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Temperature Fluctuation and the Specific Heat in Au+Au
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Abstract:
in a multiphase transport (AMPT) model and compared with the experimental results from Ref. [Phys-
Rev(C.94.044901]. The temperature high order fluctuations in Au+Au collisions in AMPT model are also
reported. Cvy is a thermodynamic quantity that characterizes the equation of state of the system. For a

We report the results of the energy dependence of specific heat (Cvy) of hadronic matter

system undergoing phase transition, Cy is expected to diverge at the critical point. Fluctuations of tem-
perature are sensitive observables to probe the QCD critical point. The Cvy is extracted by analyzing the
data on event-by-event mean transverse momentum ((pr)). The (pp) distributions in finite pr ranges are
converted to distributions of effective temperature (Teg). The Cv is extracted from the Teg distributions.
The fluctuations of temperature are measured by calculating the high order cumulants of the Teg distribu-
tions. We find that both Cy and high order cumulants of the temperature show monotonic distributions in
energy dependence, which is expected that there is no phase transition critical point in the AMPT model.
At low energies, a sharp drop of C'y from the experimetal results is observed and it deviates from the AMPT
results. The AMPT model can provide a non-critical background, which can provides a good reference for
comparison with experimental results to search for the QCD critical point.
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1 Introduction

Exploring the quantum chromodynamic (QCD)
phase structure is one of the main goals of heavy ion
collision experiments. The QCD critical point is the
end point of the first-order phase boundarym. One of
the major goals of beam energy scan II (BESII 2019-
2021) program at RHIC is to search for the critical
point in the QCD phase diagram. The experimental
confirmation of the QCD critical point is essential in
studying the QCD phase structure'?.

Lattice QCD calculations predicted a phase tran-
sition of confined partonic matter phase, called the
Quark-Gluon Plasma (QGP) at extremely high tem-
perature and energy. Critical point(ug ., Tc) is lo-
cated as the end point of the first order phase tran-
sition line. At higher temperature and lower baryon
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chemical potentials than the critical point the transi-
tion is no long first-order, but a cross-over® %), Lat-
tice QCD[gfll} and Dyson-Schwinger Equation[m*M]
give serious theoretical prediction in a range about
115< T, <162 MeV.

Specific heat, Cv, is a thermodynamic quantity
characterizing the equation of state of the system. It
is a measure of the temperature fluctuation and its sin-
gularity behavior is relevant to the phase transition!'®.
For a system undergoing phase transition, Cvy is ex-
pected to diverge at the critical point[lﬁ]. Temperature
fluctuation of the system provides an estimation of Cy.
Near the critical point, the specific heat is normally ex-
pressed in terms of a power law, Cv o«| T — T |,
where T. is the critical temperature and is critical
exponent[m. Thus the C'v can be effectively used to
probe the critical point.
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Furthermore, the fluctuations are very sensitive to
the nature of the transition. Fluctuations of temper-
aure also serve as the sensitive observable in heavy-ion
collisions to search for the QCD phase transition and
critical point.

2 The distributions of (p;) and the ef-
fective temperature

It has been observed that the (pr) distribu-

Here x represents the (p). The mean (u) and stan-
dard deviation (o) of the distribution are related to
the fit parameters @ and 8 by u = a8 and o = +/a52.

The temperature of the system can be obtained
from the particle transverse momentum (pp) . The pr
distribution can be fitted to an exponential Boltzmann-
type distribution in which the temperature can be ex-
tracted event—by—event[15

1 dNn

tions are nicely described by using the gamma (I") F(pr)= T ~ Ae P/ Terr (2)
distribution™®9); Pr 9Pt
2O~ 1o—z/B where A is a normalization factor and Teg is the ap-
fx)= I()pe (1) parent or effective temperature of the system.
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Fig. 1 (color online) Upper panels show event-by-event (pr) distributions of the charged particles for 0~5% most

central Au+Au collisions at collision energies /sy = 39, 62.4, and 200 GeV within | 7| <1 and 0.15 <pp<2.0
GeV. The lower panels show the event-by-event extracted Teg distributions. The solid and dashed lines show
the fits of same events and mixed events with I" functions.

In a system, for a range of pp within a to b one

can estimate (p ) vial'?!
J'SOP%F(pT)dPT
(pT) =% 0 37—
fo prF (pp)dpr
_ T +2moTes +mg 3)
mo+ Tes ’

where my is the rest mass of the particle. Note that the
integration for pr is from 0 to co. But in reality the
pr window is finite. The expressions for pp within a
range from a to b, can be obtained using the following

relation[lg} :

b
f P4 F(pr)dpr
(pr)="%%—"""
pr 7)dp
2 —a/chf 2 —b/chf
Tt a‘e b“e (4)

(a—’—Teﬂ‘)e*a/Teff — (b—f—Teﬁ-)e*b/Teff ?

This equation links the value of (p) within a specified
range of pp to Teg. The Teg is extracted within the
pr range 0.15<p1<2.0 GeV.

The pr and Teg distributions have been studied
with the string melting mode of a multiphase trans-
port (AMPT) model®® data. The radial flow may
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contribute to the temperature fluctuations but in this
work we assume that the radial flow fluctuation is small
and negligible. This will be studied in more details in
future. In events generated from AMPT model, 0~5%
most central collisions are selected with the impact pa-
rameter cut b<3.0 fm. The results are shown within
[n]<1 and 0.15<p1r<2.0 GeV. Both the real and mixed
event pp and Teg distributions are fitted with the I’
function and the fits are shown by the solid and dashed
lines.

