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In the hot and dense hadronic sources formed in high-energy heavy-ion collisions, the particle interactions
in medium might lead to a squeezed back-to-back correlation (BBC) of boson-antiboson pairs. We calculate
the BBC functions of ¢¢ for sources evolving hydrodynamically in (2 + 1) dimensions and with longitudinal
boost invariance. The BBC functions for hydrodynamic sources exhibit oscillations as a function of the particle
momentum because the temporal distributions of hydrodynamic sources have sharp falls to O at large evolving
times. The dependences of the BBC functions on the directions of the particle momentum are investigated. For
transverse anisotropic sources, the BBC functions are minimum when the azimuthal angles of the particles reach
0. The BBC functions increase with decreasing absolute value of the particle pseudorapidity. The oscillations and
the dependences on the particle azimuthal angle and pseudorapidity are the significant signatures for detecting

the BBC in high-energy heavy-ion collisions.
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I. INTRODUCTION

In the hot and dense hadronic sources formed in high-energy
heavy-ion collisions, the mass modification of particles in
medium can lead to a squeezed back-to-back correlation
(BBC) of the boson-antiboson pair [1,2]. This BBC is the
result of a quantum mechanical transformation relating in-
medium quasiparticles to the two-mode squeezed states of
their free observable counterparts, through a Bogoliubov
transformation between the creation (annihilation) operators
of the quasiparticles and the free observable particles [1-3].
The investigations of the BBC of boson-antiboson pairs may
provide a new way for people to understand the thermal and
dynamical properties of the hadronic sources in high energy
heavy ion collisions.

Denote ay (ai) the annihilation (creation) operator of the

free boson with momentum Kk and mass m, and by (bl)
the annihilation (creation) operator of the corresponding
quasiparticle with momentum k and modified mass m,, in
homogeneous medium; they are related by the Bogoliubov
transformation [1,2]

ax = ck bx + 57 bT_k, ()

where
ck = cosh fi, sk =sinh fi, fi = 3 log(ex/ ), ()

wx = VK2 +m?, Qg =,/k*+m2. 3)
The BBC function is defined as [1,2]

Gk, —K)I?
G.(kK)G.(—k, —K)’

Ck,—Kk) =1+
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where G.(Kk;,k;y) and G, (Kk;,k;) are the chaotic and squeezed
amplitudes, respectively,

Ge(ki.ko) = o, o, (af ax,), )
Gy(ky k) = /o, wx, (ak,ax,), (6)

where (- - - ) indicates the ensemble average. The BBC function
for a homogeneous source with volume V' and temperature 7
can be expressed as [2]

V ek sing + cox 5% (n_x + D

o=t om0
where
1
= (®)
exp(Qk/T)—1
ni(kK) = ekl ni + sk *(n_x + 1). )

In Ref. [3], Padula et al. put forward the formulism of the
BBC function for the local-equilibrium evolving system and
studied the BBC functions of ¢¢ for expanding sources with a
Gaussian space profile. Recently, the BBC functions of K+ K~
were investigated [4] for expanding Gaussian sources, and a
method was suggested [5] to search for the squeezed BBC
in heavy-ion collisions at the Relativistic Heavy Ion Collider
(RHIC) and the Large Hadron Collider (LHC). In Refs. [6]
and [7], we calculated the BBC functions of relativistic ¢¢ and
K™ K~ pairs for spherical and ellipsoid expanding Gaussian
sources. The relativistic effect on the BBC functions [6] and
the dependence of the BBC functions on the direction of
the particle momentum for the anisotropic sources [7] are
investigated. However, all the source density distributions used
in the calculations in previous works are space-time separated,
having Gaussian spatial distributions and an independent
temporal distribution of exponential decay or others [3-7].
Investigations of the BBC based on more realistic space-time
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evolving source models will be of interest in high-energy
heavy-ion collisions.

