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Formulation of a problem (K. Dusling et al., 2011)

@ Evolution of quantum field ¢ in the presence of an external
time-dependent source J:

1 1 A
L= J(0) —om*e® — nt = Jp
3
Jx) ~ O(—x0) L

VA

@ Problem under consideration: evolution of energy-momentum tensor
THY in particular of tr TH” = & — 3p for the simplest case of a
spatially homogeneous field

@ Main motivation: studying evolution of quantum field system created
at the early stages of heavy ion collisions.
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Classical evolution

e Equation of motion at t > 0:

70 A 0y3 _
¢c+6(¢c) -

@ Solution at t > 0:

¢g(t) = @max €N <;. \/g(pmax t+ C)

o Energy and pressure:

C )2
= = (¢°) 4¢>i‘nax
1012
p (¢§) —ﬂ(¢2)4
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Classical evolution: the field

é(1)

A.V. Leonidov®®, A.A. Radovskaya® 0} QUARKS 2014 03.06.2014 4/21






Quantum evolution: general case

@ For evolution starting at t = ty and ending at t = t;

<F@) >u= [ o [da [ <aliw)e >
ne(t)=¢ ne(t1)=¢
x F(€) / Dnr / Diyg ef(Stnel-Slne)

ne(to)=¢1 ne(to)=¢&2

@ The fields nF and g live on the Keldysh contour:

A oy ¥
' — > t
[ > |

) ) |
tO t1
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Quantum evolution: general case

@ It is convenient to extend time integration to t = 0o

< F(@) >u= / dx1 / de, / des < Elp(to)|Er >

nF(o0)=x1 n8(o0)=x1
X / Dnr Dng F (W) e/ (S[nFl=S[nsl)

nF(to)=&1 ne(to)=£2

@ The fields nF and ng now live on the extended Keldysh contour:
I nglt) Iy,

4 |

Il \\

" >
|

szi

YA

[ |
& [ net,) [
to t1 oo
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Quantum evolution: general case

o Keldysh rotation:

NF + 1B

e = 5 $q=1F —NB
selto) = HEE pe)=xa

Pq(to) = & — &2, $q(00) =0
o Keldysh action:

S[nr] — S[ne] = Sklpc, ¢q] =

[ dtlicdy — mocsq - 6e6% - 5626q - Jo)

to

@ Expansion in is a quasiclassical expansion
q
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Quantum evolution at the leading order in ¢,

o In the leading order in ¢4 we have Fp.(t1)] = F[¢2(t1)] so that
<F@) > [ 52 [ de [ de <alitwle > 6 DF(n)
@ Defining (&1 +&2)/2 = o and & — & = [3 one gets:
<F@)>a = [ 52 [ dafilap w)Fled(n)

/dﬁ <at Dpw)a 2 > &

fw(Oé, ijv tO)

) = «a, P2to) = p
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Quantum evolution at LO: analytical solution

@ Ansatz for the Wigner function:

fw(Oé, p, 0) = QopoT

@ In the saddle point approximation

672 pQ _a297r2/\ 2A k )\
< Pe >= 2AZuke AA4T2kze 67 Kt COS( 77_T 61.‘

k=0
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Quantum evolution at LO: analytical solution

@ In the same approximation the pressure reads

agm2A 242 2nA(k+1) |\
- (k+1)*t -1
cos (T 3
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Quantum evolution at LO: pressure relaxation
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Quantum evolution at LO: pressure relaxation

Pressure relaxation as a function of coupling:
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Quantum evolution at LO: pressure relaxation

@ Let us define relaxation time 7 as a time at which %‘ =0.1

7( p0)

2 4 6 8

e 7(po) is approximately linear in pp in agreement with analytical
expression
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Quantum evolution at LO: pressure relaxation

Pressure relaxation for different initial distributions:
p
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Quantum evolution at NLO

@ NLO corrections are coming from expansion in ¢g:

s 5 W I at'ocs; 5 i 3 6
e'SK — @Sk g ) ~ e'K[1 — /dt *(ﬁc( /)gf)q(t/) + O(¢q)]

to

@ The corresponding NLO contribution reads

< AF(@) >q= — /dxl/dgl/dgz < &lpto)l > x

bc(00)=x1 $q(00)=0
Do Flpc(ts ]/dt oc(t / Deq ¢3(t )e'SK[¢>c,¢>q]
Be(to)="1522 q(to)=€1—&
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Quantum evolution at NLO

@ NLO corrections as derivatives in J(t):

< AF(P) > = —:\!/Xm/dﬁl/dﬁz < &1]p(to) |62 > x

/dt/(;_p(t/) / Dée Floc(tr)]oc(t') / Dy e/ SKlbetal —
’ delto)=13% 9a(t0)=E162

F[¢°(t1)]¢>°( t')

- /dflz < &|p(t) |62 > ePlea=&) /dt e
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Quantum evolution at NLO

@ The quantity to compute is

[eS) 3

) = [ e PRI = [ o 62) o o)

to to

e We have

53F[¢(t1)] . dF . 53¢(t1) sz 52¢(t1) 5¢(t1) n d3F <(5¢(t1)>

SB(t)  do 6B(t) " Tde? §2(¢) J(t) | dgd \ sJ(t)
o Let
2 3
?ﬁ; = @it 1), 6J¢2)Et)) = ®2(t1, 1) 5J¢3)E2)) = ®(tn.t).
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Quantum evolution at NLO

@ Evolution equations for field variations:

Lydi(t,t) = —d6(t —t),
Lo ®o(t1, t') = —Ap(t1)P3(t1,t),
Lyds(t,t) = —Ad3(ty,t)) — 3Mp(t1)d1(t1, t')Do(t1, ')

@ ®; can be computed analytically:

Oy(t, 1) = G(t,t') = 0(t — ') [(t)A(t) — () (1))
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Quantum evolution at NLO

o
fl(t) = ¢g(t) = _\/g(/l)%nax sn (;v \/E(ﬁmax t+ C) X
1 A
dn (2; \/gﬁbmax t+ C)

fZ(t) = - g ! < < \/7¢max t+ C)

1

1 cn (2;\/§¢max t+ C>
dn <; \/g(pmax t+ C) -
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Conclusions

@ The problem of evolution of quantum field created by an external
source typical, e.g., for studying early stages of heavy ion collisions is
rigorously formulated using Keldysh formalism.

@ Detailed study of the dependence of the process of formation of
equation of state on the Wigner function describing the initial field
distribution was performed.

@ Systematic procedure of computing NLO is set up. Sample analytical
calculations were performed.
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