¢ Brookhaven

National Laboratory
BNL-101409-2014-TECH
AD/PH-13;BNL-101409-2013-IR

Strangeness Evolution In The Central Region Of A Heavy Ion Collision With
Transverse Flow Effects

K. Kajantie

August 1986

Collider Accelerator Department
Brookhaven National Laboratory

U.S. Department of Energy
USDOE Office of Science (SC)

Notice: This technical note has been authored by employees of Brookhaven Science Associates, LLC under
Contract No.DE-AC02-76CH00016 with the U.S. Department of Energy. The publisher by accepting the technical
note for publication acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable,
world-wide license to publish or reproduce the published form of this technical note, or allow others to do so, for
United States Government purposes.



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any
agency thereof, nor any of their employees, nor any of their contractors,
subcontractors, or their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or any
third party’s use or the results of such use of any information, apparatus, product,
or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service
by trade name, trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof or its contractors or subcontractors.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.



RHIC-PH~-13

Strangeness Evolution in the Central Region
of a Heavy Ion Collision with Transverse Flow Effects

K. Kajantie, M. Kataja, P.V. Ruuskanen

Brookhaven National Laboratory

August 1986



JYFL 9/86

DEPARTMENT OF PHYSICS, UNIVERSITY OF JYVASKYLA
PREPRINT No. 9/1986

Strangeness evolution in the central region of a heavy ion
collision with transverse flow effects

K. Kajantie, M. Kataja and P. V. Ruuskanen

<0 v
S
Q

AMIIICA "

VER|]ITAS
‘-

O m
’

P2

1 Ny

DEPARTMENT OF PHYSICS -
UNIVERSITY OF JYVASKYLA
Seminaarinkatu 15
SF-40100 JYVASKYLA 10
FINLAND



Strangeness evolution in the central region of a heavy ion
collision with transverse flow effects

K. Kajantie!, M. Kataja®? and P. V. Ruuskanen?

Abstract

Strangeness evolution in the central region of an ultra-relativistic nucleus-nucleus col-
lision is studied by using a numerically computed boost invariant cylindrically symmet-
ric hydrodynamic flow. Kinetic equations describing the evolution through quark-gluon
plasma, mixed and hadron phases are derived. With reasonable collision terms the conclu-
sion is that the strangeness density (=weighted sum of the strange quark density and the
sum of K~ and K° densities) evolves close to or up to a factor 2 below the equilibrium
density until the end of the mixed phase. With transverse expansion the dilution of matter
in hadron phase is so fast that strangeness creation and annihilation processes effectively
decouple. This implies that the observed Ny - /N,- is rather independent of the assumed
decoupling temperature and lies in the range 0.15 — 0.3.

1) Academy of Finland and Department of Theoretical Physics, Siltavuorenpenger 20 C,
SF-00170 Helsinki, Finland.

2) Department of Physics, Seminaarinkatu 15, SF-40100 Jyvéiskyld,Finland.



A large relative strangeness abundance is often discussed as a signal for quark-gluon
plasma [1—2]. Consider the baryon number-free central region, which probably is simpler
than the baryon-rich fragmentation regions. For T; > m, (= 150 MeV, for definiteness)
one clearly must have n, = ng = ng = n; ® n, = n;, initially. To correctly assess the
relative amount of strangeness, it is essential to include gluons and consider the ratio n, /s,
s =entropy density. Furthermore, since the constant total entropy S of the event can be
measured by observing the multiplicity Niot = S/e¢, ¢ = 3.6 (neglecting mass effects in the
hadron gas), an appropriate measure of the initial abundance is

Ng 3.6n,
=]

Ntot 8

= 0.095 Np =2
=0.12 Np =3,

using ideal gas formulas. This is not very large. However, the experiments only observe
the final strangeness and the question now is what happens to this initial abundance in
the course of the hydrodynamic expansion. ‘

The behaviour of strangeness under scaling hydrodynamic flow of baryon-free QCD
matter with a first order equation of state has been discussed in [3] neglecting transverse
flow. The aim of this letter is to derive kinetic equations describing the evolution of stran-
gess through quark-gluon plasma, mixed and hadron phases for a general three-dimensional
expansion of the system and to solve them numerically for a scaling cylindrically symmetric
flow [4 — 5].

The problem to be solved consists of different parts, which can be discussed separately:
1. Equation of state, 2. Kinetics of the phase transition, 3. Computation of the flow, 4.
Derivation of the collision terms describing the processing of strangeness, 5. Formulation
and solution of the kinetic equations for strangeness evolution. For 1. we use the bag -
equation of state for a first order phase transition and for 2. we assume fast nucleation of
the new phase with no supercooling or phase separation. All these are discussed in detail,
say, in [3 — 5]. For 3. we use the flows in [4] computed with the methods in [5]. For 4. we
use the collision terms estimated in [3,6 — 7). The new element in the discussion is the
following solution for 3.