Relativistic hydrodynamics has been extensively applied to
high-energy heavy-ion collisions. In this work, we use the ideal
relativistic hydrodynamics in 2 4 1 dimensions to describe the
transverse expansion of sources with zero net baryon density
and combine the Bjorken boost-invariant hypothesis [8] for
the source longitudinal evolution. As a first step in the
study of the BBC for a more realistic source model, these
descriptions are suitable for heavy-ion collisions at the RHIC
top energy and the LHC energy [9-21]. We investigate the
BBC functions of ¢ meson pairs for hydrodynamic sources.
The results indicate that the BBC functions of ¢¢ exhibit
oscillations as a function of the particle momentum and vary
with the particle azimuthal angle and pseudorapidity. The
oscillations and the dependences on particle azimuthal angle
and pseudorapidity are the significant signatures for detecting
the BBC in high-energy heavy-ion collisions.

The rest of this paper is organized as follows. In Sec. II,
we present the calculation formulas of the BBC function for
hydrodynamic sources. In Sec. III, we investigate the BBC
functions of ¢¢ for hydrodynamic sources with different
initial geometries and energy densities. The oscillations of
BBC functions as a function of the particle momentum and
the dependences of BBC functions on the directions of the
particle momentum are also discussed in this section. Finally,
a summary and conclusions of this paper are given in Sec. I'V.

II. CALCULATIONS OF BBC FUNCTIONS FOR
HYDRODYNAMIC SOURCES

The description of ideal hydrodynamics for the system with
zero net-baryon density is defined by the local conservations
of energy and momentum [9,10],

3, T""(r)=0, (10)

where TH'(r)= [e(r)+P(r)]u*(r)u’(r) — P(r)gh’ is the
density tensor of energy-momentum ideal fluid at space-time
coordinate r, €(r) and P(r) are the energy density and
pressure in the local rest frame of the fluid element at
r, which move at velocity v(r), u* = y(1,v) is the four-
velocity, y =(1-v?)""2, and g"’= diag(+,—,—,—) is the
Minkowski metric tensor. Under the assumptlon of Bjorken
longitudinal boost invariance [8], we need only to solve the
transverse equations of motion in the z = 0 plane, and the
hydrodynamic solutions at z ## O(v® = z/t) can be obtained
by the longitudinal boost invariance hypothesis [11,12].

From Eq. (10) we have the transverse equations inthe z = 0
plane,

0:.& + 0, [(E+PW' ]+ 0, [(E4+PH] = =F(E,P,1),

HM* + (M v +P) + dy(M*vY) = —=G(M* 1), (11)

MY + 3 (M7v) + 9y(MYV +P) = —G(M” 1),
where £=TY=y2(ec+P)—-P, M =TY%=y2(c + P,
i =x,y), FEP,t)=(E+P)/t,and GIM' t) = Mi/t. In
equation set (11) there are €, P, v*, and v” four variables. So an

equation of state, P(e), is needed to enclose the equation set.
In the calculations, we use the equation of state of s95p-PCE,
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which combines the hadron resonance gas at low temperatures
and the lattice QCD results at high temperatures [20]. We
assume that the system reaches the static local equilibrium at
79 = 0.6 fm/c after the collision and take the initial energy
density distribution in the transverse plane as the Gaussian
distribution,

e =epexp[ — x*/(2R;) — y*/(2R})]. (12)
where €y and R;(i = x,y) are the parameters of the initial
source energy density and radii. With the equation of state and
the initial energy density we can solve equation set (11) using
the relativistic HLLE scheme and Sod’s operation splitting
method [9,13,21-26].

For hydrodynamic sources, with the formula derived by
Makhlin and Sinyukov [27], the chaotic and squeezed ampli-
tudes can be expressed as [2,3]

d*o,(r) iqar (s 2.
Go(ki k)= (27/:)3 Kiye'®e {’Ck;,k’z Ny K,
2
+ |sik’ K, [n/fk’l,fk/z +1]}, (13)
d*o,(r) P Koy
G,k k)= / (2”)3 Ki, e Frarfs™ K., k), K,

I% !
x ”—k/,,k’2 + Ck’,,—k’zs—k’z,k/l [nk’l,—k;_ + 1]} (14)

Here d* 0,(r) is the four-dimension element of the freeze-out
hypersurface, ¢;', = k|' — k5, K|'y = (k| + k5)/2, and K[ is
the local-frame momentum corresi)onding tok;(i = 1,2). The
other local variables are

Cig 41, = cosh [f:::k’,,:tk’z]’ (15)
S e, = Sinh [ fle o ] (16)
f:::k’,,:l:k’z = 3 log [(“’{( +‘Ui<’)/(91<3 + Qi(z)]
= 1log [K{'yuu(r) /K hu,(r)]
= fi () a7
W (1) = \JKP) + m? = K, (1)
= [0k, — ki - v(r)], (18)
Q4 (1) = k() + m?

