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Coptinnons particle emission during the whole expansion of thermalized. matter is
studied and a new formula for the observed transverse mass spectrum is derived. In some
limit, the usual emission at freeze out scenario (Cooper-Frye formula} may be recovered.
In a simplified description of expansion, we show that continuous particle emission can
lead to a sizable curvatine in the pion transverse inass spectrum and parallel slopes for

the various particles. These results are compared to experimental data.

PACS numbers: 27.75.41,12.38.Mh 47.75. +F

At the present moment, the theoretical description of relativistic heavy ion collisions
is still quite controversial. On one extreme, one may try to describe heavy ion collisions
as a superposition of nucleon-nucleon collisions. On the other extreme, one may apply
a statistical description, assuming that complete thermalization has been attained. The
reason for this ambiguily is that we do not know the thermalization time. A reliable
estimate of this timc requires knowledge of quantities (e.g. deﬁsity reached) that are not
well established yet. It is however thought that [1] due to the higher multiplicities and
longer dense matier lifctimes available, states of thermal equilibrium should be reached
(if not yet reached) at the accelerators that will be in use in the future. So it is important
to develop a complete hydrodynamical description of relativistic heavy ion collisions.
There is indeed a lot of activity in this direction. Full three-dimensional hydrodynamical
codes are becoming available [2-5] and transverse momentum and rapidity distributions
are predicted. These codes took over .;nore simplified solutions [6-9]. Finer details
are now being studied. The cffect of the frceze out criteria and mitial conditions are
tested using such codes or easier to handle semi-rumerical approaches {10-13]. The
impact of resonance decays (in particular in connection with the observed low-p: pion
enhancement) is being evaluated both in static thermal models and hydrodynamical
models [14-17]. In this paper, we concentrate on the description of the particle emission
Process.

In hydrodynamical models, one usually introduces the notion of a sharp three-
dimensional freeze out surface . Before crossing it, particles have a hydrodynami-
cal behavior and, after, they free-stream toward the detectors, keeping memory of the
conditions (flow, temperature) of where and when they crossed the three dimensional
surface. To compuie the momentum distribution of freezed out hadrons, one often uses

the Cooper-Frye formula [18]
EENJdp = [ dowyfiz,p), (1)

where da,, is a surface clement and f a distribution function.
Let us iry to make a description of particle emnission that is closer to what happens
experimentally. At cach space-lime point z, a given particle has some chance to escape

the dense matter region without collision. This is due to the finite dimensions and

2




lifetime of the thermalized matter. So we consider that the fluid has two components, a

free part plus an interacting part and write

f(-TsP) :ffrcc(Isp)'l'ffﬂf(I»P)v (2)

where fr.c. counts the particles at time 2% in 7 which last scaltered carlier and f;,
describes all the particles that still will undergo collisions later. The variation in the

total number of {ree particles between two mfinitesimally close surfaces is

o+de
8 [don [ @ 1Bty = [t [ @D Efrte). (3

So the momentum: distribution of all free particles emitted at T > 7o I8

ELNIdY = [ d'2 D Frueelr.p). (@)

This is our basic formula. The physical meaning of this expression is simple: the number
of detected particles with momentum in some range is given by summing all changes
in space-time of the current of free particles with momentum in that range. I we take
firee equal to zero inside some freeze out surface and equal to a distribution function
on it, we sce that (1) reduces to (1), So the Cooper-Frye formula is a particular case of
our formula. For hoth formulas, the total encrgy emitted is in agreement with what is
expected from hydrodynamies [19].

In our case, part of the encrgy is in the free particles and the rest in the interacting

component of the gas. Fnergy conservation can {herefore be written as

DyT‘Bp + D,uTl?s =W (5)

Jree

Let us write in addition free=Pfand fiy=(Q —P)f or equivalently fy,.. = #/(1 -
P) fine, where P = f.../f is the proportion of free particles with a given four-momentum
p at a given space-time point 2. P may also be identified (and this turns out to be
more conventent Tater) with the probability that any particle with momentum P cscapes
from z without collision. (For example, if this probability equals 0.3, we expect a
corresponding fice particle proportion of 30 %). We now asswmne that approximately

Fint is a thermalized matter distribulion

finr(-":i’) = f“‘i('re];} = g/(zﬂ-)a X ]/{CXp[}J.’U(I,p)/T(H‘,}U)} + 1}! (6)
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where u* is the fluid velocity and T its temperature.

