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Sources of fluctuations

m [nitial-state fluctuations

Quantum fluctuations of the nucleon distribution
Quantum fluctuations of fast moving color charges

Quantum fluctuations of the gauge field
m Hydrodynamic fluctuations
® Fluctuations during hadronization

B Jet-medium interactions

Mach cones?

m |nitial-state fluctuations give rise to final correlations at the largest
rapidity difference !
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Initial state
fluctuations
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Rapidity correlations

. Ax
Initial separation: Ax, = A(TO smhn) ~t,Al — An=—"
tO
Relevant length scales for correlated fluctuations:
Ax, ~R/y Contracted nuclei
Ax, ~1/0, Q. CGC coherence length
Ax, ~1/T Thermal noise correlation length

Hydro propagation in longitudinally expanding medium increases separation by:

Ax,=2v,In(7, /7, )
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Theory

Space-time picture

Lappi, PLB 643 (2006) 11
r ‘ L rt i i :
| A" = Au) +Aq
\ (3) Uy AT — ig Al Al
\ t arAi = 0
T = CS
' 0-A"T = 0.
\/ /
v N @ -
A, = pure gauge 1 A, = pure gauge 2
(4)

A, =0
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HQUELE
Color charge fluctuations

Quantum fluctuations in the positions of the colliding nucleons give rise to a
position dependent density of valence partons and other hard partons: p2(x).

For given |, color charges of the partons combine in a random walk in SU(3).
This generates an approximately Gaussian distribution of color charges p2a(x).

1 2 a a
P[p]es exp(— Y Ja*xp*(0p <x>j

Neglected: transverse correlations among color charges, x-dependence of [,
confinement related effects, etc.
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Energy density fluctuations

Quantity to calculate: (e(x)e(y)) — (e(x)) (e(¥))

Energy density deposited by two colliding sheets of CGC:
1

g(x) = ZF{}(X)F{}- (x) +2A7°(x) A (x)

1
>—» e|  FS00 = gfane(AZ(13)A%2 %) +A2(2) 45 (1))
2

2
AT (x)A™(x) = ngabcfa’b’c A,?(l;x)A?(Q;x)A“;'(l;x)Aj'(Q;x)

CGC field correlator (light-cone gauge):

2 I
<A§‘(n; x)Ag(m;y)> = Omnab ‘ (gﬁl))z cos[p - (x —y)] % G(lpl)
2
GlIx)) = sy [1- exp (Gl m(Alx) ) | ©(1 - Alx)
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<€)

2 2 2 2
pi+p P11 — P
= = > 5 < 03}' + p1p2 ng

Decompose p-quadrupole tensor: PiP; = —

5ij +

. 1
<Ai("§ x)Ag(m; y)> = 3 OmnOab ((SijD(X —y)+ af'jE(x —y) — Uz-ljF(X — y))

2
DO) = [ 7555 Gllp) = lim G(x);  E(©) = F(0) =0.

G(0) diverges logarithmically; divergence can be regulated by “triumvirate” coupling:

1672

9" — (WX where  g(1/2%) = g s

2

Average energy density: (s(x)) = %N(N2 — 1)D?*(0) |Lappi, PLB 643 (2006) 11

Note: Logarithmic divergence exists only for T = 0. UV components of glasma field
get out of phase for T > 0 and render ¢ finite [Fries, Kapusta & Li; Lappi].
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(e(x)e(y)) = 9—4fabcfa > cfefdfe s ((A‘-*(x)A@’(x)Ae (V) A5 () ) (A5 AY () AL(Y)AL (v))
+ y) AL’ (y)><Ab(x)Ab (x)AL (y) A< ( >
+(A2(x) A7 (x)A%, () A5 (v) ) ALx)AY ()AL (v) AL (v))
x)AY (x) A, ()AL (y)

(e
(4 )
(45 )
(A2(x) A (045, (v)AL (v))
(4 )
(456
(

+

+

(
(Ab(x)AZ ()AL ()AL (y)
(

J

)
AB(x)AY ()AL (y) A5 (y) )
+ )

x)A" (), (v) A% (v) ){ AL AL (x) AL (y) A (y)

Ab(x)AY (x) AL (y) AL (y)

+

Az Y)AG(¥))
+(A2(0) 47 ()45, (y)Af (¥))
+(A2(0 A7 ()45, () A5 (v) ) (A2(x)AY ()AL ()AL (1))

< )
(AL AY () AL(v) A5, (v) )

Products of <AAAA> correlators of the CGC fields in the individual nuclei.
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(Gaussian approximation

Exact analytical evaluation of <AAAA> correlators in the CGC model is extremely
complicated. In LC gauge, it requires evaluation of gauge links between x and y
through (—0) along the light-cone. Alternatively, one can use link representation:

Ay ,2)(xT) = 50(1,2)(XT)diU(Tl?.Z)(XT)

. . _ 1
with Uy 2)(xr) = Pexp {—29 / dIi?P(l.‘z)(XTfl‘-i)}
: T

Generates infinite series of terms <p">.

