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EXANIT S LAZVED. etc.

—> multiplicity, transverse energy, centrality, etc.

{5]: Centrality (F10 ) ...
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208 208
b+ TP 60-70%

VSNN = 2.76 TeV

The CMS Collaboration, Eur.
Phys.J.C (2012) 72:2012
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Collaboration], Phys. Rev.

Lett. 107, 032301 (2011)

14



EERAY IR QGPAE AR D (AL SIEHL

QGP signatures (~ 2005) beam axis

X beam axis —_—

* C(Collective flow
 Jet quenching
e Strange enhancement

* Thermal spectra of photons/dileptons

e J/Y suppression

* etc. Transverse plane  Longitudinal profile
" Hydro model | PHENIX Data’ STA'EODara[
o O Mty A

z 0.3 f( A TIE*;{K' OAEK | .

I3 p . Momentum anisotropy parameter v,

Q A

£

S 02 N _

8 Au+Au at Vs, = 200 GeV (RHIC)

>

S 0.1 . :

3 Points: experimental data

S o Lines: hydrodynamic predictions
| ] | |

Transverse Momentum p ; (GeV/c)

from M. Gyulassy and L. McLerran, NPA750, 30 (2005)
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0. BZER & FIZETRILF— (5l: Pb+Pb 2.76 TeV)
1. AR MEIR (B1: 0-5%)

centrality, event-shape engineering, etc.

2. RIFDiEIR (Bl [n] <0.3)
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MIF0DEX > multiplicity (dN/dn), spectra (dN/dp;)
B ene > T0—. HEBE p,
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SC(n,m), AC, ,(n,m), NSC(n,m), NACa'b(n,m), MHC, nMHC
YIHIRALE RIS ETILINS A —4F
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> 5K (X Global Bayesian Analysis?
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Global Bayesian Analysis
RAXBEHTIZ L BRI DS HEDOHIR

(S. Jahan, H. Roch, C. Shen, QM 2023, arXiv:2408.00537)

Initial stopping Shear viscosity (ug) Bulk viscosity (T)
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90% prior 90% prior ==+ 68% CL === 90% CL - zg; EE”
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iIEBE-MUSIC / 3D #J¥#A&4+ (string deceleration)
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M DOX = SELETE (FETELL)
= Toq(X)

M M 1R = Navier-Stokes ¥ E
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Mueller-Israel-StewartiE;
l. Mueller (1967), Israel-Stewart (1976)

BRI IZ R RFEEZE > TIEWOIFEWLIE T AN,
NSRRI T RBREZHS, L7

> WO REZRMNBR TS U2 F-D A [ERE

FUBRDWTDIEZ LFICANTIHFRIZEZAREEIC

0, Uu=—Vr, M=—vVu-—T;0,TT

—DEDAREX(BEEAEX)DHEIL
HMoNTWTAHARREIZZS
nDAELIZn BRFUENS

=BIRMICRATNIZEEROFTENHLIEKRETENTLVS
= 3 DD resummation

* Al D ER D15 : DNMREEER Denicol-Niemi-Molnar-Rischke (2012)

aHydro M. Martinez, M. Strickland (2010) resummed shear viscosity Denicol-Noronha (2019), ...
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> (R=FH) + (GENNBEHEOFEELIEN)

« Extended thermodynamics / Israel-StewartE2 &
iﬁt&ﬁiﬁ(d)Navier-Stokesh\BOD'd:*L) |. Mueller (1967), Israel-Stewart (1976)

» R 5B

. BUBHAR: FHE g,

* Spin hydrodynamics: AE T2 )L SMY Becattini (2011), etc.

* 3F:Zﬁijj’r§)l/ull.1$ jj’f7)l/iﬁ (0 7'[) M. Nahrgang et al. (2012)

* ﬁ47)bmﬁulbw $E| |§E E;ﬁ Ng M. Hongo, Y. Hirono, T. Hirano (2017)

e Hydro+: 253 48B8 (6(s/n)(x) 8(s/n)(0)) M. stephanoy, Y. Yin (2017)

* mﬁﬁ?ﬁuuﬁk 'I:E;E%A-iﬁ E, B K. Nakamura, Y. Nonaka et al. (2023)

