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Cosmology and HIC

Present
(13.7 x 10° years) RHIC data

WMAP data ¥
(3x10° years) |
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HIC @ RHIC

hadronic phase
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Puzzles from RHIC

Glauber

Viscous hydro is compatible with
experimental data only when

n/s < 0.2

Elliptic flow in PbPb @ 2.76TeV at LHC
[ALICE: arXiv:1011.3914 [nucl-ex]] 1S 1dentical
to AuAu at RHIC

String theory methods - AAS/CFT with
gravity duals:

1
§ = —
n/s= -
What are n, C,... in QCD? Is the plasma
‘strongly coupled’? Is N =4 SYM really
a good model for QGP?

Ultimate answer only from non-
perturbative calculations in QCD!

Luzum, Romatschke, ‘08

25 T x . T x
© STAR non-flow corrected (est.)
e STAR event-plane
20 .
0ege * o 1/s=0.08
= ....... ’...
= 151 o® -
8 0000000 OOG
2 { /s=0.16
4
CGC
25 T T ™
- | ©  STAR non-flow corrected (est). 1. 008
okl ® STAR event-plane —_”"‘ 0.08
[ P e0%000,, oo
Z 15} qees®t 0, _
Z 4.. ol PO O, 004
R o® O&O L 2
‘;:; 10k KOOQO 4 1/s=0.16
' 1\;003"
(o
- O -
3 *
0 1 " 1
5/29 0 1 2 <



Universitat Bielefeld

Puzzles from RHIC

. . . . Luzum, Romatschke, ‘08 Glauber
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Linearized Viscous
Hydrodynamics

@ Macroscopic Form of Energy Momentum Tensor:

T = —Pgl” 4+ (e + P)utu” + ATH

2
ATH = n(APu” + AYut) + (377 — ()H" 0,u”

® 1,¢ =shear and bulk viscosity

e u” velocity of energy transport

° A“:ﬁﬂ—uﬂuﬁﬁg, H" = u*u” — g"”
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Motivation |

Transport Coefficients

@ Matching of linearized hydrodynamic and linear response description in
QFT---Kubo formulae: Viscosities and other transport coeffs. are obtainable
from retarded Minkowski correlators of energy momentum tensor 1'*"

p12,12(w, k = 0)

n == lim
w?O w
(=TS piyy Piai(@,k=0)
9 < 1w—>0 W
t,)=

Puvpo = ImG/}ijJ (w, 0)

nym(w,(}) = z'/ooo dtei“t/de ([T (t,%x),T,5(0,0)])
Gr(w) = Gg(wp = —i[w + i€])
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LEZE Motivationl|
Transport Coefficients

Q@ However, Lattice determines spectral density p from Euclidean correlators:

Need to invert ) © dw cosh (% - ,f.) 5w
G(T) = p(w) . 1 Bw
0 ’IT Slnh 5
A simple parametrization of Ap(m,T)/(® s)
3 r———77——T———r——
H. B. Meyer, 1002.3343 | 1.24T ,
02 In SU(3) Y-M Theory 1.65T, —— ||
0.1
0 =
-0.1
-0.2
B L ecesnn cpeennn Sre s K gy A KPP NS
0 2 - 6 8 10 12 14
o/T

BB For extracting IR limit of p, need to understand its behavior also at w =~ 77’
— very non-trivial challenge for lattice QCD, requiring perturbative imput!
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Successful example

Q@ For the vector-current correlator, 5-loop vacuum limit and accurate lattice data
available = Model-independent analytic continuation of Euclidean correlator a

la [Burnier, Laine, Mether; EPJC 71] possible

@ Result: Estimate for flavor current spectral density and flavour diffusion
coefficient [Burnier, Laine; EPJC 72]

T=145T,T =125 Ay v, T=11/48,% =0897T"
106 T T ' i | | 04 T T T T |
104 1L %0—_ -
/'.’ '§§ 10

/G,

| | |
|I—0—1|| |
S
dl“/UJT

O lattice

-

I [— — | : 1 . 1 . ! .
0.0 0.1 0.2 0.3 04 05 0 5 10 15 20
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Correlators

Q@ Spatial correlators measure screening in medium = Comparison between lattice QCD,
pQCD and results offers isights into structure and properties of the QGP

Q@ Igbal & Meyer (0909.0582): Lattice data for correlators of TrEF*” F,,,, in semi-
. . . H
quantitative agreement with strongly coupled N =4 SYM, while leading order pQCD

result completely off. How about NLO?