The results of 39, 62.4, 200 GeV of AMPT model
are shown in Fig. 1. The solid points are the event-
by-event (pr) distributions or Teg distributions from
the AMPT model data(same event). The open circles
are the results of mixed events. The mixed events are
created by randomly selecting charged particles from
different events. The mixed event distributions con-
tain all the systematic effects include statistical fluc-
tuations. The nonstatistical fluctuations can be ex-
tracted from the difference between the same event
and mixed event distributions. In Figs. 2 and 3, we
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Fig. 2 (color online) Specific heat, Cv, of the charged

particles as a function of collision energy from the
AMPT model for 0~5% most central Au+Au col-
lisions. Except the Au+Au 0~5% AMPT results,
others are from Ref. [17] for comparison.
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(color online) Specific heat, Cy, of pions, protons,
kaons, and the charged particles as a function of
collision energy for 0~5% most central Au+Au
collisions at /sy =5 to 200 GeV from the AMPT

model.

Fig. 3

know that Cvy is larger at a higher collision energy.
Heavy-ion systems at higher collision energies require
less energy for changing temperature, which results in
larger temperature fluctuation.

3 Method to extract the specific heat

For a system in equilibrium, the event-by-event

temperature fluctuation is controlled by the heat
., [16, 21-22]
capacity :

P(T) = Aexp {—C(AT)T ,

oy )

where A is a normalization factor and C' is the heat
capacity, (T) is the mean effective temperature and
AT =T —(T) is the variance in the effective tempera-
ture. The T,g distribution is fitted with this equation.
The heat capacity, C, is extracted from this fit.

The specific heat, Cy, is the heat capacity per
unit phase space volume,; Cy=C/A, where A is an
estimate of the phase space volume. In lattice calcula-
tions A=V/T?2." However, in experiments it is simpler
to measure the dimensionless quantity C/N where N
is the particle multiplicity, and thus A=N (7,

We compare the AMPT model with other model
calculations and former experimental results for the
specific heat Cy = C'/N. We also compare results of
C'y of the pions, kaons, protons and the charged par-
ticles. In Fig. 2 and Fig. 3, Cy decreases with the
increase of collision energy. In Fig. 2, the experimen-
tal results of Au+Au 0~5% have a sharp drop at low
energy, which hasn’t been found in the Au+Au 0~5%
AMPT model results. The Cv of charged particles is
smaller than that of pions due to proton contributions,
since the Cy of protons is systematically smaller than
that of pions over the collision energies.

4 The high order fluctuations of tem-
peruture

We use cumulants to characterize the fluctuations
of the effective temperture. The cumulants of event-by-
event particle Tog distributions can be expressed in
terms of moments with the following relations:

01:<N> ) (6)
Ca=(N*)—(N)*, (7)
O3 =2(N)* =3(N) (N?)+(N?) , (8)

Ca=—6(N)*+12(N)?(NH)=3(N?)>—4 (N)(N)*+(N)*,
9)

where the (N™) is the n'" order moments'?® 2.
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The variance, skewness and kurtosis can be calcu-
lated by cumulants, respectively[%*%]:

Cs Cy

2
g :C2, S:W’ R=—5 (10)

(C2)?

Then, the moment products So and ko2 can be
expressed by:

Cs 2 Cy

Gs ==t 11
o "0 =G, (11)

The errors of the moment products So and ko>
can be calculated according to the delta theorem in
statistics®®.

The Teg distributions are nicely described by us-
ing the I' distribution f(z)= % The moment
can be expressed as:

k\ _ 1 k_a—1_—z/8
<N >_F(Q)BQJ?$ T e dx ,

_pF atk—-1 —t,,  T(a+k) i
T, =

=a(a+1)...(a+k-1)3" . (12)

The central moment can be expressed as:
((N=(N)F) =S Ch= (N (N L (13)
i=0

Then we can obtain that:
So=28, ko>=65". (14)

In both Fig. 4 and Fig. 5, the So and ko? decrease
with the increase of collision energy. Both of them has
a sharp drop at low energy. The So and ko? of 7 are
larger than those of charged particles.
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Fig. 4 (color online) Collision energy dependence of the

So in 0~5% most central Au+Au collisions at
/Snn =5 to 200 GeV from AMPT model.
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Fig. 5 (color online) Collision energy dependence of the

ko? in 0~5% most central Au+Au collisions at

V/Snn =9 to 200 GeV from AMPT model.

5 Summary

In the simulations for 0~5% most central Au+Au
collisions at energies from 5 to 200 GeV, we have re-
ported the calculation results of the specific heat of
the charged particles, pions, kaons, and protons from
the AMPT 'model. And we compared the specific heat
of charged particles with other model calculations and
former experimental results to investigate the system
energy dependence. We have also reported the high or-
der flutuations of temperature distributions in AMPT
model by calculating the moment products ko and
So.

By studying the specific heat and temperature flu-
tuations in AMPT model for heavy ion collisions, we
find the results of Cy, ko? and So show monotonic
distributions in energy dependence, which is expected
that there is no phase transition critical point in the
AMPT model. This provides a good reference for com-
parison with experimental data to search for the signal
of critical point. At low energies, a sharp drop of Cvy
from the experimental results is observed and it devi-
ates from the AMPT results. Further, more results
with the coming STAR experimental data at different
energies will offer further exploration of the critical
point.
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