Initial Conditions with Flow from MV
model with Transverse Dynamics




Color Glass Condensate

Ultrarelativistic Nuclei

Gluon Saturation — scale Q; >> Aqcp
Coherent quarks & gluons Gluon

Density

Large occupation numbers — quasi-classical fields. y*™

CGC: Classical Effective Theory of QCD

Static color sources—large x partons
Dynamic gluons as Fields—small x partons
Gluon Field dynamics governed by
Yang-Mills equation [D . F ”V] =J"

Low Energy

| |
I I
! Fields : : Sources
RGE(JIMWLK/BK) describe how QCD Ay(zy, ) | \ p(zl,z)
dynamics changes with energy : :
MV model: Random Color Sources with | l
Weight Wipl, (O) =[[dp]O(pW(p) &m0 w0 4
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Colliding Nuclei as a Color Capacitor

ia,ﬁaTA—[D‘,[D‘,Aﬂ =0

Yang-Mills equations(p,, p,): =
Currents on light cone J,, J, (from p ,, p,) , E[Di,@Aﬂ—igf[A, 0.A]=0

YM equations for gluon field A*(p ,, p,). i , _ -
=0, A —igr’| A[D',A]|-[D/,FT]=0

Forward light cone: free YM equations r
A=A (T y X L) |A. Kovner, L| McLerran, H. Weigert, 95’
A" =+x"A(7, X, ) - t &
Boundary Condition ' H .

A(Fshn = ARl
A(r=0.x,) == A;(x). A (x.)]
Average Over Color Charge g2, A-vess

<Pia(xl)p?(X2)>p = Ng_l5i15ab}“(xf)5(xf =X )&% (Xar —Xar ) CGC: p

c

,uf(xT):J‘dx?}t(xi,xT) Aii,2-r: 0
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A Recursive Solution

Series expansion Arx)=2e"Ayx)  with Al (x)=A(x)+A(x )

Al (T! X, )= iofn AJi_(n)(XJ_ )
Recursive Solution

Ao = o 52)., 22k [Pl A ]

nn + 2)k+|+m:n—2

A= ZI0keFtl+ia Sla Dl Al

k+l=n-2 k+l+m=n—-4

Advantages

Accurate for early time (small T) physics quantities
Dependence on space-time coordinates
Analytically! (as much as possible)
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[R]JF, J. Kapusta, Y. Li, 00’]



Chromo E&M Fields

R

Before the Collision RS, C ST
E 1Bz Initalfields! | A IO
F'+:5(x‘),6&I : F'+:5(x‘)A; >/\ SIAH A

Immediately after collision —— /Z/Fz”
E, =Fgy =ig| AL A |

ij i i [L. McLerran, T. Lappi, 06
B, = Fy =ige’ [AUAZJ] [R]F J.I Kapusta, S}JPLl 06]]
Non-abelian effects!
As time goes by ’S\’T\/—: E,
w = 2(( '[ DBy ][ Djy s ) PSS,
Transverse Eiand B i A N
Ecy By Foo />>.>\{\:j B;
ngher Accuracy |
Efy = [D1[0"[D, [0, E, I+ 1 ig ([ EJID! B.]] ... [GCRIE
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General Structure

Energy Momentum Tensor

E(E2+BZ)|

A aro()

uv _
T =

a'coshn + B sinhn

a’ coshn + B%sinhn

o(+)

|
Il
m
X
o9]]

a'coshn+ f'sinhy  a®coshn+ B%sinhy
80+O(2'2) O(rz)
O(Tz) 80+O(2'2)

a'sinhn+ B'coshn  a”sinhn+ B° coshy

Interpretation of Poynting Vector

L ([DJ,80]E0 _

O(TZ)
a'sinhn + S coshn
a’sinhn + % coshn

—&, +O(72)

Hydro-Like flow, ; even in rapidity.

[D j | Eo} Bo ) Odd in rapidity, Suprise???!! Will

be back soon!!

[RJFE, J.I. Kapusta, Y. Li, (2006)]
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MYV model with Transverse Dynamics

Energy Density Hydro-Like Flow
¢ [Lappi, 09'] -
gy ~ 117 In? % [RJF, Kapusta, Li, 06] o' ~ V' (115

[Fujii, Fukushima, Hidaka, 09’]

MYV Model

Infinite Large Nuclei— 2, = const.
All transverse flow vanish.

MVTD

Realistic Nuclei profile— 2, (X).
Non-vanish flow comes in from shape of nuclei.

Infrared Safe if 4*(x;)>>m*|V'i? (x; )|>>m?|V'V'i?(x; )| , where m is an
infrared regulator (gluon mass) which m << Q.

(2, almost constant over length scale 1/ Q, .
[GC,RJF]
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MYV model with Transverse Dynamics

MYV model MVTD

Charge Density correlation

(P (%) P (%)) ~ 6% A(% )8 (% =% )8 (Xer —Xor) <pa(x1)pb(x2)>~5""b/1(><1(><1—Xz)52(xn —Xor )

Infrared Safety

2 2

, r V'V (R) r?
1“(XT,yT):,uz§Inm2r2 F(XT,yT):yZ(R)glnmzr + (R)

m? 487

R=X; +y; r=X; -y

Two Gluon Correlator in MVTD

2 2 2 kol | 2
<Ai'a(XT)Aj'b(XT)> =0 SiI(UNEX_T]?) o7 In r?]z VvV (XT)(15ij5kl—1—5ik5“

[GC,RJF]
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E-by-E Initial Condition

Procedures:
Step 1: MC nucleon position based on Wood-Saxon profile.

Step 2: MC large x parton inside each nucleon.