Gp2e2(T, 1)/ (dp TO)




Setup

e Work within SU(Nc) Y-M theory s:- [“o [orox {5}

4= e pr

® Operators: 0=cyg?F%F% , X =cy€upogoF2 F2

B uvt pv B™ pv= po ?
® Define: ° Go(z) = (6(z)0(0)). ,

Euclild::an Gy (z) = (x(z)x(0)) ,

correlators Gp(z) =2 c,27 Xv,0p(x) (T (z) Tap(0))c,

D -2
where x,,.5=PLPL, - —— (PiaPip + PisPla),

va?

1
Ty = 58 FasFap — FiaFy

Gp(z) = —16c,27 (Tho(x) T12(0)). .
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Correlators to NLO

The LO and NLO Feynman graphs contributing to the correlators

ﬂ"ﬁﬁﬂ? e
,ﬁi::} (i) (iv)
() {I} gy {i;g:}

(vi) (vii)

e Write down diagrarpmatic expansions for Euclidean correlators in
momentum space G, (P) = 7pe"P TGo(x)

e (Carry out Matsubara Sums by ‘cutting’ thermal lines and evaluate

remaining 3d integrals

e Extract the spectral densities with p,(w) = ImG,, (po = —iw + 07, p = 0)
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Correlators to NLO

The LO and NLO Feynman graphs contributing to the correlators

iliﬁﬂﬁ e
{::} (i) (iv)
() {x} gy {ﬁ}

(vi) (vii)
* When can perturbation theory be expected to converge?

] 1
Aer ~ V(A + (Rr)® ~ 5 +(@nT)

At least, if either x < 1/Aqcp (w > Aqcp) of T > Aqcp!
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iIson coefficients

for OPE

e In UV, define AG.(P) = G.(P) — GL=°(P)

AGy (P) 3 /p? g2N 22 p° 203
i~ s ) Gy (Fuh+ )] ot
-2

_ gzi[1+g2bolnC:P2](e (1) +0(g", =)

AG, (P 3 /p° 2N, /22 @ 347

—16>;§(<92‘ TP ?“’i) [”(iw)z(smlfi” 18)](e+p)(r)

-2

+ g-’-’ibo i +92b°1“<:p2] (e —3)(T) + O(g*, ;)

AG, (P 3/ p? 1 2N, 41 / p?

a? = e a(T ) e m (R ) e

- : [1 gbolngn] (e — 3p)(T)+O(Q i)

3g2b0 P2

Note the absence of logs of (4 1n the shear result.
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in short distance
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Gy (r) 12d 4 2(e + p) 2(e — 3p) TS
—166'33(_ = eS8 Yx: 1( ) —T Tx; e+p( ) 72—1-4 Tx:e — ;p('l‘) + O 7‘2
Gg(‘r) 12d 4 2(8 + p) 2(8 - 3p) T
403 = 7r4'r8 ’YB [(T) - W"/G;e 'f'p(r) - 7{_2—7‘4 '70 e— 3])(1‘) + O 7“2
Gy(r) _ _ 24d4 2(e +p)(T) _ (e — 3p)(T) %
4c';27 = — 5rdrs AI’I}_:I(?‘) + 2pd Tn: e+p(7‘) + 2pd ’Yr);e—Sp(T) + 0O ’f‘_z
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spatial correlators

B .
/ dr GQ(X) = / e Ga(pn — 0: p)