For techniques for an effective evaluation of <U4> correlators in the Gaussian
approximation using color dipoles, see: Marquet & Weigert [NPA 843 (2010) 68].

General discussion for the validity of the Gaussian approximation:
lancu & Triantafyllapoulos, arXiv:1112.1104 [hep-ph].

10
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Abelian Gaussian limit

To obtain a simple result, we make the Gaussian approximation for the <AAAA>
correlator, which assumes Gaussian charge correlations and abelian dominance.

Rationale: € is dominated by high-field regions, where fields are approximately
abelian.

’

(AB0AL ()ALM)ARY)) = (ALAY (x) ) (AL AL Y) ) + (A5 ALW) ) (AL (045.())

H( AL A5, () (AL (V) AZ (x) )

Many lines of algebra later ..... one finds a simple result:

4 7g4

(e(e)) —{e())(ey)) = %NZ(NQ —1)D(0)" K (x—y)+ 6 N*(N*=DK(x~y)’

K(z)=D(z)’ +E(z)’ + F(z)’

11

Wednesday, September 26, 12



() = S

Theory
Ag/e is large
Parameter choices: Qz = (¢%°n)? = 2 GeV?Z;
g (n*) = 3.785;
1672
: \\\\\\\\\\\\\\\\ g°(1/2°) 9In(1/(A2z2))
. D(z)
g | 0.7¢
1 0.6
| | 0.5
03
0.2
oo 02 04 06

Z (fm)
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Alternative models

G()=G,p(z* /&) with G, =4mi®, 1/& =+Nu(gpy

¢1 (l/t) _ e—u/Z

Oy()=(—-€e")/u E
O, (1) = (1 + %)

13
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Implementation 1

Theory

S. Moreland (OSU/Duke), Z. Qiu( (OSU), Talk at QM2012

Map Gaussian A€, <€> on positive definite negative binomial distribution
with same mean and standard deviation, generate random sample:

. ' I ' I ' I '
. 3 A — MmHer-%cl%)mfer )
" * C(1+(r/a))
0.4k ¢(=g(ra)') !
- — L o ¢=m3 .
) ~L o ¢o=mw4
=03 o ¢=38
I @ o ¢=m2
5 0.2F
0.1f
00
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£(X,y) in central event

Theory

dE | dyd?r(GeV /fm?)

Fluctuated MC-KLN, Au-Au, 200 GeV; Npart=380

15
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No influence on g ?

inWPP [ dxdyr?e™®p(x.y)
N J dxdyr?p(x.y)

Using definition: epe

Quantum Fluct. w/Mueller-Schaefer Covar.

. MC-KLN + Gluon Field Fluct.
0.5 MC-KLN = Y

0.4
0.3

0 100 200 300 400
Npart

16
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Theory

Implementation 2

Numerical implementation of
color field fluctuations:

Schenke, Tribedy & Venugopalan,
arXiv:1202.6646, 1206.6805

T =0fm

A M'ﬁl

Glasma

y [fm]

Color field fluctuations

in the colliding nuclei

Energy density
and (ug, uy)
atT =04fm/c

17
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Theory
Flow analysis and LHC data
Schenke, Tribedy, Venugopalan (QM 2012):
Nice agreement with Pb+Pb data for n/s = 0.2 in va(pT) and vn(b)
o 0.14 ; . . .
: ATLAS 5030%. EP 0.12 | zi z ,:]\/E’IC::Eodzata Vni2}, pr>0.2 GeV |
02} Towich = 0.2 1Im/c 01k ‘
o 015 S 008}
o e
£ o1 £ o068
0.04 |
0.05 e
0 0

05

Pr [GeV]

centrality percentile

50

Inconsistency with Moreland et al: €, are influenced by finer gluonic fluctuations!

18
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Counting hot/cold spots

Theory

= s, )

Ym = event plane angle

G. Qin & BM, PRC 85 (2012) 061901

L L) llll]ll

L T TN L) lll]ll]l L lllll]ll
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N = 334155

1 1 lllllll

1 Ll

038

06

04

10
N

B
N
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Hydrodynamic
fluctuations

20
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Theoru
r QT TTE W 2 week ending
PRL 98, 064504 (2007) PHYSICAL REVIEW LETTERS 9 FEBRU.-\RYI 2007

Universality Crossover of the Pinch-Off Shape Profiles of Collapsing Liquid Nanobridges
in Vacuum and Gaseous Environments

Wei K:mg and Uz Landman

School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332-0430, USA
(Received 5 June 2006: published 7 February 2007)

Liquid propane nanobridges were found through molecular dynamics simulations to exhibit in vacuum
a symmetric break-up profile shaped as two cones jomed in their apexes. With a surrounding gas of
sufficiently high pressure, a long-thread profile develops with an asymmetric shape. The emergence of a
long-thread profile, discussed previously for macroscopic fluid structures, originates from the curvature-
dependent evaporation-condensation processes of the nanobridge in a surrounding gas. A modified
stochastic hydrodynamic description captures the crossover between these universal break-up regimes.