N

=k u,(r), (19)
g s, = exp [ [5(Q + Q) — w1200]/ T}

= exp {—[ K 5uu(r) — p12(r)] /T ()}

= K,k (1), (20)

where, K{") = (k" + k3")/2 is the pair four-momenta of the
quas1partlcles inmedium, and u*(r) = yy[1,v(r)], 11.2(r), and
T (r) are the source four-velocity, the pair chemical potential,
and the source temperature at particle freeze-out, respectively.
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FIG. 1. Distributions of the freeze-out points of ¢ mesons in the
z = 0 plane for the initial conditions €y = 8 and 20 GeV/fm® and
R, =R, =4fm.

Equation (19) gives the relationship between k**u,(r) and
k*u, (r), which is used in calculating fi; k2(r) and ngq ko (7).

III. BBC RESULTS FOR HYDRODYNAMIC SOURCES

A. Source distributions

For hydrodynamic sources with a Bjorken cylinder, the
four-dimension element of the freeze-out hypersurface can be
written as

d*o,(r) = fu(r,ry,n)drd’r dn, (1)

where 7, r , and n are the proper time, transverse coordi-
nate, and space-time rapidity of the element. The function
fu(t.,r,n) is related to the freeze-out mechanism that is
considered, and K f‘ > fu(t,r1,n) corresponds to the source
distributions of proper time and space in the calculations [see
Egs. (13) and (14)]. In this work we assume that ¢ mesons are
frozen out at a fixed temperature 7 and use the AZHYDRO
technique [10,18,19] to calculate the freeze-out hypersurface
element.

We show in Fig. 1 the distributions of the freeze-out points
(source points) of ¢ mesons in the z = 0 plane for the initial
conditions €y = 8 and 20 GeV/fm3 and R, = R, =4 fm.
The distribution profile for the lower T is wider than that
for the higher T, because of the source expansion. And the
distribution profiles increase with increasing initial energy
density. In Fig. 2, we show the normalized distributions
of the transverse coordinate and time of the ¢ freeze-out
points in the z = 0 plane, which are obtained by projecting
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FIG. 2. (Color online) Normalized distributions of transverse co-
ordinate and time of the ¢ freeze-out points in the z = 0 plane for the
same initial conditions as in Fig. 1.

the two-dimensional distributions in Fig. 1 to the coordinate
and time axes, respectively. One can see that the transverse-
coordinate distributions are similar to Gaussian distributions.
The temporal distributions increase with time nonlinearly and
have sharp falls to O at long evolving times. The widths of
the spatial and temporal distributions increase with increasing
initial energy density and decrease with increasing freeze-out
temperature.

B. BBC functions

In Fig. 3, we plot the BBC functions of ¢¢ in k — m,
plane for the hydrodynamic sources with different initial radii
and energy densities. In the calculations, we take n in the
region (—1,1) and the chemical potential of boson-antiboson
pairs, p12(r) = 0. The freeze-out temperature of ¢ meson
is taken to be 140 MeV [3-7]. The variation of the BBC
functions with the modified mass m, is similar to that of the
BBC functions calculated previously [3—7]. However, the BBC
functions for hydrodynamic sources exhibit oscillations as a
function of k, compared to the BBC functions for sources with
Gaussian spatial distributions and a temporal distribution of
the exponential decay [3-7].

To examine the reason for the oscillations of BBC functions,
we calculate the BBC functions for sources with spatial dis-
tributions obtained from the hydrodynamic freeze-out points,
dN/d|ry| [see Figs. 2(a) and 2(b)], and the parameterized
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FIG. 3. BBC functions of ¢¢ for the hydrodynamic sources with different initial conditions and 7y = 140 MeV.

