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Problem: How do you relate

An ultrarelativistic (v = E/M > 1) heavy (A ~ 200 > 1) ion collision

and
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Classical EOM extremize the action:

Du = 8u + Z'gAM, FW — (ig)_l[Du, DV]7 [Dua Fw] = Ju, [Dw JV] =0

Parameters: N, g,ms = N, g(1), m¢(1t), Aoeo in Quantum Physics.



Scenario, parameters

A + A central collision, A ~ 200, v =100 (RHIC) =2250 (LHC),
v = tanh(yp) = yp =5.3 (RHIC) = 8.4 (LHC).

Max size ~ 2R 4 ~ 12 fm, max time ~ R4/cs; =~ 10 fm/c + some expansion.

Perturbative picture:

a

A nucleus is a "cloud of partons”. Small z =

pr/E gluons dominate. A+ A is 2(g9 — . / _
gg). N:o of gluons saturates: ]
diffusion logistics

Dominant momentum: saturation scale (),

Qs =1 GeV (RHIC) =2 GeV (LHC)



Classical (+ quantum initial condition) field picture:

Dense saturated system of gluons = large occupation numbers = classical gluon fields.
Source of those fields? Nuclei moving with v =~ ¢ = 1.

EM Weizsacker-Williams fields: Solve Maxwell for v — 1 in
JUt,x) = ed(x)d(y)6(z —vt), J*=vJ", J" =JY=0.

Nice exercise! Lots of technicalities: use £ =t £ z, choose gauge:

C € XT
AT A= Ap) = (26(t — 2)log —,0,0) — (0,0, — Lot —
(A A7 Ar) = (-6 = 2)log —,0.0) = (0.0, 3 T0(t = =)
vacuum for t>z

The gauge invariant F},, corresponds to a (¢ — 2) pulse of quasi-real photons = WW
photons.

+

Photon-photon collisions: e"¢™ — vy 4+ X — .....



(3) 1 =/Cst.
A, =7
T = cCst.
(1) (2) -
A, = pure gauge 1 A, = pure gauge 2
(4)

A, =



Now take the two nuclei as zero-thickness (§(z™)) transverse colored disks moving in

opposite directions:
+50— — (ot
JH = 0""6(x ™ )pry(xp) + 0" 0(27) oy (%)
Color is built in
p(xr) = p*(xp)T"
Can you physically fix the color at each point x7? Of course not! But one may think of

drawing them from a statistical ensemble so that colors at different x7 are uncorrelated

and, say, Gaussian-distributed at fixed x7:

() X)) (7)) = G126 0% (xp — yr), m=1,2

Essential parameter:
Fpu~1.2GV — Q.

This charging is a Brownian process ( ),

(z?) = Dt = (u?) = const A'/?

)



What about solving 0
Dyl A), Ep(A)] = ¥
for A, = AJT?
5
[Dua JH =0
satisfied? Yes, for a proper gauge choice!

Since J, lives on the light cone, one will actually be solving [D,,, F},,] = 0 with boundary
conditions on the light cone:

Az'<XT> = U(XT)aZ'U_1<XT>,

U(xr) € SU(3) is vacuum,
Flo =0

A, = pure gauge 1 A, = pure gauge 2



Solving |D,,, F'*"| = JV iteratively in charge densities p;, ps of the two currents:

k
k1
q k
k_2
y —zg d4/-c1 N B
Al (k) = / Mk ki ke) AT (K1) Ay (o)
WW fields from both currents
c”(k, k1, k’g) = .... Tfamous Lipatov vertex

Classical fields also give perturbative weak-field tree-level gluon emission!

We want strong fields!



For 7 > 0 want

A,LL<7_7 777XT> — ( AT =0 DAU<T7 XT>7 AT<7-7 XT))

gauge choice  ~longit.

which are then converted to energy in and number of gluons.

Remarkable initial condition: matching to two vacua below the light cone obtain:

Ai(T = 0,x7) = jléléacl(XT> T AE/&CQ(XT>7

AU(T = 0, XT) — Zig[A%/acl(XT% A%/&CQ(XTH'

For Non-Abelian theory sum (nor commutator) of two vacua is NOT a vacuum!!
(while 9;x1 + dix2 = 9i(x1 + Xx2))-

Set up the numerical computation on a, say, 512x512 transverse lattice (

Parameters: ¢°p1, R 4.



Main output: energy density plotted as dE/dn = Ve = mR4T ¢:

2000 ' | ' |

15001 | |

I \—T>~"7

1000 n

-E — R

500 .

O L | L | L |
| T (fm) |

g*u=2GeV = 1/¢*°u = 0.1 fm

Sudden rise at 7 = 1/Q);, then e7 = const, no thermalisation, other physics.



But you can as well plot €(7):
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= gluon production is instantaneous, all the action is on light cone.

Creation of little bang; followed by thermalisation, expansion, hadronisation,...
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Find analytically:

e(tr=0)=(/ i;;zi H<7)_(T>‘TO>

H
D)1 = oo AL Ger), AP (ep) (AL (), AP )

Remember, independently for the two nuclei

A, = ZU@-UT, U=¢? —02A=gp p=stochastic source
9

The initial energy density of little bang is
given by the ensemble average of Tr prod-
uct of two commutators of vacuum fields




Now that you have A, does it produce gg pairs? Strong or time dependent fields 12

produce particles.




The matrix element is 13

dzd?xp
M (p, )—/TZ

\/7' +z

5 o7, )77 g (7, %)

Now you have to set up a truly 143 d computation for integrating 1)(7, x) using Dirac.
Lattice spacing: (N7a)? = 7(6.7fm)* = a = 12fm /N7 ~ 0.05 fm.

Number count: 1% (7,x) has 180°x400 numbers for x, 3 for ¢ = 3 colors, 2-4 for ¢}, a
total of 1.2 GB single precision. This set is integrated forward in steps of dr = 0.02a in

500 steps to get to 7 = 0.25 fm.



qq pairs are also produced instantaneously:
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Conclusions 15

e Gluons dominate the wave function of a fast-moving hadron. Thus one thought that
the initial state of little bang would be dominantly gluonic, out of chemical
equilibrium (the Color-Glass-Condensate picture assumes it is entirely gluonic).

e Parametrically, pairs are suppressed by g* from the g + § — ¢ vertex ("suppressed’?
g~?2)
e In chemical equilibrium, counting dofs, for 16 gluons there are =~ Npx 10 ¢+ q¢'s

e Our numerical result suggests that the intense gluonic fields produce this amount of
q + ¢'s instantaneously.

e Experimental implications: thermal dilepton production is not suppressed by lack of
q+qs.



