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ABSTRACT

Continnous particle emission during the whole expansion of
thermalized malter is studied and a new formmnla for the observed
{ransverse mass spectrum is derived. In some limit, the usnal emis-
sion at freeze out scenario (Cooper-Frye forimula) may be recovered.
In a simplified description of expansion, we show that continuous
particle cinission can lead to a sizable curvatnre in the pion trans
verse mass spectram and parallel slopes for the various particles.
These resulls are compared to experimental data.

L INTRODUCTION

At the present moment, the theoretical description of relativistic heavy ion col-
lisions is still quite controversial. On one extreme, one mnay try to describe heavy
ion collisions as a superposition of nucleon-nncleon collisions. On the other extreme,
one may apply a statistical deseription, assinning that complete thermalization has
been atlained. Technically |, the second deseription has an advantage over the first
one: such poorly understood details as nucleon structure or mechanisins for micleon-
nueleon or nueleus-mictens cotlisions reguired in the first approach can be forgotten
thanks to the thermalization assumption. I this assumption is true, then one can

rely on iore sound methods of statistical physics.

The basic origin for this ambiguity is that we do not know the thermalization
time, or time needed for the particles created early in a collision to evolve from the
initial staie to a thermal equilibrium state. A reliable estimate of the thermaliza-
tion time can only be done by a microscopic dynamical description of the reaction,
which requires knowledge of interaction cross sections, initial density reached, etc,
quantities that are not well established yet.

It is however thought that [1}, due to the higher multiplicities and longer dense
matter lifelimes available, states of thermal equilibrium should be reached (if they
have not been reached yetl) at the Relativistic Heavy lon Collider {in Brookhaven)
and Large IFadron Collider {at CERN) that will be in use in the future. So it is
important to develop a complete hydrodynamical description of relativistic heavy
ion cotlisions.

There is indeed a lot of activity in this direction. Full three-dimensional hydrody-
namical codes (i.e. codes where the relativistic laws of conservation of momentom-
energy and baryon number are numerically solved point by point} are becoming
available [2-5} and transverse momentum and rapidity distributions are predicted.
These codes took over more simplified solutions [6-9]. Finer details are now being
studied. The effect of the freeze out criteria and initial conditions are tested us-
ing such codes or casier to handle semi-numerical approaches {10-13}. The impact
of resonance decays (in particular in connection with the observed low-p, pion en-
hancement) is being evaluated both in static thermal models and hydrodynamical
models [14-17]. In this work [18,19], we concentrate on the description of the particle

eIission process.

2. MOMENTUM DISTRIBUTION FOR CONTINUQUS PARTICLE EMISSION

In recent microscopic Monte-Carlo siinulations of heavy lon cellisions, the eval-
uation of the observables is similar to what happens experimentally. Namecly, there
exists a last-interaction location and time for each individual particte. This defines
a scalter-plot in four dimensional space. In hydrodynamical models however, one
usually introduces the notion of a sharp three-dimensional freeze out surface. Belore
crossing it, particles have a hydrodynamical behavior, and after, they free-stream
toward the delectors, keeping memory of the conditions (flow, temperature) of where
and when they crossed the three dimensional surface. Let us ontline the steps lead-
ing to the commonly used formula of Cooper and I'rye {20] for the produced hadron

spectra i this case.




The model assumes that all hadrons are kept in thermal equilibrium until some
decoupling criterium has become satisfied (e.g. a certain freeze out temperature
has been reached). The space-time points of the fluid where the criterjum becomes
satisfied, define a three-dimensional surface called decoupling surface. Let do, be
the surface element of such a surface o and f be the distribution function of the

corresponding type of particles. The particle current density at some point z is

f &Cpp* [ Ef(z,p), 1

so the particle current crassing the surface is

[dow [ @ /E1(,p), B

and the invariant distribution in momentum space js

Ed*N/dp® =/ad0“p“f(:r,p). (3)

We call altention to the fact that, when ¢ is time-like, equation (3) may in p‘rincip]e
have negative contributions (pido, < 0), corresponding to particles going from the
freeze-out surface into the fluid. One must not count these particles as being emitted.
However this should not he a common case, as {ree particles crossing the freeze out
swrface outward lave no way of changing Uheir momentum to travel inward and
re-enter into the fluid,

