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Decoupling chemical and thermal freeze outs in hydrodynamics
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From an analysis of various types of data obtained in relativistic nuclear collisions, the following picture has
emerged in thermal and hydrodynamical descriptions: as the fluid expands and cools, particles first undergo a
chemical freeze out &k,  ~160—200 MeV, then a thermal freeze oufTgt ; ~100—-140 MeV. In this paper
we show how to incorporate these separate freeze outs consistently in a hydrodynamical code via a modified
equation of statégeneral caseor via a modified Cooper-Frye formulaarticular case of .y, ;. close toT ;.
or few particle species undergoing early chemical freezé. dite modified equation of state causes faster
cooling and may have sizable impact on the predicted values of observables.
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I. INTRODUCTION with the usual Cooper-Frye formu[d0], there may be par-
ticles contributing negatively, corresponding to particles that

The behavior of strongly interacting matter under extremeare in the frozen out region and reentering the interacting
conditions of pressure and temperature is the subject of theegion. Physically this should not happen, but in the calcula-
research programs at CER($PS and BrookhavenAGS  tion, it may. Ways to deal with this problem and how it
and RHIQ. Hydrodynamical and thermal models have beenaffects particle data interpretation can be foundlih).
used extensively to describe data from these collisions and Leaving aside these problems for further studies, the ob-
the following picture has emergedee, e.g.[1,2]) from a  jective of this paper is the following. In the past, cascade
study of collisions at SIS, AGS, and SPS energies, with &vent generator&RITIOF, VENUS, RQMD, ARC, etc) were
variety of targets and projectiléfor a compilation see, e.g., employed, in particular by experimental groups, to study
[3]). It is also expected to hold at RHIC and LHC energies.their data. Recently, simple thermal and hydrodynamics-
The dense and hot fluid expands and cools until chemicaspired models have been used increasingly. It seems useful
freeze out occurs for some species of particles. Namelyerefore to start developing more sophisticated hydrody-
these particles stop having inelastic coII|S|on§ so that theifgmical code$12] to extract physical information from the
abundances are frozen. Therefore by studying the abu'ﬁata. Though the data call for separate chemical and thermal

dances of thes_e_ chemically frozen particle species, one Cakeze outs, no hydrodynamical code so far includes chemi-
learn the conditions at chemical freeze out. For example, al

CERN T 160-200 Melf4] The i goes ancoolng 114171 Tee2e s sl consenty e, e e
until thermal freeze out happens. Precisely, particles sto y P

having elastic interactions and so the shape of their momerﬁever taken into account. In this paper, we discuss how to

tum distribution is fixed. Therefore by studying these spectramcorpor"Jlte separate chemical and thermal freeze outs in a

one gets information about the conditions at thermal freezgydrodynam!cal code and show that, in certain cases, this
out. For example at CERN, using various types of particleé""” have a sizable impact on the predicted values of observ-
[5] or combining information about the spectrum of a single-ables-
particle species and its Bose-Einstein correlati@?3], one Finally let us mention that early universe and relativistic
extractsT,; ; ~100—140 MeV. There are some deviations toheavy ion collisions call for different treatments for the fol-
this picture. For example, some particles like themay lowing reason. In the early universe, the expansion rete (
undergo both freeze outs almost together and eailye to ~ ~10* s™') at the QCD phase transition is many orders of
their small cross sectigon magnitude smaller than for relativistic heavy ion collisions
Though this picture is simple and consistent with the data(H~10%~10?® s™1). In both cases, a typical reaction rate
its theoretical justification needs further scrutiny. First, in afor hadrons isT'=onv,e~1 fm *=102 s~1. Therefore,
way, this picture works too well as a statistical descriptionwhile in the early universe chemical and thermal equilibrium
seems to apply even to very elementary systghsThis has  between hadrons must have prevail€e>H), this is not the
been debated a lot yet remains an open question. Second, éase for relativistic heavy ion collisiond’(may be ~H).
this description, it is assumed that particles makglden Moreover, in relativistic heavy ion collisions, we expect
freeze outs. For example, when they cross the 180 MeV tenseparate chemical and thermal freeze dies, at distinct
perature three-dimensional surface in the fluid they immeditemperatures because inelastic collisiongesponsible for
ately stop interacting inelastically. In reality one expects thathemical equilibrium need higher center-of-mass energy to
this should happen over a certain length. A formalism tobe operative in general, compared to elastic collisites
account for finite freeze-out volumes and the subsequent nesponsible for thermal equilibriumThis distinction needs not
data interpretation have been presentefidih Third, in the  be made in the early univergboth rated”;,o; andl’g being
freeze-out scenario, when computing particle distributiormuch larger than the expansion rate
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II. INCLUSION OF SEPARATE CHEMICAL g-m~2T2 * enui T
AND THERMAL FREEZE OUTS €= o 2 (_—'_)n+1
IN THE HYDRODYNAMICAL EQUATIONS 2mw% n=1 n?