Molecular Dynamics
Lubrication Equation

Stochastic Lubrication Equation
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Particle number fluctuations
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Theory

Particle number fluctuations
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Theory

Particle number fluctuations

22
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Theory

Relativistic Dissipative Fluid Dynamics

™ =—=Pg"™ +wu"u’ + AT"
Ji=nu" +AJ;

In the Landau-Lifshitz approach ut is the velocity of energy transport.

ATH = n(A“uV +Avu“)+(%n—§)H“v d,u”

H" =u*u’ -g"', A, =0, -uuds, Q,=0,T—Tu"d u,
AJ =)((nBT/w)2 A*(u, /T) st = SM“—%A]I/;L

n j i ij 2 C 2 L \2
aus“zﬁ(aiu +0,u'-26"9,u") +?(8kuk) +F(8kT+Tuk) >0
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Theory

Landau’s theory of hydrodynamic fluctuations

uw __ guv 1hY 1hY
T =TY +ATY +5

Stochastic source S =9 4 gH

V1S heat

Fluctuation - dissipation theorem: S$"Vis related to AT

<SHV(X)SOfﬁ(y)>:2T[n(HuaHvﬁ +HMBHW)+(§—%77)H“VH“[5]54(x—y)

V1S V1S

(St (x) S

heat

(y)> =24T" [H“O‘uvu + Hu"u® + H"y u® + Hvau“uﬁ]54 (x— y)

<SV‘§: (x)S2 ( y)> =0 N. Salie, R. Wuffert, and W. Zimdahl, J. Phys. A 16, 3533 (1983).
E. Calzetta, Class. Quant. Grav. 15, 653 (1998).
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Solution procedure

d T+ +a ATH = 8 SHY

U 1deal VIS

Choose initial conditions

Solve hydro equations for arbitrary sources SHY
Calculate correlations / fluctuations of observables
Average over stochastic sources

Apply thermal freeze-out smearing (Cooper-Frye)
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Bjorken scaling hydrodynamics

Bjork
wibles.  T=N1'=2', E=tanh’(z/1), 1=7tcosh§, z=7sinh¢

variables:

u = COSh(f + a)) , u= Sinh(é + a)) Longitudinal flow fluctuations

T=T,(t)+6T(,7) oe=c,(T)oT
P=P(t)+0P(,1) OP=s(T)oT
€=¢€,(1)+0e(&,7) O0s=0e/T = p=0s/s |Density fluctuations

w=¢+P

ATY =—(4n+¢)@-wh™  S* =w()f(& )h"

V1S

2T (7T)
ATw(T)’

(fET)f(E )= [4n(T)+¢(D)]6(t—T)S(E-E)

00
Boost invariant background suggests FT: X(AT) — / d{e_“"'k‘f)('(ﬁ, 7)
—00
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Sound horizon

Equations for small fluctuations can be solved analytically: Green’s functions Guw/p(k;T,T’)

min(71,72)
~ - 27 dr2v(T) ~ .
<X(k1-.71) Y(kz,f-z)> = —0(k1 + k2) 3 (_ ) Gx(k1;71,7)Gy (ka; 72, 7)
A 73 w(T)
T0
1.5 |
&1 source ﬁz 7 Gaussian smeared Giing
@ O o > 1.0
< > : In(7¢/7) = 4
vsIn(m¢/7) wvsIn(7g/7) £ 05
QU i
Q I
_ ) i
source S1=C2 00
© > 05
vs In(7¢/7) 1ol -
"0 2 4 6 3
Sound horizon: E,l - <§2
Gxy(&7,7)=0 when [¢| > 2vsIn(7/7)
27
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Rapidity fluctuations

dN. |
Freeze-out with Cooper-Frye: P’ = s = / d*o, p" 0(o - p) ds fs(x, p)
P >

dN dN\ /dN\~ 45d, T2 22
<o ’ ><_> = AN : ( 0) K (An)
d"?l d’)? d77 A4 N eﬂ'(TO) Tfo ']?

B0, *
2.5 Viscosity and thermal
20" freeze-out smearing |

K(An)
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Rapidity fluctuations

Od]\'rs_/ 3 -
P dgp_ zfdapp”‘t‘)(a p)dsfs(il},p)

N dN\ /dN\ ! 45d. T2\ % 2
dny dno dn 474 Negg (To) Trre \ T7

Freeze-out with Cooper-Frye:

30 *
] 70 =0.16 fm/c
25 Viscosity and thermal|
2.0 freeze-out smearing To = 600 MeV
;51 f |
Z tr= 10 fm/c
Tr= 150 MeV
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Summary

m [nitial state fluctuations:

Approximate analytical form of the energy density fluctuations has
been derived in a CGC inspired model.

The result is rather insensitive to details of gluon distribution in
the colliding nuclei.

Energy density fluctuations are large: Ae/e ~0.7 at Ax =0

B Hydrodynamic fluctuations:
Can be model independently predicted given a hydro scenario.

Encode important information on transport coefficients and speed
of sound.

Can generate rather long range rapidity correlations (An ~ 3-4).
Transverse flow under study by Stephanov et al.

29
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