Go(z) =
0 h
-sr Bulk channel :.::
I I T I L4 T 1 ' T T I LS I L I Ll [ 1 I
-= QPE
== OPE — NLO
1 — NLO| - ~ 1+ —
r-[_‘ _}:: -----------
.3 >
N "*; ------------------------------- SN
> o
=< | - ;
20 S 0
1C} T ‘,
I
,:ﬂ 53 y
1 o,
I ,,
-1 -3 / /
1 | | o L ! 1 | 1
0 1 2 § 4 5 6 0 | 2 § 4 5 6
- T=2nTx -

BAOPE results are applicable only in the range z <1
M There is a visible difference between the two channels in the regime 15255
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Time averaged
spatial correlators

T=3T

Bulk channel
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3
B Qualitatively, NLO results considerably closer to lattice than LO ones in

bulk channel
B However: We computed time averaged correlator, not equal time

B AdS computation of same correlator in large-Nc¢ YM underway
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Universitit Bielefeld Ti m e av e ra g e d
spatial correlators

Bulk channel

Gp2p2(T, 1) / (dy TO)
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B Qualitatively, NLO results considerably closer to lattice than LO ones in

bulk channel
B However: We computed time averaged correlator, not equal time
B AdS computation of same correlator in large-Nc¢ YM underway
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One way to cal. SPF to NLO
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Spectral Functions

plw) = Im [G(P) ] P—(—i[w+i0+],0)

e After Matsubara Sums, the imaginary part can be
extracted with

1 1
— Pl — | T2 :
W iO"’ (w) ZWé(w)

e Example:

pb
F) = #QRQQRQ[(Q —RZ+N(Q-PR2(R-P)?°
Denoting Eq’z q, E,=r, Egp=+(q—r1)2+)2,

1;
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Spectral Functions

plw) = Im [G(P)] P—(—iw+i0t],0)

Go(P)
4dAcg

+ gch{2(D —2) [—(D —2)I, + (D — 4)Ib] + (D —2)? [IC — Id]

34 — 13D D — 4)?2
L If_( 2)

~ 4D -2)|-J,+ 55|

Pb
?SQRQW[(Q “RE+ @ PP(R—PF
Denoting E,=q, E.=r, E,=+/(q—r)2+)2,

Z(P) =
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Spectral Functions

plw) = Im [G(P) ] P—(—i[w+i0+],0)

e After Matsubara Sums, the imaginary part can be
extracted with

1 1
— Pl — | T2 :
W iO"’ (w) ZWé(w)

e Example:

pb
F) = #QRQQRQ[(Q —RZ+N(Q-PR2(R-P)?°
Denoting Eq’z q, E,=r, Egp=+(q—r1)2+)2,

1;
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PZ; (w)

@=[ o
PL %)= dqr Egyr

32 [5(w 2) — 5(w+2q)] X
factorized int./
Virtual correction

(g,+q)

x[((q+r—Eqr)(q+r) (q—T+Eqr)(q—r) (14 2n,)(ng, — ny)

1 )
! )(1 +2n)(1 + ngr + nr)]
)

(@+7+Eu)(g+7r) (g—7- Eqr)(q —)
[6((.0 —2r) — 6w+ 2r)]

|"+

8r

X (1+ 2n;)(ngr — nyq)

f_|w

(Qa _Q)
1

(a+r+Eqr)(a+7‘)-(q—'r-i-Ear)(q—r))
- - (1 + ngr)(1 + ng + 1) + ngny Phase space int./
+ |6lw—gq—r—E,)—6w+q+r+E, .