To simplify the discussion, we use a known and simple nm
hydrodynamical model, Bjorken one-dimensional boost- X|3Kao(nm /T)+ ——Kq(nmy/T) |, )
invariant model[13]. Before chemical freeze out, the fluid
evolution is governed by the hydrodynamical equations

m2T2 © i IT
p=o S (5 kmT), )
de €+p 27 n=1 n
E—’_ n =0, (1)
wherem; is the particle masgy; its degeneracy, angd; its
e n chemical potential; the minus sign holds for fermions and
ZBL B 2) plus for bosons. In principle each particle spedigsaking
at t early chemical freeze out has a chemical potential associated
with it; this potential controls the conservation of the number
The last equation can be solved easily of particles of typei. For particle species not making early
chemical freeze out, the chemical potential is of the usual
ng(to)to type, ui=Biug+ Sus, whereug (ug) ensures the conser-
ng(t)= : (38)  vation of baryon numbetstrangenegsand B; (S) is the

t baryon (strangenegsnumber of particle of type. So the

i _ ) modified equation of state depends not onlyToand g but
The first equation must be completed by the choice of anygo,, | 41, etc.(the notation “etc.” stands for all the other
equation of stat@(ng,€), for the pressure as function of the particles making early chemical freeze p[t9]. This com-

net baryon density and energy density. _ plicates the hydrodynamical problem; however, we can note
Also to simplify the discussion, we suppose that chemicaj,q following.

or thermal freeze out occurs at some fixed temperatase If m—u;>T (the density of typd particle is low and

often assumed in the analysis of experimental dafd- 5.7 (these relations should hold for all particles except

tempts to incorporate more physical freeze-out conditiongyions and we checked them for various times and particle
have been carried o{it4-17,12 and in principle might be types, the following approximations can be used:
incorporated in the scheme described below.

When the fluid temperature has decreased to some tem-
peratureT.y ¢ (which corresponds to a certain timg, ¢ ), n_:i\/i(mns/ze(m—mi)n
some particle species get their abundances frozen. To fix' 272 V2
ideas, we suppose thAtandA are in this situation. Then, in 9
addition to the above hydrodynamical equations, we intro-

duce separate conservation laws for these two types of par- 3T 1572
ticles for timet>t , namely, =n:m —
ch.f. y 6| n|m| 1+ 2mi + 8m|2 ) ) (10)
Ny Ny
. “ pi=nT. (11)

We note thate; and p; are written in term ofn; and T.
_A ) (5) Therefore we can work with the variablél§ ug,ny ,Ny,
gt etc., rather thaf, g,y 15, €tc. The time dependence of
n,,n,, etc., is known as discussed already. So the modified
These equations have solutions of the same form a$3tq. equation of state can be computed fronT, and ug .
but with t, substituted byt.;,. Therefore what remains to be =~ The scheme presented above can easily be generalized to
done is to solve the energy-momentum equatibnwith a  particles making chemical freeze out at different tifiesing
modified equation of statéo account for the particles who different t;, ;) and particles doing chemical and thermal
make an early chemical freeze out. freeze outs togethefwhose contribution drop out of the
We suppose that the fluid is a gas of noninteracting resoequation of staje One can show that entropy is conserved
nances. Then for particle specigsusing an expansion in even in the presence of an early chemical freeze out when
terms of modified Bessel functiof8] to allow the study of the hydrodynamical equations are satisfied by a perfect fluid
their limit more easily in Eqs(9)—(11), [19].
For illustration, we present results using in the equation of

ay

20 o ) state the basic multiplets of resonan¢gseudoscalar meson
gmT 1(3”'“'/T | inal | nalet. b
n,= . (7)n* Ko(nm /T), (6)  octet plus singlet, vector meson octet plus singlet, baryon
27 n=1 octet, and baryon decupleaind supposing that the early
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0.20 prerry T T . this is that the thermal freeze-out volurtie our case simply
E ] proportional to tim¢ may be much smaller for the modified
0.18 - (a) - equation of state. We expect this conclusion to hold qualita-
F . tively even in the presence of transverse expansion: in this
L 3 case, expansion is faster and the thermal freeze-out tempera-
@ ; 1 ture is reached faster, so the thermal freeze-out times for the
© 014p E modified and unmodified equation of state are less different;
— C ] however, there is a competing effect for the thermal freeze-
0.12¢ E out volumes: they now scale with higher powers of time. We
o10E E also expect this conclusion to hold at RHIC energies, with
L ] T.p, still of order 180 MeV/(it cannot be much higher since a
0.08 T T T transition to quark-gluon plasma is expected at about this
0 4 8 12 16 20 temperature from lattice gauge simulatipnbut a lower
t(fm) value of ug ¢, (less baryon stopping is expected at RHIC
085 e than SP§ the value ofT, may be a little smaller than at
C ] SPS[20,15 and ug ¢, Will be higher thanug .y, (cf. Fig. 1).
0.40 E 3 We conclude that if the chemical and thermal freeze-out tem-
U g peratures are very differer(in our simplified case, 180 and
r ] 110 MeV) or if many particle species make an early chemi-
= 035 7] cal freeze oute.g., also pionys it is important to take into
3 C ] account the effect of the early chemical freeze out on the
;f 0.30 ] equation of statéo make predictions for observables which
B ] depend on thermal freeze-out volumes—for example, par-
0.95 - p ticle abundances and eventually particle correlations. This is
r ] our main result.
0.20'./...I....I....I....I....'
0 4 8 12 16 20