In the usual freeze out scenario, there is no free particles in the fluid so one needs to

_ solve only D, T = 0 with f., given by (6). Solving (5) is a complicated task by itself.

In order to see whether the continuous free particle emission process that we propose
has interesting new effects, let us adopt a simplified description of the fluid evolution.
Namely we are going lo consider a fluid with boost invariant lengitudinal expansion
and compare our continuous emission picture with the freeze out one. In this case, the
fluid velocity has the form [20] u* = (t/7,0,0,z/7). For simplicity, we suppose that the
gas consists of mnassless pions. In the freeze out case, the temperature is given [20] by
T(2,t) = T(z0,10) X (70/7)'/*. We now proceed to extract the behavior of T from (5).
At z = 0, we have for the interacting component

DT = e +4/3 x ¢ft, (7)
where € = 72/107", and for ihe free component (for details see [19])
D, Tyl = Boc) + (@ + BYe/t + B,(0¢) o, (8)

with a = [d¢dlsin0/(47)P[(1 — P), B = [ddfsinfcos®8/(4=)P/(1 — P}, v =
J d¢df cos psin? §/{4nYP /(1 — P).

Because free particles escape from the dense matter more easily if they are already close
to the surface, going outward, a radial dependence will appear in T}'fm, even if we start
with a fluid whose initial energy density is p independent. Expressions {5),{7} and (8)
lead to a partial differential equation (in £ and p) for € or T that can be solved numeri-
cally, given some Initial conditions. For illustration, we take a flat initial energy density
elp,to} = 72 /1073 for p < R and 0 outside. This allows analytical calculations {(for
example P} and betier understanding of the physcics involved. P needed in a, 8 and
v can be computed with the Glauber formula, P = exp[— £ ov.an(z"}dl’]. To simplify
we approximate nn in P by the solution for a fluid without particle emission. P depends
on expansion through density, geometry (i.e. where the particle is at £), particle type
(via scattering) and direction of motion.

In figure 1, we show the behavior of the temperature as function of the radius, for

various thmes for a fluid with boost invariant longitudinal expansion without and with
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continuous particle emission. As expected, the cooling is faster in the last case since
free particle emission removes energy. For times close to 7, free particle emission does
nol aflect very much the cooling - except at the edge - so our simplication for P is
reasonable. Later, ceoling may occur faster, so a self-consistent solutjon for P and T
should be done.

Now thal we have the fluid evolation (namely w*(«} and T{(z) are known), we can
turn to the actual calculation of particle spectra. In the case of freeze out at 2 constant

temperature, the Cooper-Irye formula can be rewritten as [21]

dN q m cosh(y — 9)Tropdp — po cosdproTdr
s = ETZ'};EE][[C‘)(.IU (9)

dypidp exp[m g coshiy coshly — 5)/T — pyshicosd/T] + 17
where 7 (resp. ) is the longitudinal (resp. transverse) fluid rapidity. When ignoring

transvegze expansion, (9) reduces to

dN gl [ Ty ? al ] g ML
————— = T | . (=),
i = 2 (J’a ToM L 2:1(4:} i i ) (10}

For continuous emission, we can rowrite (1) as

dN

e = QTr[dén'q{mJ_ cosh(—y ) {7 freedire = (T fpree ) melpdp ¥ po cos d{p frece)rTdT}.

dyprdpy an
11

The apparent difference in sign for the py term comes from the fact that in {9) the
integral in 7 is along the frecze out curve with a definite orientation while in {11) it 1s
for increasing 7 (sce [19] for more details). To account also for free particles already
present at T = 7o, the ternt at 75 in {11) must be removed.

Now, we expect that the approximation fu: = fu breaks down when there is a
big proportion of free particles. We will therefore consider in the integrals only those
space-time points for which P < 0.5, The 7 integral is then cut ajt. r{p, ¢, m;vL) and
the p integral al pp(r, &, v.), where P = 0.5. The momentum distribution of all free

particles is then

adN 29 f 1o m cosh{y — n)rrpdp + py cos dpprdr (12)
s débdi
dyprdpy e (27)% Jr=os I exp{my cosh(y —-n)/T)+1

This equation is ahnost the same as the Cooeper-Frye formula except for an overall factor

of 2. We also remnind thal the integration surface depends on the particle momentum.
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Counting all the particles that become free inside the surface P=0.5 gives (12) without
factor 2. However we must account for the remaining interacting matter. When P=0.5is
reached, little matter is interacting. We suppose that it is so rarefied that later changes
in its spectrum are negligible. Consequently we may apply the Cooper-Frye formula for
this component on the surface P=0.5, hence the factor 2. -