0w =q=r=Eg) 0wt atrtEe) (g+7+Eq)*(qg—r+Egp)(g—1— Eyp) Real correction

) 1 nqr(l -1 Ng + 'n-r) — NgNy
-+ _5(w—q_r+E¢)r) —6(w+q+T—Eqr)- (q+T—Eqr)2(q—7'+Eqr)(q_r_EQ")

- B B _ . 1 nr(l -+ nq + nqr) - nqnqr
—~ hé(w g+r—E,)—-6w+g r—{-Eqr)_ (q—7+Eg)2(q+7+Ey)(g+7— Eg)

_ - L - ng(1+ 1y + ngp) — npng,
- _6(w+q r— Eg) — 0(w Q+T+Eqr)_ (q—7r—Eg)*(g+r+ Ep)(g+1— Eg)
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((Q+T—;qr)(0+r) (g—r-— qr)(q—T)
( (14+2n,)(1+ng + nq)}
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Virtual Correction

4qrEqr
XS%[d(w—%) (5(w+27')]>< w > 0
1 1
% - 1+ 2n,.)(ngr — n
((Q+T_Eqr)(q+T) (q—’I'—Eqr)(q—fr))( )( q q)
1 1
i - 1+ 2n,)(1 + ng, +n
<(q+T+Eqr)(cJ+r) (q—r+Eqr)(q—r))( J(1+ngr +ny)
— )2
(fZP)(w) 3(1_|_2,n )/ quHQ+\/q A
Wl
(fze)(w) ( ) (1+2n ){
> 1 22 1 )2
/0 dqnqp[ﬁ“z’ln 2q0— 22| " a—% |2qw+ N\ ]
+ /oodqn[ pliF Ve R 1 'q——+\/q mpY ”
A q q+ﬁ)—2—m20/g9 g—2 /@22
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Real Correction

20 = /014;‘2{ 0<\<w

[ | (1 + ”qr)(l + Mg + ”r) + Ngny
t flw—g—1—E, Ve blwt+qg+r+ E
_ (w q qr) ( q qr)_ (q Lo 4 Eqr)2(q 7'+Eqr)(q—7‘— Eqr)

) T nqr(l + Ng + n-r) — NgNyr
+ h6(w—q—T+Eqr) —6(w+q+7‘—Eqr)_ (q+T—Eqr)2(q—r+Eqr)(q —"'_Eqr)

i 1 Ny (1 4+ ng+ ng) — ngn
5 _ _E _5 . E r q qr q qr
— _ (w q-+r qr) (CU+q r+ QT)_ (q—r+Eqr)2(q+7‘+Eqr)(Q+7'-Eqr)

] - ng(l + ny + ngp) — npn
5 —_ _5 B E q r qr U L
+ - (wW+gqg—r gr) —0(w—q+r+ Q?‘)_ (g—r—Eu)2(g+r+ Ey)(g+7r— Eg)

(PS)(w) = (47r / dq/ dT/_ qurnannqr{
qr

: Ow—g—1—Eq g+r+Eqr
(i) ((21‘—(1))(2(1 w))(l—e =)

(L +ng)(1+ng+ 1) +ngny = ngnenge(e” 5 —1) ) . dw—g—r+Eyn)/ g g+r
Ngr(l+ng +ny) —ngn, = ngnng (e —eor) ) i + (2r — 2q w) (e v )
np(l+ng+ngr) = nghgr = ngnymg (975 —€) (i) + Ow+q— Eqr) (6 Egr _ eq)
\_ nq(l + Ny + nqr) — NyNgr = NgNypNgr (e'r+Eq,- - eq) y ) (27‘ - 2q + w
. dw—gq + r — Eqr) E .
(v) + (2r + w)(2q — cjr (eq+ T r) '
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Real Correction

w/2

\_ (i)

w/2

(iii)

(i) :

M\
\ /"

w/

w/

.

w/2

(i)

w/2

(ii)

w/2

(iii)

J

() ny-gny_rng(l-e’)=—(1+

.)[1+nq+r+n§—q+(l+n%~_r)

Ng+rNs —q
ng

i

(ii) Ne 1qNe 1r Ngtr e (1 —e¥)

(ii)
(iii) :

&

(iii) mMg- £ N 4 Ng—r el 2

(1+ 2n3) [—nqﬂ + Ng+s — (1+ nq-&-f)

w/2

~N

w/2 r

(i)

w/2

(i)

J
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PZ; (Ld)

® (ollect every part together and simplify them with A < w,

e All the divergent terms cancel each other, we can set A — 01n the end.

