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The space-time picture of a relativistic heavy ion collision is
naturally described in the curved coordinate system
t

F_— freeze out

__— hadrons

7

Initial (as well as final ) conditions are defined at 7 = const
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Non-equilibrium QFT (Heisenberg representation):

(@) (TH (2));..

Quasi equilibrium statistical operator (and hydro):

po = Z:Lexp (— S, dan,,(m)ﬁ(x)u,,,(m)TW(m))

Trlps] =1

B@)up(x) © nu(x)(TH (2))is. = nu(x)TrlpeTH ()]

Reduced description (Heisenberg representation):  (O(o)) = Tr[ps0(0)]

Freeze-out (sudden) at oy, : (O(o > apin)) = Trlpo;;,0(0 > o))



Non-interacting scalar field

S = [ dtd3r {% (%)2 — 3 (%)2 - %2¢2] = [dtd3rL

Energy-momentum tensor
TH (x) = OFpOYp — gV L
Boost-invariant expansion
n*(x) = u*(x) = (coshn, 0,0,sinhn)
t = 7 coshn, z = T71Sinhn = 4/12 — 2

oy . T = const



9 8¢ 2 dp \2
muu T (2) =5 (52)° + 55 (57) + 5 ()" + 3m20?
HIT] = I, dony (x)uy () TH () do = Tdndrzdry

p— Z—1exp (—,BH[T]) B = 1/T = const

Ground-state (when g8 — oo ) corresponds to lowest
energy eigenstate of HITl == Hl = [ dxdyd2T99(x)
7' > 7 Klein-Gordon equation  (8,0* + m2)¢(x) = O

One-particle momentum spectra: (a’(p)a(p)) = Tr[pa’(P)a(p)]



_zwpt-l-z'pl'a(p) + eiwpt—ipraT (D))

-

() = [ m(%)w (e
where  wp = /p2 + m?2 [a(p),a’(p)] = 52 (p — p)

Non-diagonal representation of H 71

z = T1Sinhn wp = mp COsh 6
t = T coshn p>2 = mpSinh 6

o) = 2 LPL [ exp (/24 ipm+iprer) HED (myr)b(Pr, m)+
iexp(—pm/2 —iun — ipTrT)H@(’_})(mTT)bT(DTa )]
[b(pr, 1), b (P, )] = 8 — )6 (D — D)

a(p7,0) = (mpcosh )/ 2aq(p),  o(Pr,0) = ﬁfjo%o eOb(p, p)dp,
at(pr,0) = (mpcosh0)1/2aT(p)  at(pp, ) = \/%fj'o? e~ 1Out (pp, ) du

The same vacuum state for a and b particles
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HITl = (720 dPprdplw(pr, 1) x

[E(pr, 1) (T (P, 1)b(PT, 1) +b(PT, 1)bT (P, 1))~
F(pp, 1)b(PT, 1)b(~P7, — 1)~ F*(pp, 1)bT (P, )b (—P7, —11)]

B, 1) = 25600
10- 2 ()| + (o, )| S () 2|
F(pr,p) = 4w(71l;;,u)

(0-H (mrm))? + w2 (pr, w) (S (mr7)?]

AD (mpr) = exp(—mp/2)HD (myr)

2
H w(pr, 1) = \/ma + E5
Hz'(,f) (mpr) = exp(ﬁu/Q)HZ_(j) (mpr) T \/ T -
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Using Bogolyubov transformation

b(pTa N) — a(pTa 22 T)&(DT; M, T)_I_/B*(pTa 122 T)g-‘-(_pTa — K, T)
b (Pr, 1) = a*(Pr, 1, T)EN (DT, 1, T)FBPT, 1, T)E(—PT, — 11, T)

|a(pTaﬂ'sT)|2 T |/8(pTaﬂ'sT)|2 =1
§Pr,p,7)[0,7) =0
b(P7,1)|0) =0
0,7) # [0)

one can finally get diagonal representation

HITV = [ d2prdpdw(pr, )€ (pr, ©E@T, 1) +c — number




Charged pions (say, =t ):

(al, (P1)at(P2)) = Trlpal, (P1)at(P2)]
(aly (p1)al (P2)at (P1)at (P2)) = Trlpal, (P1)a’, (P2)ag (P1)ag (P2)]

ayr(pP) = %(al(p) + iax(P)),
al (p) = J5(a}(P) — iab(p))

p = Zilexp (_B(HF'] + Hg] + H:[%T]))

(al, (P)al, (P)) = (ay(P)ay(P)) =0 (al (p)) = (a4(P)) = O
(al (P)al (P)) = (ab(P)ab(P)) = (ak(P)al(P)) # 0
(a1(P)ai1(P)) = (a3(P)az2(P)) = (a2(P)a3(P)) # 0