Step 3: Assume charge density ~ Parton number density
o

Step 4: Smear out charge density. Reason one: large number of sources not
fulfilled for realistic nulei; reason two: charge should be almost constant
over saturation scale.

Step 5: Calculate each component of T *"
Step 6: Matching! [GC,RJF, Salzillo]
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Poynting Vector

) Expectation Value in MVTD

i "N (N¢ -1 2i 2 2o 2\ g2 Q° i gﬁNC N02_1 i( 2 a2 Q°
<ﬂ'>=—fg 627[2 )(uzvul—ﬂlvﬂz)ln % (a')=7 651”2 )V (4445 )In %
Does not vanish in MVTD with finite b, or asymmetry nuclei.

1 (#) directed flow! (¢') Elliptic Flow!

(Tar) = coship(a')+sinh 7 () (GCRIF]

=
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Directed Flow From Maxwell’s Equations

~An Intuitive Interpretation
Ampere(Faraday) ‘s Law gives rapidity-even transverse E&M fields

=
= E,.B,(t)>E, B, (L) ==

A\

z1 =2 z' ~Z

-—

Gauss ‘s Law gives rapidity-odd transverse E&M flelds

E,.B,(z)<E,.B,(z,)

[GC,RJF]
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Explain the Experiments

o~ B A "5 S L I L L I I B L B 2
° ° '59. 8_ Lf_ 3
The direction of flow (/) %I ..  30%-60% 3
% 4E "‘*i— STAR, PRL 101 252301 (2008)
% B o T T :
ST b
o O e -
N -2 ° 200 GeV Au+Au .C
= 2 200 GeV Cu+Cu %
6= * 62.4 GeV Au+Au P 2
85— " 62.4 GeV Cu+Cu + E
T T T O T D T

Independent of the system- <= 2 0 sy

size(Cu-Cu or Au-Au) (\/ ) O_)

O—) Vi =15V i )
eO Hiy = \j_:uCu
Energy dependence ( ) [GC,RIF]
<V1> ~ < px> / < pt> , < pt> increase fast with/s , < px> probably not change.
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Explain the Experiments

Centrality Dependence (V)

Directed flow from different centrality
is fix up to one constant.

Normalization from 30-40% data(red),
comparison of 20-30%(Blue) and
10-20%(Green) data.

k.
(ORI (S P A T o

Conclusion: Fit within Uncertainties!
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e %%'6.;%:,;% """ amiem
S I s T
Yo% N
10¢ 40% - 50% 1 30%3-40% 1 20%;30% E
= 5™ ‘ o ; E ; E
S i PN e PV L NS
> st ?::gp,.EPz) ﬁ%@ 3 1 G | ; s
-10-. o v1(ZDC-SMD)‘ T £ » 3
10 10% - 20% 3 5%« 10% 0-5%
St ; g ; E oo
R i s
10} !
4:3.2101234432-101234432-1012334
[STAR,PRC73,06’] n
NN Note: Such approach may break
%9 } down for high centrality data!
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From Fields to Plasma

Fields to Plasma at t = 1o .

Matching to Ideal Hydrodynamics from energy momentum conservation.
a ] [RJF, Kapusta,

—

_ 1 o
* coshn g, +5,'+p

Li, 06]

.V, =tanhn, e+p=(g,+&,+ 1-
L n, e+p=(g+¢&, p)[ (5o+5ol+p)2

Matching to Viscous Hydrodynamics through X
p
Vv Wy v iy T
Tf?elds (TO » Xy 77) — Tvﬁcoushydro (TO’ X, Ji )
9 Independent components on each side, 9 equations! .

May only be solved numerically. G

o Co1 €02 Co3
In Progress s £ g - -
ecee g
nv o 10 11 12 13 y7A% _
Tf - Tviscous (T — z-O WV, &, 72-)
[GC,RJF] Eyxn Gy Exn &y
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Energy-Momentum Tensor from Recursive solution
of Yang-Mills equation;

MYV model with Transverse dynamics;

Directed flow emerges in MVTD;

Can predict an initial condition for viscous-hydro;
An E-by-E initial condition based on parton
distribution.
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Thank You!
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Directed Flow in QCD

Full QCD transverse Fields

El— 2(sinhn[D‘, E, |+coshy & [Dj,Bo])

B' :g(coshn &'| D!,E, |-sinhy| D', BO])

Full QCD Poynting Vector

St == COSh7(E,[ D', E, |+ B[ D', B, |) =<' coshy

en E

S, :%sinhn &' (E,[ D', B, ]-B,[ D, E, ]) = B'sinhyy
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A Typical E-by-E Simulation

|||||||||||||||||||||||||||||||||||||||||

-1 Energy density Radial Flow Directed flow

g a2 ) 10 wf
| !
\
\ 3
e B .
\ A 2 /
\\ \/", N / 4
™I/ Y - = [ 4T [\ N\ &7
\
/ \ e - - =
0 J M 0 -~ '/ /
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- — L e
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CGC as the initial condltlon for H.I. C

: < NS = L < \/ [Kovner, Weigert,
> Mclerran, et al.]
. v (1) ;
L i~ . B
8 /\/\ o A, = pure gauge 1 A, = pure gauge 2
T
Py P>

Each source creates the gluon field for each nucleus. < Initial condition
JH = 6"76(a7) pr(x7) + 076 (a7) pa(xr)
- Dt'afm) = P (X1). a, , @, : gluon fields of nuclei

In Region (3), and at 7 =0+, the gauge field is determined by ¢, and «,

3 |r=0 = ] T Q5

A* = iil"-iﬂi(ﬂ ) (zTA” +27AT) =
Y

. . EQ ;
Al = aj(r, vr). == |0 03]