$  [5lesl 1\ ng—gngtr(l+ng )
dq/ d"'<__) =
0 M

- | “dg / Tar (-L Ng-3 (1 +ng-r)(ng ~nr+y)
= 0 r nen_

q
o0 q 14+ ngew)ngernpw
+ / dq/dr(—l)( "*2),‘” "2 4+ O(Aln)A).
0 0

n;

23/29



Universitat Bielefeld

Spectral functions

H. B. Meyer, 1002.3343

% X 3 = R l 1 LLBLELEL I LA B I UL I e rrin
A simple parametrization of Ap(m,T)/(® s) I |
2
i &
=
B
5 —— exact
L ~ -—- OPE-limit
2 | IR to O(w) -
I
i |- - RtoO@)| | _
l’
-003 t : : . l : : ! : l : . . t l : . * t l : t * * l * t ; ; l * * ; ; _3 1 1 llllllI | | IlllllI " | | Illllll | L L L L1l
0 2 4 §) 8 10 12 14 10‘2 10'1 100 101 102
o/T o/ xT

B Lattice result is compatible with NLO calculation in perturbative part!
M The full results are hoped to aid lattice determination of transport coefficients by
providing non-trivial, dominant perturbative part of spectral density in w = T.
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Spectral Functions

NP NU:'
3 g
= =
E E
g B
oy Q™
10
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4 6n T =2 7
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ddac} (47)2 ( 9 (4m)2 [ 3 w2 ' 3 o1 )_ (")
—py (W) mw + GSN.[22 p? 971 . 8
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Correlators

A
% 4y cosh(§—'r)w
G'r=/ —p(w,0 — .
(7) A —P(w,0) cinh &2

5 2
(/T /-16d,c.
S
i

G
%
o
T

|
10"

10'. 3 ! ! | M | ' | 3
00 0.1 0.2 0.3 04 0.5
t T

Q@ Considerable difference between LO and NLO in spectral function
leads to a small correction to the 1imaginary-time correlators.
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Lattice vs pQCD

Lattice data fmm H.B. ’Meyer, j‘]—[f? 04(2010), 099 [10023344]
d—— T T T T L A B S S —
o T=22T, | o T=22T,
o T=32T 07 | g T=32T ;
3+ i
= sl e 3
g s | [ ¢ & @
= Tt
O, S b L -
‘-\ 2 o 0
E o 2!
o 3o
C 5k -
] [eeeeemenee s é -------------------------- ~
-10 .
1 l 1 l 1 l 1 l 1 l _1 1 l 1 l 1 l 1 l 1 l
%.0 0.1 0.2 03 04 0.5 6.0 0.1 0.2 03 04 0.5
t T T T

@ The ratio shows good agreement at short distance.

@ The difference no longer shows the short distance divergence.
A model independent analytic continuation could be attempted.
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Lattice vs pQCD

Chuan Miao(CPOD2011), H. B. Meyer Chuan Miao, H.B. Meyer (CPre(iminary)
4.0 . , 10*
a5l ¢ T=158Tc
¢ T=26Tc
W T=376Tc i 10
= 25 I
P fl
Q2.0 }, el
S| ﬂ * } { {
1.0 ;Q 101 !
0.5/ de
080 0.1 0.2 t 7913 0.4 0.5 100, o S = =i
7T

@ Right panel: Fit correlators with Breit Wigner formula (low frequency)
+ NLO results (high frequency), the width of the B-W 1s fixed to 0.5nT.

@ NLO perturbative input is rather helpful.
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Summary and Outlook

Information on correlation functions of the energy momentum
tensor crucial for disentangling the properties of the QGP

Spectral densities needed 1n extracting transport coefficients
from lattice QCD data

Spatial correlators a highly useful way test lattice, pQCD
and holographic predictions

NLO results in the bulk channel completed, shear channel
underway

Results promising, but quantitative comparisons await
W If pure YM results useful, inclusion of fermions straightforward

Thanks |
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