mode decouples, while remaining slow modes mix:

A Equations need nonlocal modification! = —— Model H

= The correlation length & increases as the system approaches the critical point, thus
MH~e3 < I~ve? < ¢
-F>\<<F¢,<<§_1§w:

Hydro Model H

&’ g? & w
toward the smaller system (increasing w) approach the critical point (increasing &)
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= Schematic frequency dependence of the transport coefficients due to fluctuations:

A Hydro Hydro+ Hydro++ ModelH
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= QOur formalism is designed to

1) apply to arbitrary relativistic flow;
2) extend hydrodynamics to smaller system;

3) extend Hydro+ closer to the QCD critical point.

= To Do List:

1) higher-points functions;

2) first order phase transition;

3) freeze-out of heavy ion collisions;
4) hydrodynamics with other DOFs.

A lot of work could to be done and interesting physics is just ahead!
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Backup
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= The conserved quantities
where the stress tensor 7" and charge current J# are given by

T (e,n,u) = w(e,n)uru” + p(e,n)g"” + TI",  w=e+p(e,n),

JH(e,myu) = nut + v,

and
1
" = —2p (0““ — §AW9) —CAMO, vt = -\ 8ﬁ(u/T),

or = — ((9“u”+3”u"), 0=0-u, A" =g"+uru”, A"MY,=0).

= Conservation equations
oI =0, 0,J"=0.
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= Fluctuation evolution equation:

w-VW(z,q) = — [i[l_(q) + K@, W] - {%I]__ + D@ 4 K, W} +OW + 209

ow 1 d1\C ow
w2y ZLATS (@) =0
0

9 (o @ p_ L (9)
+ 8Q)\ ({n)\ ,W}+ [Q)\ 7W] 4[[H>\7 [I]- ,W]] )

where schematically

l]-(q) ~ Csq, I]_- ~ CSvJ_a ID(q) ~ Q(q) ~ 7q27
K~ d(u,a), Hn~cdu, 0~ ciwg
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