temporal distribution,
F(t)=(@+bt*)0(t — 170) 0(Tmax — T), (22)

where a, b, and 1, are three parameters. As shown in
Fig. 4, temporal distributions F; and F, are similar to the
distributions in Fig. 2(d). In Fig. 4, the thin solid line is for
the temporal distribution of the exponential decay [3-7]. It is
much different from the distributions of Eq. (22). We plot in
Fig. 5 the BBC functions of ¢¢ for sources with hydrodynamic
spatial distributions [see Fig. 2(b)] and parameterized temporal
distributions of Eq. (22) and exponential decay (see Fig. 4).
Here, Figs. 5(a) and 5(b) are with temporal distributions F
and F5 in Fig. 4, and Figs. 5(a’) and 5(b’) are with temporal
distribution F3 in Fig. 4. In the calculations, the source
temperature is taken to be Ty = 140 MeV, and the source
velocities used are still the hydrodynamic source velocities at
the freeze-out points. One can see that there are oscillations in
the BBC functions calculated with temporal distributions F)
and F,, which have sharp falls to O at long times. However, the
oscillations disappear in the BBC functions calculated with
the temporal distribution of exponential decay, F3. The peak
values of the BBC functions for temporal distributions F; and
F, are smaller than those of the BBC functions for temporal
distribution F5. The reason, as will be seen, is that the width
of temporal distribution F3 is much smaller than those of F;
and F>.

6 f_F1,2=(a+b12)6(t—ro)G(Imax—r) _f
F —— F1(a=1.0,0=0.035, Tpp0=7) 1
5 — — — Fy(a=0.9,5=0.025, T,,,,=10) —
4 _ — F3=5exp[—(1-7()/2] 6(T—-7() _
e r ]
~3F 3
C | ]
2F | -
C | ]
1F | 3
C | ]
O Co v v v by vy I3 M
0 2 4 6 8 10 12

T (fm/c)

FIG. 4. (Color online) Parameterized temporal distributions F;
and F, in Eq. (22) for the parameter sets [a = 1.0 (fm/c)~!, b =0.035
(fm/c)™3, Tmax = 7fm/cland[a = 0.9 (fm/c)~!, b =0.025 (fm/c) 3,
Tmax = 10 fm/c]. The thin solid (blue) line Fj5 is for the temporal
distribution of the exponential decay.
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(a) Ry =4 fm, Ry =4 fm, £,=8 GeV/fm?3
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(@) Ry=4 fm, Ry =4 fm, £9=8 GeV/fm’

FIG. 5. BBC functions of ¢¢ for the sources with hydrodynamic spatial distributions [see Fig. 2(b)] and parameterized temporal distributions
(see Fig. 4). (a, b) With temporal distributions F; and F, in Fig. 4; (a’, b’) with temporal distribution Fj3 in Fig. 4.

In the calculations of the BBC functions with parameterized
temporal distributions, we have

2
‘ n”fD,,(k)I,;(k)dn‘

Ck,—Kk) =1+ ,  (23)
[t 00an] [ fy7 s dn]
where
/‘F(T)eiZwkrcoshn dt
D, (k) = , 24
(0 Ina —ml [F(r)dt @9
I’(k) = A
(k) = / Tl A i)
+ -k ()s g (P (r) + D1d%r (25)
o — [9N )
,(K) = /dzrl[|ck,k(")| nik(r)
+ i k(M) (nik(r) + Dd°r 1, (26)

Sk, ko (1) =sinh[ fi, ik, (). (27)

For the parameterized temporal distribution in Eq. (22), we
have

Ckl,kz(r) = COSh[ fkl,kz(r)]s

[b*d* + 4a(a + bd?) sin*(d~/m? + k2 cosh n)]'/?

| D, (k)| =
K 2v/m? + k2 coshn (ad + bd3/3)|n, — 1|

(28)

where d = (Tmax — 7p), and the approximation b < a(m? +
k?)(cosh n)?/(ch)? is taken. The oscillations of the BBC func-
tions are from D, (k). We plot | D, (k)| in Fig. 6 for the param-
eterized temporal distributions in Eq. (22) (thick lines) and the
temporal distribution of exponential decay (thin lines), in this

case | Dy(k)| = {(n2 — m)?*[1 + 4(m>+k?) cosh’p At2]}71/2

0.04
- — Fne0 ]
i F3,1n=0.5 ]
0.03F — Fi,n=0
- - Fl s T]:OS E
< C ]
é: 0.02 - -
0.01
0 IR R RS A SR S AR T R
0 0.2 0.4 0.6 0.8
k (GeV/c)