Now let us try to make a description of p.art‘icle emission that is closer to what
happens experimentally. At each space-lime point z, a given particle has some
chanee to escape the dense matter region without collision. This is due to the finite
dimensions and lifetime of the thermalized matter. So we consider that the fluid

has two components, a free part plus an interacting part and write

I(J’!P) = f]l‘EE(‘T!.p) + fin!(mup)‘ (4)

frree counts all the particles that last scattered earlier at some point and are at time
2%in £ fi., describes all the particles that are still interacting (i.e. that will sulfer
collisions at Lime > 29 and change momentum), The free particle current across
some three dimensional surface at fixed X (for example temperature or proper time)
is

j;fl"u/dappu/Effrt‘E(mup)ix’ ¢ (5)

so the variation in the tota) number between two infinitesimally close surfaces is

5 [ dow [ @pp/Efpec(e,p)

o(x+5x)
j;(x} dS,,f Lo [p"/Efrree(z, p)v/~g)dx

./:-1-60 d'z / d3p Dp{Pu/Effreg(x,p)],

and the new invariant momentum distribution is

Ml

E&NIdy = [ ' D, frecla, ). (6)

Here, d'z is the invariant volume element i.e. it contains the relevant Jacobian.
Similarly do, = \/=gd§,. (Note that in the last equation, the integral is over the
four dimensional space-time). 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. This is our basic formula.

If we take frree equal to zero inside some freeze out surface, and equal to a
distribution function on the surface, we see that equation {6) reduces to equation
(3). So the Cooper-Frye formula is a particular case of our formula.

3. ENERGY CONSERVATION

One may compute the total energy crossing the decoupling surface ¢ from the
Cooper-Frye formuta. Tt is

Fpgy = f INE = / &p f do,p* f(z,p) = f, do, T )

The total energy emitted by the gas therefore coincides with what is expected from
hydrodymics. )

Similarly using equation (6), we may compute the total energy emitted as free -
particles between the initial value x; and some final value X5

ABu= [ & [ &2 Do frre(a,p) = fdzn,10, = /x do, T, [x do, T,

’ ®)
Again, the total energy emitted as free particles is in agreement with what is ex-
pected from hydrodynamics. Note that one can also write momentum conservation
in a similar way [19].




4. CALCULATION OF T'(1,p)
In our case, part_of the energy is in the free particles and the rest in the interacting
component of the gas. Energy conservation must therefore be written as

DTy, + DT = 0. (9

ree

Let us write in addition f... = Pf and fine = (1 = P)f or simply
fjree :p/(l —’P)finh (IO)

where P = f.../f is the proportion of free particles with a given four-momentum
p at a given space-time point z. P may also be identified (and this turns out to
be more convenient later) with the probabilily that any particle with momentum
p escapes from @ without collision. (For example, il this probability equals 0.3,
we expect a correspending free particle proportion of 30 %). We now assumie that

approximately fi.; is a thermalized matter distribution

fini(m,p) = fnlz,p) = 9/(2m)* x 1/ {explp.u(z,p)/T(=,p)} £1},  (11)

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,T2% = 0 with fi, given by equation (11}. Solving equation
(8) is a complicated task by itself. In order to sece if the continuous free particle
emission process that we discuss has interesting new cffects, we will therefore adopt
a simplified description of the fluid evolution. Namely we are going to consider
a fluid with boost invariant longitudinal expansion and compare our continuous
particle emission picture with the freeze ont one. In this case, the fluid velocity has
the simple form [21] u* = (¢/7,0,0,2/7). For si]]ﬂ)licity, we suppose that the gas
consists of massless pions; the calculation can easily be generalized to include all
types of massive particles. In the freeze out case, the temperature is given [21] by
T(z,t} = T(z0,ta) x (ro/7)'° . '

We now proceed to extract the behavior of T' from equation (9). At z = 0, we

kave for the interacting component
DT = Bie +4/3 x ¢/t : (12)

where € = (n2/10)7. This is the standard result for a fluid of massless particles,

with boost invariant longitudinal expansion {21]. We can also compute for the free

component, either by expressing 7% as function of T calculated in the rest frame,
or by direct partial differentiation of P/(1 — P} and fin, (for details see [19])

DyTfree = Bi(ae) + (a+ B)e/t + B,(pre)/p, (13)
with
a = / dgd8 sin 0/(47YPJ(1 — P)jumo,
g = [ ddBsin § cos? 8/ (47)P /(1 — Ppumo,
v = f dd cos ¢ sin? 0/(4mYP/(1 — Ppem.

The first term on the right hand side in (13} corresponds to g = 0, the second to
# = z and the last to g = p. {We suppose cylindrical symmetry, so there is no
angular term.) Because 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?fee, even if we start with a fluid whose initial energy density is p independent.
Expressions (9),(12) and (13) lead to a partial diferential equation (in t and p) for ¢
or T that can be solved numerically, given some initial conditions. For illustration,
we take a flat initial encrgy density ¢{p, o) = (#?/10) T for p < R and 0 outside.
This allows analytical calculations (for example P) and better understanding of the
physcics involved.