> hydrodynamic mode (CE 5730\
Hydrodynamic mode = (1 = oo, |2 o THKDBEHE): {RfF= & massless mode
Non-hydrodynamic mode = (G LI ISEEE R (CH 1T DBURIRIR E
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Rayleigh-Taylor instability
by thermal fluctuations

taken from Courant Institute,
http://cims.nyu.edu/~donev/Rese
arch.html
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TIATIZFBID 5 (hydro fluctuations)

L. D. Landau and E. M. Lifshitz, Fluid Mechanics (1959)

TibiZDED 5

Spontaneous field fluctuations
of fluid fields such as v, I, etc.
at each t and each x

X c.f. L. D. Landau and E. M. Lifshitz,
Fluid Mechanics (1959)

j%ibﬁ&ﬂﬁg{% (FDR, fluctuation-dissipation relation)

Magnitude of fluctuations 6, etc.
is determined by dissipation n, etc. (and temperature 7)

(67 (2)dm%P (2')) = ATnA* P (¢ — o)

n#0 om#0
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AR TIZERP 5 Z (hydro fluctuations)
iﬁw%wﬂ,@ 5 g\ L. D. Landau and E. M. Lifshitz, Fluid Mechanics (1959)

Noise terms &(x) in hydrodynamic equations (~ Langevin eq)

e.g. In the second-order theory (causal & stable)

T TWA”VQBDWGB _ 2778(:%“)” 4.
1+ m DI = —¢a,u" + - --

XA Y —H—D3B{T(regression){R &t
[ FEHESDEIEST D FHILERIT (X
SMFIZRDIEEIDEFIEEEICE)ERCARERIZHS ]

;EE}J Eﬂﬂﬂﬂﬁ& (FDR, fluctuation-dissipation relation)

Magnitude of fluctuations 6, etc.
is determined by dissipation n, etc. (and temperature 7)

(67 (2)dm®P (2')) = ATnAFY P53 (¢ — o)
n#0 ot #0
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FDR: {6mt2) =~ 4Tn / At AX3

DS Z20HD 7K B A > %2 QGP
n = 103 [Pa sec] (= 505) n=0.1s=0.2[fm3]
T =300 [K] (=3 %109 [MeV]) T = 300 [MeV]
Ax = 1073 [m] Ax = 1 [fm]
At = 10 [sec] At = 1 [fm]

ém =~ 4 X 108 [Pa]

o = 2 X 10? [MeV/fm?3]

P =~ 10° [Pa] P~ 4X103[MeV/fm3]

S/P=4x10"%
B4 BT

ér /P =0.05

(At, Ax: EBRD HHHBIFIR 7 —)L)

SN 5 QGP DREHFEHD ST (LR TELHLY
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r &REH 9, T" =0, THANF—EHEEE

9, N!" = 0. BHRYE

5“ IS

REBAER P = P(e,n)

B|RCAER (H)
DI + o611 + 11 = —C0 + &,

TﬂA“VQQDWaﬁ + o, 0" 4+ 7t = 2not” 4 EL

TijAuaDV? + O};jgyf + 1/,'? = FE@T@M% + Ef

2R $2F Navier-Stokes
D= uﬂam MBS
VH* = A*0,. ZREHn
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o RAMZIEZA~T~ 150 MeV ~1/(1.3 fm)

* Nonlinear causality condition
F. Bemfica, M. Disconzi, V. Hoang, J. Noronha, M. Radosz, PRL 126, 222301 (2021)

. ,“Jd)b%@j:%é ~ N\3/2
Mo EROEZS: 08 > 1R > 2R
P > N D> NZz RS U EDEMHE

o FEFNFURRI(RD2IRDFIE v 2019)

(€n(x)en (') — (2 4 DI 28 me) T¢5® (@ — o),

TTI

ETREFNIFESE0, BREIZHIR

BRR G EMTRIFFEX D
> RIAAERICSH T HS5EHMIE or Bl DRFEA?
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BRI

5Li 1 EDFBMFHAES (A= - B) D
Feshbach HIE(C K DWIZBDETT
SIHENELR a0, #E XD Z EICKDBE/ERZH1EH

B4 EERLAKROERTO— nis M RHE—FOREID)
SEE TR D TR o
s E} &
0 : i {{ } #
0.6 p;; ﬁﬁ %
. . T/Z;F .
K. O’Hara et al. Science 298, 2179 (2002) T. Schafer, PRA 76, 063618 (2007)

VEZERR ~ ERABRRIGEWLRIADREE? cf Impurities (~ heavy quarks) D5 &

Y. Akamatsu et al. arXiv:2312.08241
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