lll. PARTICULAR CASE WHERE T ~T, OR FEW
PARTICLE SPECIES UNDERGO EARLY CHEMICAL

FIG. 1. ug andT as a function of time in the case where all FREEZE OUT

particles have simultaneous freeze o(ashed ling and (1) al If the chemical and thermal freeze-out temperatures are
strange partcles in basic mullplels make an early chemical ee2fiot very different(say, 180 and 140 MeNor if few particle
; ge particles exceptan make species make the early freeze out, one can proceed as fol-
an early chemical freeze oudotted ling. o . .
lows. One can use an unmodified equation of state in a hy-
drodynamical code and to account for early chemical freeze
chemical freeze out occurs at 180 MeV, a value typical forout of species, when the number of typée particles was
SPS energy more or less independently of the projel@ile  fixed, use a modified Cooper-Frye formula
We use for initial conditiond y= ugo=200 MeV, 7o=1 fm,
so thatug cns. =210 MeV, which is in agreement with re-
sults for S or Pb at SPE3]. In Fig. 1, we compare the EAN;  Ni(Tenr)
behavior of T and ug as function oft, obtained from the dp® CNi(Tane) Jsy
hydrodynamical equations using the modified equation of
state and the unmodified one. For the modified equation of
state, we considered two scenarifi$:all strange particles in  The second factor on the right hand side is the usual one and
the basic multiplets andl) all strange particles excefftand it gives the shape of the spectrum at thermal freeze out; the
K*’s make an ear|y chemical freeze out. This is a Conser\/aﬁrst factor is a normalizing term introduced such that upon
tive estimate; it is possible, for example, that the pions makéntegration on momenturp, the number of particles of type
an early freeze outl12]. Comparing scenarios | and Il, we i isN;(Tcn ). For illustration, we show results obtained with
note that if more particles undergo early chemical freeze outhe hydrodynamical modelYLANDER-PLUS [21]. It provides
stronger effects foll (t) and ug(t) are seen. We concentrate & humerical solution of the relativistic hydrodynamical equa-
on | hereon. We see that the deviations between | and th&ons in 3+1 dimensions with axial symmetrifor details,
unmodified equation of state case increase with time. In pas€€e[21-24). It gives a good description of single-particle-
ticular from this figure, if the thermal freeze out occurs atrapidity data, transverse-momentum spectraaf =, p, p,
110 MeV, the thermal freeze-out time is 13 fm for the modi-K® @ /7", and pion correlation data at CERN energies, for
fied equation of state and 20 fm for the unmodified one; theédn appropriate choice of the initial conditions, an equation of
corresponding baryonic potentials are not very different, 405tate incorporating a first-order phase transition, and a
and 375 MeV, respectively. If the thermal freeze out occurdreeze-out temperature of 139 MeV. In Figs. 2 and 3, we
earlier, say, at 140 MeV, the difference in the thermal freezeshow results obtained fok, A andE, E, respectively(ne-
out times would be much less. An immediate consequence aflecting resonance decaysnd datd 25]. We see that both

t (fm)

do,p“f(x,p). (12
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FIG. 2. Results fronHyLANDER-PLUS for the transverse momen- FIG. 3. Same as Fig. 2 but f& and =B
tum spectra ofA and A compared with dat§22] for simultaneous
freeze outs al ¢y, ; = Tih.+.= 139 MeV (dash-dotted lingas well as IV. CONCLUSION

separate freeze outs 8y, ; =176 MeV (solid line) or T =184

MeV (dashed linpand T, ; =139 MeV. In summary, we showed how to incorporate separate

chemical and thermal freeze outs in a hydrodynamical code
) via a modified equation of state in Sec.(¢eneral caseor
their shapes and abundances can be reproducedcfar  via a modified Cooper-Frye formula in Sec. [particular
=176 MeV andTy, 1 = 139 MeV, while simultaneous freeze case ofT, ;. close toTy, ;. or few particle species undergo-
outs atTen =T, =139 MeV would yield the correct ing early chemical freeze outThe modified equation of
shapes but too few particles. Therefore, results withstate causes faster cooling and may have sizable impact on
HYLANDER-PLUS and a modified Cooper-Frye formuld2)  the predicted values of observables.

support the separate freeze-out pictures. However, in this

code, Ty 5 is fixed to 139 MeV while, as already mentioned, ACKNOWLEDGMENTS
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