P needed in a, B and 4, can be computed with the Glauber formula
tout
Pty 2,0 E = p,p: = pcosf,p, = psin§;¢) = exp{—/t ovean(z)dt], (14)

where foy = t + (—pcos¢ + \/R? — p2sin? ¢)/sin @ is the time when the particle
reaches the surface of the dense matter region at p = R, 2’ = (', 2' = z + cos 0{t' —
t),p' = \/p2 4+ [sin0(t' — £)]* + 2psin 6(1' — t) cos ¢} is the location of the particle at
time ¢/, and n(z') the density of all particles (free or interacting) at z'. In principle
we have a self-consistent problem in P and T' via equations (13} and (14). To

simplify we approximale n in P by the solution for a fluid without particle emission.
We get




Pty z,010,0) = _ ]
| sin@ | V1T~ 27 + sin® 01 + cos O{cos 0t — 2) - leiné|
| siné | \/tw, [£ 4 cos 8(tpu — 1)]2 4 sin® Blyyy + cos f(cos 61 — z)
f0#£0o0rm
explaly/(t £ 2)/(t F 2) = /(2o (¢ F 2) = 1}
otherwise, (15)

with a ~ 3 x (1.202/72)78 0. P depends on expansion through 7743 in T, ge-
ometry (i.e. where the particle is at t), 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 times for a fluid with boost invariant longitudinal expansion without and

with continuous particle emission.
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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, 7o = 1 fin, R =3.7 Tm and < o0, >~ 2 fin?,
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As expected, the cooling is faster in the last case since free particle emission re-
moves energy. For times close Lo 7o, {ree particle emission does not affect very much
the cooling - except at the edge - so our simplication for P is reasonable. Later,
cooling may occur much faster, so a self-consistent solutiont for 7 and 7' should be

done,

5. CALCULATION OF dN/dypjdp,
Now that we have the fluid evolution (namely u*(z) and T(z) are known), we
can turn to the actual calculation of particle specira. In the case of a fluid with

freeze out at a constant temperature, the Cooper-Frye formula can be re-written
[22] as

_daN __49 j dn my cosh(y — q)ry.pdp — p1 cospgTdr
dyprdpy  (2m)2 exp[ny cosh ny cosh(y — 0)/T — py sinh g cos ¢/T} £ 1"
(16)

‘where 7 (resp. 7¢) is the longitudinal (resp. transverse) fluid rapidity. When ignoring

fransverse expansion, equation (16) reduces to

iN 9B (T, w1 1L
dypador — 27 ('i;;) T L “Z;(:F) Ky ( ) (17)
For continuous emission, we can rewrite equation (6) as
an
mﬂ =2 dqbd??{m'i-c'o";h(n_y)[(Tf!ree)lfeo_(Tf!reE)IToIPdP+PLC°5 ¢(Pffru)|RTdT}-

(18)
We see that both momentum distributions (18} and (18) depend enly on the com-
bination y — 7 (and not just y) as it should for a boost invariant evolution {note
that P(i = 7 coshn,z = sinhn, p; py, pes ¢) = P(7,pip1, 0, = mysinh(y — n); 4)).
The apparent difference in sign for the p term comes from the fact that in equation
{16) the integral in 7 is along the freeze out curve with a definite orientation while
in (17) it is for increasing T (see reference [19] for more details). To account also for
free particles already present at T = 7, the term at 7y in (18) must be removed.
Now, we expect that the approximation fi,; = fin breaks down when there is a
hig 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 at 7 and the p inte-
gral at pp, where P = 0.5. 7r(p, ¢,mv1) = [-pcos ¢+ R? — p?sin® ¢l/[vs (Aln) —
coshn)]. pr(ryé, L) =—v17(A(n)}~ coshy) cos & \/Rz—vf_v'z sin® ¢(A{n)}—cosh n)
with positive sign for ¢ < ¢ < n/2 and negative sign for /2 < ¢n. Alp) =
[(1 + cosh)2/0.5%4 + sinh? 5}/ [2(1 + cosh7)/0.5'/%]. The momentum distribution

of all free particles is then

dN L2 _/ d my cosh(y — n)rppdp + py cos ppprdr (19)
dyprdpy i (27)? JP=os exp(m cosh(y — 7)/T) £ 1