FIG. 6. (Color online) Magnitudes of D, (k) for temporal distri-
butions F; and F; in Fig. 4.
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(@) Rx=3 fm, Ry =4 fm, g9=8 GeV/fm3
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(b) Rx=4 fm, Ry=4 fm, £0=8 GeV/fm’

FIG. 7. BBC functions of ¢¢ in the cos 8-k plane for hydrodynamic sources with different initial radii and energy densities. Here, m, is

taken as 1.05 GeV.

and At =2 fm/c. We take ny = —1 and 7, =1 in the
calculations. The magnitudes of D, (k) behave as oscillations
for the parameterized temporal distributions F; because of
the sharp falls in the distributions at long times (see thick
lines in Fig. 4). However, the magnitudes of D, (k) for the
temporal distribution of the exponential decay, F3 in Fig. 4, are
smoothed. The magnitude of D, (k) for F3 are larger than those
for F| because the width of the F5 distribution is smaller than
that of F). For all the temporal distributions, the magnitude of
D, (k) decreases with increasing 7. And the BBC functions are
determined by the product of D, (k) and I, (k).

C. Dependence of the BBC function on the direction
of the particle momentum

For anisotropic sources, the BBC functions depend not only
on the magnitude of the particle momentum, but also on its
direction [7]. This is because the source velocities in different
directions lead to the variation of k*u, with the momentum
direction. To examine the dependence of the BBC functions
on the direction of the particle momentum, we use

cosa =ke/Ikl. cosp=ke/krl. (el = /k2+k2)

(29)

to describe the direction of the particle momentum. « and j are
the polar angle and azimuthal angle of the particle. In Fig. 7,
we plot the BBC functions of ¢¢ in the cos -k plane for
hydrodynamic sources with different initial radii and energy
densities. Here, m, is taken as 1.05 GeV, corresponding to
approximately the peaks of the BBC functions (see Fig. 3).
For R, < R,, the source expanding velocity in the x direction
is higher than that in the y direction. The BBC functions for
sources with R, < R, are larger at cos 8 = 0 than those at
cos f = 1, because the average values of e ¥ uu/Tr are smaller
at cos 8 = 0 than that at cos 8 = 1 in this case [7]. For the
source with R, = R,, the BBC functions are independent of
cos 8.

In Fig. 8, we show the dependence of the average BBC
functions, (C(k, — k))x, of ¢¢ on the cosine of the particle
azimuthal angle for hydrodynamic sources with different
initial radii and energy densities. Here, m, is taken as
1.05 GeV and the momentum region averaged is 0—1 GeV/c.
The BBC functions are independent of the azimuthal angle
for transverse isotropic sources. However, the BBC functions
for transverse anisotropic sources increase with increasing
azimuthal angle of the particles (0 < 8 < m/2). For transverse
isotropic sources, the average BBC function for the higher
initial energy density is smaller than that for the lower initial
energy density. The reasons are that the source with a higher
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FIG. 8. (Color online) Dependence of the average BBC func-
tions, (C(k, — k))x, of ¢¢ on the cosine of the particle azimuthal
angle for hydrodynamic sources with different initial radii and energy
densities. Here, m, is taken as 1.05 GeV and the momentum region
averaged is 0—1 GeV/c.

initial energy density has a larger expansion velocity and a
wider temporal distribution of freeze-out points. For transverse
anisotropic sources, we observe that the average BBC function

(a) Rx=3 fm, Ry =4 fm, go=8 GeV/fm?

PHYSICAL REVIEW C 92, 024906 (2015)

for the higher initial energy density is larger than that for the
lower initial energy density. This is mainly because the many
oscillations of the BBC function for the source with the higher
initial energy density lead to an increase in the average value
in the momentum region [see Figs. 7(a) and 7(c)].

We plot in Fig. 9 the BBC functions of ¢¢ in the cos a-k
plane for hydrodynamic sources with different initial radii and
energy densities and for m, = 1.05 GeV. The ridge values of
the BBC functions for a fixed k decrease with increasing cos «.
The reasons for this are that the average source longitudinal
velocity is higher than the average source transverse velocity
for hydrodynamic sources with Bjorken longitudinal boost
invariance [8], and the higher longitudinal velocity leads
to smaller average values of e ¥"“/Tr at cosa = 0 than at
cosa =1][7].