In figure 2a, we show a plot of the pion transverse mass distribution, computed with
{12), and compare with two thermal distributions (10) respectively at T;,=150 MeV and
Tyo = To=200 MeV. The interesting feature of the spectrum in the continunous emission
scenatio is its concave shape. The high p, tail has a slope close to that of a thermal
distribution at Tp, showing the existence of fast particles escaping while the temperature
is high. The low p; part of the spectrum has a slope reflecling low temperatures, and
is more shnilar to a thermal distribution at Ty, I corresponds to the fact that low
p1 particles get trapped and can be considered free when matter has become diluted.
Figure 2b shows the same distributions as 2a but for more massive particles, nuclecns,
with assumed null overall baryonic number. The spectrum is now similar to a thermal
distribution at Tp, showing a strong suppression when the temperature decreases. Ob-
serve that our distribution is not a simple superposition of thermal distributions and the
convex shape at low m simply means that low p, particles (at high T) hardly escape.

Since we have worked with a simplified model, it would be unwise to use it to fit data.
However it is interesting to scc whether its qualitative features go in the right direction
and are quantitatively sizable. Data on transverse mass spectra have been obtained
by most experiments. NA34, NA35 and EMUO5 seem to agree that the pion spectrum
has a concave curvature {22}, For heavy particles, NA35, NA36 and WAS5 obtained
approximately conslant slopes [23]. This is qualitatively in agreement with what our
simple model predicts. FEven quantitatively, as shown in figure 3, the agreement is
reasonably good. It is fair to recall that the usual freeze out scenario can also reproduce
these data [11,17}. In these modcls, the Jarge value of the temperalure seen in the high
py tails of the various specira comes from the fact that the low frecze out temperature
is blue shifled duc 1o {ransverse expansion. So this is an apparent temperature, not

the real fluid temaperature. On the basis of these data, it is not possible to see which




mechanisins, freeze oul or continuous parlicle emission provides a better description,

There exist however some data where continuous particle emission might be crucial,
namely particle ratios such as those obtained [23] at Cern by NA35, NA36 and WASS,
because transverse expansion affects the slope of the distributions but not the particle
ratios. Various groups (sce c.g. references [24,25]) have shown that to reproduce the
WABS ratios A/A, Z7/=, == /A and =™ /A and NA35 ratios A/A and KY/A, tempera-
tures of order 200 MeV are needed. Such high temperatures are hard to reconcile with
the conventional frecze out scenario, In our description, since these experimental ratios
concern heavy particles, their spectra should exhibit naturally a high temperature. (This
high temperature problem with the standard freeze out scenatio, among other reasons,
lead some awthors [26) to conclude that the oaly hydrodynamical scenario consistent
with data is one where a quark-gluon phase has been reached.) However, these are still
qualitative arguments, we cannot be more quantitative yet about these ratios because
this requires the knowledge of the chemical potentials.

Our hydrodynamical deseription lias been very simplified (transverse expansion was
not considered, longitudinal boost invariance was assumed, resonance decays were not jn-
cluded). Our aim was to sce whether new and interesting features emerge in our scenario
for particle emissionr. We saw il conld lead to a sizable curvature of the pion spectrum
and affect the heavy particle spectrum as well (high non-“apparent” temperatures).
Also, if hydrodynamical low has indeed heen established in current relativistic nuclear
collisions, our scenario may lead to a more consstent description of experimental data:
it may reproduce not only the shape of the spectsa but the ratios of patticle abundances.
On the basis of this work, we think that it is necessary to develop a hydroedynamical

numerical code incorporating this continuous patticle emission process.
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Figure captions

Figure 1: Temperature as a function of radius for various times. Solid (resp. dashed)
line is the model with {resp. without) continuous particle emission. Ty = 200 MeV,
m=11m, R =37 fmand < ov. >~ 2 fm?.

Figure 2: Transverse mass spectrum for a) the pion b) the nucleon. Solid line is our
model with continuous particle emission. Dash-dotted and dashed lines are (scaled) ther-
mﬂ distributions respectively at Ty and Tpo= 150 MeV. (Same values of the parameters
as for figure 1)

Figure 3: Transverse mass spectra computed with our model of continuous particle
emission. Experimental points are NA35 S45 (all-y} data, This is not a least square fit
and just show the general trend. (Same value of the parameters as in figure 1 except

< ovg >% 5 fml). -
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