This equation is almost the same as the Cooper-Frye formula except for an overall
factor of 2. We also remind that the integration surface depends on the particle




momentum. Counting all the particles that become free inside the surface P=0.5
gives (19) without factor 2. However we must account for the remaining interacting
matter. When P=0.5 is reached, little matter is interacting. We suppose that it is
so rarcfied 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 (19), and contpare with iwo thermal distributions (17) respectively at Ty,=150
MeV and Ty, = T5=200 McV. )
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Pigure 2: Transverse mass speetrum for a) the pion b) the nucleon. Solid line
is our model with cantinuous particle emission. Dash-dotted and dashed lines
are (scaled} thermal distributions respectively at Ty and Tro= 150 MeV. (Sane
values of the paramecters as for figure 1),

The intcresting feature of the spectrum in the continuous emission scenario is its
concave shape. The high p tail has a slope close to that of a thermal distribution
at 7o, showing the existence of fast particles escaping while the temperature is high
{when the densily is high, the probability to escape is simall but on the other side, if
a small percentage of 1he high densily matier escapes, it means a lot of particles).
The Tow py part of the spectrum has a slope reflecting low temperatures, and is
more similar to a thermal distribution at Ty,. It corresponds to the fact that low py
particles get trapped and can be considered free when matter has become diluted.

Figure 2b shows the same distributions than 2a but for more massive particles,

nucleons, with assumed null overall baryonic number. We see that their spectrum is
now similar to the thermal distribution at Ty, showing a strong suppression as the
temperature decreases. For that reason, their spectrum has no concave curvature
and reflects only the highest temperature, when a large number of particles (but
a small percentage of the density) is freed. Observe that our distribution is not a
simple superposition of thermal distributions and the convex form at low m simply
means that low p, particles {at high 7) hardly escape. (If the baryonic number is
not zero, a term exp{p (%, 1)/T(Z,1)) should be included in the integrals of equation
(19). Due to its space-time dependence, in principle it does not amount to a simple
multiplicative factor in the evaluation of dN/dym dm;.)

6. CONCLUSION

Since we have worked with a simplified model, it would be unwise to use it to
fit data. However it is interesting to see if its qualitative features go in the right
direction and are guantitatively sizable. Data on transverse mass spectra have been
obtained by most experiments. NA34, NA35 and EMU(5 seem to agree that the
pion spectrum has a concave curvature [23]. For heavy particles, NA35, NA36
and WABS5 obtained approximately constant slopes {24]. This is qualitatively in
agreement with what our simple model predicts. Even quantitatively, as shown in

figure 3, the agreement is reasonably good.

104

e~ 7 "] e’ T ] LA 'g
E I‘.IT- Kso -.PH A E
103 - 3
Ll = 3
n - R
b1 r ]
=1 i J
:j [ pa—
B L
g : 3
.q: - -4
5 B
& 10t L~ 3
~3 3 3
g A ]
o [
3 1 ;|
£ 109
~ 0
5 m,{GeV)

Figure 3: Transverse mass spectra computed with our model of continuous
particle emission. Experimental points are NA3S S48 (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 < gvrer >~ 5 fmz).




It is fair to recall that the usual freeze out scénario can also reproduce these
data: see for example Lee et al. [11] for a model with spherical expansion (these
authors also argue that the first points in the pion spectrum were not well predicted
and suggested that this was due to the neglect of resonance decays) and Ornik &
Weiner 7] for a model with longitndinal plus transverse expansion and resonance
decays. In these models, the large value of the temperature seen in the high p, tails
of the various spectra comes from the fact that the low freeze out temperature is
blue shifted due to transverse expansion, So this is an apparent temperature, not
the real temperature of the fuid. Tn addition, resonance decays populate the low
p1 part of the pion spectrum and provide a sizable curvature. On the basis of these
data, it is not possible to sce which mechanism, freeze out or continuous particle
emission, provides a belter deseription.

There exist however some data where continuous particle emission might be
crucial, namely particle ratios such as those obtained [24] at Cern by NA35, NA36
and WABS, because transverse expansion aflects the slope of the distributions but
not the particle ratios. Various groups (see c.g. references {25,26]) have shown that
to reprodruce the WASS ratios A/A, =7 /2, = /A and = /A and NA35 ratios
AJA and K2/A, temperatures of order 200 MeV are nceded. Such 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
freaze out scenario, among other reasons, lead some authors [27] to conclude that
the only hydrodynamical scenario consistent with data is one where a quark-gluon
phase has been reached. We think that another explanation might be that the
process for particle emission is continuous as in our model, which cure the high
temperature problem. However, these are just qualitative arguments, we cannot be
more quantitative yet about these ratios because this regunires the knowledge of the
chemical potentials,