Because cos « is related to particle pseudorapidity by

¥ = tanh~!(cos ), (30)

the polar angle dependence of the BBC functions can lead to
pseudorapidity dependence of the BBC functions. In Fig. 10,
we show the dependence of the average BBC functions,
(C(k, — k))x, of ¢¢ on the pseudorapidity of the particle for
hydrodynamic sources with different initial radii and energy
densities. Here, m, is taken as 1.05 GeV and the momentum
region averaged is 0—1 GeV/c. The BBC functions decrease

(b) Ry =4 fm, Ry =4 fm, £4=8 GeV/fm’

FIG. 9. BBC functions of ¢¢ in the cos «-k plane for hydrodynamic sources with different initial radii and energy densities. Here, m, is

taken as 1.05 GeV.
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FIG. 10. (Color online) Dependence of the average BBC func-
tions (C(k, — k))x of ¢¢ on the pseudorapidity of the particle for
hydrodynamic sources with different initial radii and energy densities.

Here, m, is taken as 1.05 GeV and the momentum region averaged is
0-1 GeVfe.

with increasing | V| as expected. Because the average transverse
velocities for sources with a higher initial energy density
are higher than those for sources with a lower initial energy
density, the BBC functions for sources with a higher initial
energy density decrease more slowly with increasing |y].

IV. SUMMARY AND DISCUSSION

In the hot and dense hadronic sources formed in high-
energy heavy-ion collisions, particle interactions in medium
might lead to a squeezed BBC of boson-antiboson pairs. The
investigations of the BBC in previous works are for sources
with space-time-separated source distributions [3—7]. The
smoothed temporal distribution of the exponential decay scales
the BBC functions and leads to monotonic BBC functions with
respect to the particle momentum [3-7].

Relativistic hydrodynamics is successful in describing the
source space-time evolution in high-energy heavy-ion colli-
sions. In this paper, we investigate the BBC functions of ¢¢ for
sources evolving hydrodynamically in (2 4+ 1) dimensions and
with longitudinal boost invariance. For hydrodynamic sources,
the BBC functions oscillate as a function of the particle
momentum. The reason for the oscillations is that the temporal
distributions of sources evolving hydrodynamically have sharp
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falls to O at large evolving times, compared to the temporal
distribution of the exponential decay. We also investigate the
dependences of the BBC functions on the directions of the
particle momentum. For transverse anisotropic sources, the
anisotropic source velocity leads to the dependence of the BBC
functions on the particle azimuthal angle. The BBC functions
are minimum when the azimuthal angles of the particles
reach 0. Because the average source longitudinal velocity
is higher than the average source transverse velocity, the
BBC functions increase with decreasing absolute value of the
particle pseudorapidity. The oscillations and the dependences
on the particle azimuthal angle and pseudorapidity are the
significant signatures for detecting the BBC in high-energy
heavy-ion collisions.

For k; =k, k, = —k; = =k, XK — eZiwkt, the BBC
function C(k, — k) for the hydrodynamic source is related
to the temporal Fourier transformation of the space-time
distribution of source freeze-out points [see Egs. (4), (13),
and (14)]. So, the BBC function is very sensitive to the
temporal distribution of the source, and an appropriate source
space-time distribution is important for estimating the BBC
effect in high-energy heavy-ion collisions. In Refs. [2-7],
a sudden freeze-out assumption at time 7, is adopted, and
then a parameterized distribution of 7, (exponential decay)
is used in the calculations to suppress the BBC functions. In
Ref. [28], the author argues the appropriateness of the sudden
freeze-out assumption of time and discusses the exponential
suppression of the BBC function based on three parameterized
temporal distributions. In this work, we extract the space-
time distributions of the source from the (2 + 1)-dimensional
hydrodynamics. The temporal and spatial distributions of
the source are related in the calculations. Although it is a
significant advance compared to the parameterized space-
independent distributions of time used in [2-7] and [28],
further investigations based on more realistic models in which
the model parameters are determined by the experimental data
on the observables, such as single-particle spectra, elliptic flow,
and HBT radii, are needed for the expectations of the BBC
effect in high-energy heavy-ion collisions.
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