(a1(P)) = (al(P)) = ... = 0



Charged pions:

(al (P1)at(p2)) = (af(P1)a(p2))
(al (p1)al (P2)at(P1)at(pP2)) =
(aT(p1)a(pP1))(a’(P2)a(p2))+(a’(P1)a(P2))(af(P2)a(p1))

(al (P1)a1(P2)) = (ah(P1)az(P2)) = (ah(P1)az(p2)) = (al(P1)a(pP2))

: : : : P = (P1+Pp2)/2
Two-particle correlation function (without Coulomb FSI): ¢ — p, — p,

(aly (P1)al, (P2)a4(P1)at(P2)) . | (af(P1)a(D2))(al(P2)a(Py))
(! (P1)at(P1))(al, (P2)at(P2)) (a’(P1)a(P1))(a"(P2)a(P2))

C(p,q) =



Particle momentum spectra (exact expressions):

(2)
(al (P1)ay(p2)) = 2§\D/%2> +20 4111 e~ i1 (01-02)

Lﬁw(ptriam)_l (14 2181, 11, 7)I?) + |ﬁ(pT1,u1,T)|2]
B(pr, 1, 7)|%2 = E5L
w(pr, p) = \/m% 4 %:j;
Bor 1) = 256rm)
['3Tﬁ ) (mpr) 2 + w2 (pp, W H (mpr) |2]
H( )(mpr) = exp(— W,_,,/Q)H( ) ()
H(Q)(mTT) — exp(mp/2)H ( )(mT'r)
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One-particle momentum spectra (5(2)(0) — (27)~2R2.) :

2
(al, (P)a1.(P)) = ¢ S du

[ ,gw(p;u) N (1 + QIB(pT,u,T)I + |8(pT, 1, T)I2

1 i
NN\

Creation from the “vacuum” :

2
(0, 7lal, (P)a4 (P10, 7) = (zrsh A dialBpr, 17|



One-particle momentum spectra and Bose-Einstein local equilibrium
distribution function of the ideal gas:

(al (P)ayt(P)) = (al (P)ay(P))1.cq.+(al (P)at(P))cond

R2
(aly (PYat(PYcond = (rys JA2 dulBr, 172 | oy + L
+ . R? —+ o0 1 —_
<a_|_(p)a’—|—(p)>l.eq. _ (271')1;’wp — 00 dﬂeﬂw’(’PTalJ«)_l -

1 1 1
i Jon AU s

(= (mp7)sinh(n —0))



One-particle momentum spectra and vacuum terms:

R? o0
(@L_(D)aJr(D))cond = mfj_oo dp|B(pr, 1y )| ng(piﬁ)_l + 1}

B(or, 1, 7)? = E51 w(prT, p) = \/‘m% + i,“é

wT

BT, 1) = 25wy
10-F 2 (marm) 2 + w (o, | HSD (mrn)|?]
WKB ansatz:

ﬁi(lf) (mpr) = exp(wp/2)HZ,(5)(mTT) —
i /4 [ 2 ]1/2

W (T, pr,p)T

exp [—i /KR dr'W (', pr, p,)]

satisfies normalization condition



o e rw(prop) = T m2 4 s 1
Adiabatic approximation: pr, K TT 2

— 1
8;{0';“’—;

Klein-Gordon equation:
2\ 77(2
(a,? + 15, + m2 + f;—z) H2) (mpr) =0

2
Forthe WKB ansatz:z W?2 = w? + oW + ZQ[ (8TW)

102W
42 2 W %%

Can be solved by iteration, leading order in (7w (pr, 1)) 1

IS W(l) = w

2
For the WKB ansatz 1812 = g5 [(%a{;ﬁv + 217) + (W — w)ﬂ
in the leading orderis  |8(1)|2 = 16{3272



Regularization is needed !

