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Physics Picture
I Classical collisions from quantum radiations

0 (x)
Color Dipole
Heavy Nucleus
= HIC
-
Smaller x

Softer and Denser due to quantum radiations — Classical Fields

O 1s the only scale
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Model Picture
SR SO SR PR PR PO SO O O PR R, O
B Nucleus-Nucleus Collisions
x~p,I\s~1GeV/200GeV~10~"

p(x)6(x") pz(x)é(er)

~gH ~gu
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MYV Model

LN O S I R T R T T T T

B Equations of motion

- d(7L) ; A o(TH) 1
Ei — — d‘ A ; P —
S A = O 0.F 51 = 7 DnFi +7D;F;
S(rL) 1. ‘ S(rH) 1
En: = —C} A . dTE” — — — _DF .
5(0;A,) T " 04, T
I Initial condition o . +
2 > . = —— ; . i
Ajoy =l +a? | A0 =0, a; '(x1) ing(iH)i VIi(zl),
_ " (1) (2) _ 1
Eoy=0, Ef) =igla;’ "], o\ (zy) = 5 Woel@1) 0 Wi (x,)

E Wilson lines

) . (1) .
VJf_ () =P_exp —ig/_ dz~ p (;;éz )

. - xt (2) +17
I’I":__I_(IJ_) = P, exp —ig/ dzT P (zé,z )
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Observable

BRGNS N SRR N SR N SRS SR SR TR S O T R R T

I Expectation value
(0) = /ﬂp(l)'ppfﬂ} WipW, pA] OV, W]
F Gaussian weight

<p{ﬂl)a(iﬂj_, 2)p"™ (y ., 5—’7!)>
_ QEILLB(E) smn 5r:r,b 5(2 - zf} 5{2}($J__ ’UL)

I Example
L L o N2 -1
EE}% él_l};i}@”j) ¢ = ©Xp [—Q 4;152?;‘: L(0, U)] Blaizot-Gelis-Venugopalan
L(xzy) = 0N (z,) = .
@) =G 0 (") (2m)? (k1 +m?)?
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Why Analytical Calculations???

SRt O ihgh S ihot Bt Beginyge gt ey, 0Oy, e, RO 0N, S0

B Successfully solved numerically...
Venugopalan, Krasnitz, Nara, Lappi, Romatschke, etc

B Approximation (scheme???) ﬁ .“

1 Two Dirac delta functions %I ..

{ (P (@1, 2)p™ (y1,2) \!.ej
_ gzﬁz(zj Fmn §aE 6{2 o z-’)]é(m(j:l_ yJ_}

E pMarz) =V )oE)) pP(zr,aT) — p@(z (5(=T)

i iy (O 111 £ i i (O[],

Numerical Calculation Analytical Calculation
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Large Difference in IR

SRR inagt B OGN e P R R BRI R S0

E Wilson line correlator

0 R —size; a — lattice spacing suB3) |
0 Analytical Results (exact) - o :
N - T Analvtical Eesults
R N 04p -
a — B ’fﬂﬂﬂ fixed ]
S qf % /” e
O R fixed — a dependence % |, %00, _
UV property | 0000000000 o0gssasast
absorbed by u — 2” Lappi B ) (X iﬁ” Numerical Results
0 a fixed — R dependence i | Rufixed
200 400 600
IR property L
cannot be absorbed by u
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Expansionint

RN g OGN OOt N 0N P , WP, WSt BT BRIt R

F Solve the YM equations in power of T~ Fries-Kapusta-Li

=2 O
n=>0
0 Zeroth Order
E{g) =0, Bigy =0, B, = Fiyo
1 2 1 2 2 2 1
B2 =ig([o,a@] + [of,0®])  Fyor = —io([a,a] + [o?, oV

Glasma — McLerran-Lappi
0 Second Order

Elyy = 5 Dj0)Fji0) = —€” 5 Dj(0) B},

(0)
EFE} - _DJ[G}F n(2) = _Dij)Djw]E?‘]}’

i1 1
By = €' Fjy2) = €3 D()Emj

B{z} = Fli2(2) = EDJ'(D}DJ‘(G}B(G} :
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Energy Density

Pt R WP R R, AR PN WS R RS Wy, P

B Definition
H = tr {—12 E'E*+E"E" + —1? B'B' + B”B”}
."';_ ."';_

B Zeroth Order
£(0) = 2N(NZ — 1)g* (aar)?

37 A2
6 4
=g [y F [111 E:l
B Second Order
9 A 45 AT?
L 6 4 p 10, 6
@)= 9 Ha 55N In——g 7y swﬂlnﬁ]
o Lot
(2~ 97 UV divergence!
But UV is not bad!!
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Zeroth Order

AR R SR AR B TR BRI, SR SR R, BRI 3000

B Fourier decomposition

o) (ki) = Tﬂ,<tr[E”( k) Ef (L)

(g]( kJ_) {g}("‘fl)])

1 T | r2 dggb
- Eﬁc(ﬁ'c o l)g P:A 2?{ - E
. d?q, d%qy d?qq @ﬂdj(qu_)@adj (qs,) " — Nc(g ﬁ;.&)
(2m)2 (2m)2 (2m)2 (g2, + m?)[(K' — a3, )? + m?] om
L a2 6 4 )
= Temz VelNe = Dgvpa Tlasky /m)
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Zeroth Order