Cur hydrodynamical deseription has been very simplified (transverse expansion
was not considered, longitudinal boost invariance was assumed, resonance decays
were not included). Our aim was to sce if new and interesting features emerge in
our scenario for particle emission. We saw it could lead to a sizable curvature of the
pion spectrum and afleci the heavy particle spectrumn as well (high non-“apparent”
temperatures). Also, if hydrodynamical flow has indeed been established in current

relativistic nuclear collisions, our scenario may lead 1o a more consistent description

of experimental data: it may reproduce not just the shape of the spectra, but the
ratios of particle abundances, On the basis of this work, we think that it is necessary
to develop a hydrodynamical numerical code incorporating this continuous particle

ermnission process,
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G.Odyniec

F.Grassi

. ‘DISCUSSION

1) It may be better to call your “evaporation” by some
other name, as evaporation by definition is only from the
surface. 2)I will show results with transverse expansion.
They are not large at least at SPS. 3) While talking
of chemical potential and applicability of hydrodynam-
ics, we should check chemical potential divided by the
the total number of particles produced. If the number
of particles produced is large, we feel that we can use
hydrodynamics with & = 0 with confidence.

Originally, I called our emission mechanism “evapora-
tion”. Since it generated a lot of confusion, I now use
the expression “continuous particle emission”.

1) What is the duration of particle emission in you model
? 2) What does it mean that p+A light particle spectra
have similar slopes than those of A+ A ?

1) At most 2 fm, in perfect agreement with NA35 find-
ings ! Seriocusly, T am aware that one gets bounds on the
duration of particle emission by locking at interferome-
try data and we are planning to study this, 2) This is
true, the shape are similar and the amount of curvature
changes. It may point toward a similar mechanism pro-
ducing curvature. It may also mean that thermalization
of matter does not modify the primary spectrum very
much, in particular there is not enough time to build up
very much transverse flow.

Your model takes to the account only pions {no baryous
included) and neverthless it describes fairly well NA35
548§ baryon data 77?7

NA35 has shown that the rapidity distribution of pos-
itive minus negative particles (identified as protons)
is non-zero even at mid-rapidity, hence I beleive this
question. The real question is, as underlined by
D .Srivastava, does the presence of baryons affect the hy- -
drodynamical behavior of the fluid substancially? The
answer is not very clear for me, particularly in our de-
scription. However I hope it is clear that we did not
try to make a fit of NA35 data. We study a new mech-
anism for particle emission in a simplified description
of the fluid evolution and compare it with the standard
emission at freeze ont.
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M.Gorenstein
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S.Gavin
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1} You do not consider resonances ? 2) Comment; you

show calculations for g = 0, but the $+5 data you refer
to indicate u #£ 0 !

1) No, I made no "embroidery” but compared contin-
uous particle emission and emission at freeze out in a
simplified description of hydrodynamics. Since the re-
sults are promissing, it is worth irying to include chemi-
cal potentials, transverse expansion, resonances, etc. 2)
See the comment by D.Srivastava and my answer to

G.0Odyniec.

The Cooper-Frye formmla hecomes unapplicable for
time-like parts of the freeze out hypersurface: it gives
negative contributions to particle number. | am afraid
that your formula written in covariant form has the same
difliculty.

Our formula for the emission spectrum, in cartesian co-
ordinates to simplify, is: EPN/dp® = [d'2p“8, firee-
Once we have chosen a direction p*, we expect the scalar
P80 free to be positive. This is because for us “free”
means that a particle free at 1,7 will remain so at all
later times and locations,

1) Cascade people calculate distributions of last times
that particles interacted. This gives a distribution of
freeze-out times that s as broad as its mean value, How
dees your formulation compare to this 7 2) Does the
cvaporation effect become smaller for big systems ?

1} This is a calculation I may be able to do but | have
not done yet. In terms of last scattering radius, taking
a more physical initial profile for matter (e.g. Woods-
Saxon), I find that most of the emission comes from p =
2—3 fm -as one would guess, in agreement | believe with
cascade results. 2) Continuous particle emission still is
important wilh increasing A but several factors come
into play: Jarger surface, larger inner volume, eventually
larger initial temperature, etc. We discuss this in detail
in reference [19].

R.Opher

F.Grassi

You said that you made the calculatjons near the z-
axis and that the gradient of density was zero. But
evaporation occurs from the surface, and the surface is
defined as the region where a steep gradient exists.

There is a misunderstanding: we do not do the calcu-
lations near the z = 0 axis but in the z = 0 plane (for
energy conservation). Now for the density gradient: in
the oral contribution, I presented partial results (e.g. 1
neglected terms such as §,P inside the interaction re-
gion) but in the written version, all terms are included.
Of course the fact that there is a surface, i.e. the system
has finite dimensions is crucial, but the profile of matter
inside is not.