The local energy density of particles created from the “vacuum” diverges in
the leading order of the adiabatic approximation :
(0, T|uyuyTH ()]0, 7) — (Oluyu,THY(z)|0) = oo
because
(0, 7lal (P1)ay (2)]0,7) = 553
and [g(1)|2 = - 1

16w272
Physical picture: sudden decay of the quasiparticle vacuum at fixed r = /2 — ;2

2
RT

means that all virtual particles become real ones .
Continuous decay : adiabatic regularization results in
812 — 182(79) = || — |24

<Oa TluMuVTMV('CENOa 7_)_(0: T, A|uu’uyT“U(aj)|O’ T, A) # ©.@)
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One-particle momentum spectra and two-particle correlations without
regularizations (but with some comments) in the leading order of the adiabatic
approximation

One-particle momentum spectra :
(a} (P)at(P)) & nycq.(P) + ncona(P)

R2
nl.eq.(p) — @%TmT\/ ,Bm exp(—pmr)

5z =
Neond(P) = (2w)3w T




Two-particle momentum spectra

(al (P1)al, (P2)ay(P1)ay(p2)) =
(aT(P1)a(p1))(a(P2)a(p2))+(al(P1)a(P2))(a’ (P2)a(P1))

a’(p1)a(p2)) = (‘J’T(pl)a(p2)>l.eq.+<cg(p1)a(p2)>cond
<aT(p1)a(p2)>l.eq. ~ nl.eq.(p) exp (_Riéeq'Q%) )

(af(P1)a(P2))cond & Meona(p) exp (—Fgrdlqp )

cond — cosh 6 -€4. \/ ﬁ’m,T cosh @




Two-particle correlation function

Fitted form of the correlation function :

_ Pp=(P1+P2)/2 Fp(0) =1

Ceap(P,q) = 1 4+ \pF
p(P,d) pfp(a) q4=p>— Py Fp(a) — 0
for || — oo

Theoretical correlation function:

+<Dl>a+(02>a+<01>a+(02>> _ 1 4 @®a®)) (@ (P2)a(P1))
(a' (P1)at(P1))(aly (P2)at(P2)) (a’(P1)a(P1))(a’(P2)a(P2))

2
R?
C(pa Oa Oa QL) ~ 1+(\/Al_eq_ eXp ( 126(} Q%) V COT?, exD ( M'QL'))

2 2
. N eq. _ Ry | 21
2
Nona = (e _ B .
St N.eq. TNcond ncond(p) - (27?)3wp 16mpr

2T — T

)‘l.eq. + VAcond = 1 Rcond — cosh f RZ'BQ' o \ /ﬁmTCOShQ

C(p,q) =




B
pp collisions at the LHC:

There is some evidence that hydrodynamics can be successfully applied to
describe flow-like features in high-multiplicity pp collisions.

Therefore one can expect that quasi-equilibrium statistical operator can be
utilized for reduced description of the system.

High rate of (longitudinal) expansion in pp collisions T = const

T~1fm/c oput(x) = %

can result in noticeable contributions to particle momentum spectra from
quantum particle creation due to the ground-state decay

Adiabatic approximation can be used for regularization

2
Tw(pr, 1) =T\/m%+{;f—2 > 1

There is no prolonged post-hydrodynamical kinetic stage of hadronic
rescatterings: signals of the ground-state decay can be observed in particle
momentum spectra and correlations.




X =const

T =const

CMS Collaboration:
Phys. Rev. C 97, 064912 (2018) (0.9-7 TeV);
arXiv:191008815 (13 TeV).
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B 000
Conclusions

Matter produced in a high energy pp collision is locally restricted to the light
cone with beginning at t = z = 0 plane of the Minkowski spacetime manifold
and initial conditions for expanding quantum fields are defined not at

t;, = const but at Tin = \/t% — 2° = const

Hydrodynamics can describe particle momentum spectra in AA/pp collisions.
Therefore there is possibility of the reduced description of the system by means
of the  corresponding quasi equilibrium statistical operator whose lowest
energy eigenstate does not coincide with the Minkowski vacuum. Particle
creation from this “quasiparticle vacuum” has an analogue with the
cosmological particle creation [see, e.g., N.D. Birrell, P.C.W. Dauvies,
Quantum Fields in Curved Space].

The physical picture is that particles are produced by the emitter with two
different scales approximately attributed to the expanding ideal gas in local
equilibrium state and to the highly entangled state (condensate) of correlated
pairs of particles. Signals of particle production from this condensate can be
noticeable If rate of matter expansion is high, and if effect of rescatterings
for produced particles is small .



.
Conclusions

B Perhaps, signals of quantum particle creation from quasi equilibrium
ground state condensate have been already observed in measured two-pion
momentum correlations in pp collisions at the LHC (ALICE, ATLAS,
CMS Collaborations). Specifically, apparent suppression of the measured
Bose-Einstein momentum correlations of two identical charged pions can
take place due to the two-scale mechanism of particle emission and
different momentum dependence of the corresponding particle emission
regions.

B Realistic generalization of the model is needed to make possible
quantitative comparison with experimental data.

B My talk is based on
1) S.V. Akkelin, Eur. Phys. J. A (2019) 55: 78.
2) S.V. Akkelin, in preparation.
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