SRR inagt B OGN e P R R BRI R S0

E Momentum spectrum

| T T
Perturbative Limuat »=rev---

0.3 F. =10 ——
' o=25 -----
0=100 ===----

04 % A1) —

Dominant at 7=0
leading to

Field Intensity Spectrum

kim Gluon Distribution
1
nir.k1) = s(r. k|
(rok1) = s s(r k)

Gunion-Bertsch
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Perturbative Resummation

SR r, O, ST, ST ST, O St S, SN RSN, SO0,

B UV divergences = Perturbative contributions

(")TE?: = Ta}' (5:,.‘1511' — (")I'Aj) = TE)'ZPE;AJ j‘> Ai(T, kj_) = Ai[g)urﬂ(kj_f) )

O-F" = 1a?A A (T k1) = A0 g—TJl(kJ_T)
T - n- L AN n{}kj_

. :

goy(kL) = 4WTHQNC(E_ 1)g°uwy T (v ey /m) E"1,k.) = EFG)(EL)JD(%?LTL
~ T N Firnky) ZEEQ)(kL)iJl(kLTL
ex(rker) = m2d HA Tk /m)[Jokor)] <j B(7, k1) = B (k1) Jo(kL7),
(k) = e i T m 0] | B k) = By (1) 27 i)
ﬁ 1 Kovchegov
£() = _5552}
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Time Evolution

Wit N N ST NG e NN g RN N g BN N

B UV divergence free

' | | | | | | T 1s a “UV cutoff”
in the early time.

2 2
W\ S0+ (x
06 L & o=y ) Up to some cutoff 7,

the perturbative time evolution
is dominant.

(Jo(k1m)]” + [ (kir)]” — T

September 2008 at Goa



UV Finite Formulae

BRGNS N SRR N SR N SRS SR SR TR S O T R R T

¥ Energy den51ty

)4
e(r) = 23 (Q pa) Full Nonlinear Effect at 7=0

2

g [iA) I g(a;mT) Perturbative Time Evolution

w2 g
F Gluon Distribution
3

m™2m2 g

k1T (ki /m)
v /tﬂﬁ \l/kijr_mﬂ {[JD(kLT}]E-{_ [Jz(kLT)]z}

3 1

2 4
= om 7 (9°pa) In(a;mT),

n(r) = (g% pa)’
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Numerics

RN g OGN OOt N 0N P , WP, WSt BT BRIt R

F Determination of g”i/ and m

¥ C (k)

4r | !,.-*-"-4.,%‘ n:='l[_] o Ne(g?14)?
S Y- = ST
i LY o -

3t ;.a’.‘_‘ "'\'if::’m """" 1 Analytical
s m gg,u_ai
10 0.64Q. 1.65Q.
25 0.360. 1.46Q.
100 || 0.140. 1.13Q.
500 || 0.050Qs | 0.90Q-

Numerical

Gelis-Peshier
Lappi
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Asymptotic Values

RN g OGN OOt N 0N P , WP, WSt BT BRIt R

B Time evolution — Free streaming

- o=10 ——
=25 -----
0=100 -------
1.5 + =500 -===
---------------------------- Too big numbers!
1 a dependence!
os LT
0 I;f_::'_:.-_-.-_-_-..--—-----—-l— -------------------------------------
0 0.2 0.4 0.6 0.8 1
mTtT
dFE /d: dN/d
o /dn — i /dn : Q2 = 1.2 GeV?
10 0.49 — 1.4 x 10" GeV 2.5 50 x 10
25 0.49 — 1.4 x 10* GeV 4.0 — 8.1 x 10°

100 0.35 — 1.0 x 10* GeV 6.0 —12 % 10°
500 0.27 — 0.75 x 10* GeV 8.0 — 16 x 10°




rlr E {m‘ TJ

Beyond Perturbative Evolution

Pt R WP R R, AR PN WS R RS Wy, P

E Nonlinear terms important when away from 7=0

0.E' =710;(0;A; — 0;A;) = 19° P A;
1

O, B" = —9%A, .
T

. Gaussian
& & = . - IIII . . .
@ A;4;4; (A 454 approximation

0-E' = 7(8% — 2¢°Ne(aa)) AT

U it
1 o
0 E" = — (az —2¢°Nc{aa)) A,
-
g*Nclaa) = (m2a)/(27)In[A/m]
In[2/mT|
k2 — k2 +mla In[20] ~ 3 and In[200] ~ 5.3.

September 2008 at Goa



Modified Time Evolution

SRt O ihgh S ihot Bt Beginyge gt ey, 0Oy, e, RO 0N, S0

1.4
F Effect of
™
S
E
mT
o dE [dn dN/dn ..
% || 32-90x10°Gev | 14_28x10° | 9 dependence reduced!

100 2.1 —5.9x 10° GeV 1.6 — 3.3 x 10°
500 1.4 — 4.0 x 10° GeV 1.6 — 3.2 x 10°
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Summary
Wit N N ST NG e NN g RN N g BN N
B Analytical estimate in the MV model
0 Different treatment for the longitudinal extent.
0 Check the consistency to the numerical simulation.

F Full nonlinear evaluation at 7=0 combined with the
perturbative time evolution.

0 UV divergence free
0 Overestimate the energy and the multiplicity
0 IR sensitive...

B Nonlinear time evolution 1in the Gaussian approx.

0 IR stable relatively
0 Close to the empirical values
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