Assume that we know the flow characterised by a certain initial temperature 7; and
thermalisation time 7; in a central collision of two equal large nuclei. As the first approxi-
mation entropy is conserved in this flow. If mass effects are disregarded in the hadron gas
at decoupling, the observed total rapidity density is given by (for T; > T, the transition
temperature )



dN. 4a ’
dy’r = 'Z'TRiI‘;'BTb (1)

where a = 4.6 (for 2.5 flavours) and ¢ = 3.6. If also the kaons were in thermal equilibrium,
they would, for example, at T = 140 MeV contribute (K + K)/(r + K + K) = 0.32 to the
entropy density. Knowing the flow is equivalent to knowing T'(r,r) and v.(r,r) and during
the mixed phase the relative hadron volume fraction

h(r,r) = s—%—;—(‘g}- s {2)

where 7 = /12 — 22, r is the radial coordinate and sg and sy are the entropy densities at
T=T, )

1) 42.25
- = = —— 3
SH Tdof 3 ( )

The kinetic equations describing the evolution of the strangeness density now are as
follows. In the initial quark-gluon plasma phase -

Op(nsu”) = ukdpun, + n,o,u*

= BT - (22)), “

where

1

t z
ut = '71'(;_"711'90’ ;_'), Yr = —-1—_-_—0—3

9 2 m
n’q(T) = 2—7'1_—2'771 TKg(‘l—_,),
R¢(T) is the collision term describing the gain and loss caused by the processes gg < 53
and ¢ «+ 85 [6— 7], u#d,n, is the rate of change of n, in the comoving frame and n,9,u*
is the rate of change of n, due to the expansion of the fluid element in the comoving frame.
We shall use the following approximation of ref. [3]:

T\* 2m,, 1
Rq(T) =0.23 (;;:) eXp(—T)f—Tn? (5)
m, = 150 MeV

and the initial condition {for all r < Ry)



ns(ri,r) = n*(T}) (6)

In the mixed phase we have the pair of equations

wdun, = By(To)(1 - ( Tls )2)

ne? .

Ny — TdofNK ng 2 . (7)

utdung = —L 28 uP + Ry (T:) (1 — (—)

utK (Tdof —1)A “ (Te)( Meq ) .

where ng = ng- + ng.. Note that the term giving the rate of change of n, due to the

expansion of the fluid element in the comoving frame is missing in (7). The collision term

R), describes the effect of processes like KX « n7 and and is only very phenomenologically
known [3]. We shall use the simple approximation

c T 3 2mg, 1 -
=0.5 - 8
Ea(T) =0 20mb (200M5V> exp( T ‘fm* (8)

- where o is the pion annihilation cross section and which is a simplified version of the rate
term in [3]. The initial condition for (7) at the interface between the quark and mixed
phases is

n‘ 8Q
—_—— 9
e L (9)

and thus the singularity A = 0 at the start of the mixed phase is cancelled. Finally, in the
hadron phase the kinetic equation is just eq. (4) with n, and R, replaced by nx and Rj:

8,u(nxu*) = By(T(r,r))(1 - (%g) ). (10)

The equations for the purely longitudinal scaling expansion are simply obtained from
the above by the replacements

The derivation of the mixed phase kinetic equations is based on the following argu-
ments. Neglect first collisions entirely. Then the total amount of strangeness is conserved
and in the mixed phase we have



3. {[(1 — h)n, + hng|u*}. (11)

This is one equation for n, and nx. To obtain separate equations for n, and nx we
must make further assumptions concerning the transmission of strangeness from the quark
matter regions (droplets) to the hadron matter regions (bubbles) in the mixed phase. The
discussion is actually ‘similar to the discussion of the enrichment of net baryon number
in the quark droplets in the quark-hadron phase transition in the early universe [8 — 9].
We shall make the assumption that the quark-hadron interface is such that it transmits
strangeness only in connection with a phase transition through the surface. Under sta- .-
tionary conditions no strangeness would be transmitted and, e.g., the chemical potentials
would not be equalised on both sides. The simplest scenario then is obtained by noting
that the expansion in the mixed phase does not take place by decreasing n and T but
by converting matter from dense quark droplets into less dense hadron bubbles at fixed
T = T,.. Accordingly, the constancy of total strangeness is simplest to satisfy by assuming
that stfangeness behaves just like entropy density, i.e., eq. (9) is satisfied with constant
ns and nx over the entire mixed phase. Thus, without collisions, u#d,n, = 0. The cor-
responding equation for nx is obtained by inserting this to (11). This gives the kinetic
equations (7) without the collision terms; adding them is straightforward.

The separation of the kinetic equation (11) can also be carried out by assuming that
even a stationary quark-hadron interface transmits strangeness and that, accordingly, the
chemical potentials on the two sides of the interface can equalize if the transmission is fast
enough [10]. The condition px = u, is equivalent to

— (12)

and the two kinetic equations for the mixed phase are now given by (11) and (12). In [10]
the equations are rather formulated in terms of u’s than n’s. Since n3}/n%? is numerically
close to rj,¢, the two sets of equations give very similar results.

The kinetic equations (7) differ from those in (3] in that those in [3] contain the dilution

term —n,/t for ng also in the mixed phase, although expansion in- the mixed phase- does-- -

not take place by dilution but by conversion. This leads to a singularity in the equation
for nx at the start of the mixed phase, A = 0.

Next we shall solve the above system of first order partial differential equations in
the two variables r and r (or ordinary differential equations in ¢ for the no transverse
flow v, = O case) and calculate the ratio of the final total strangeness to the final total
multiplicity given by the following integral over the decoupling surface with the surface
element do,:

dNK/dy _ an"'“dUu
dNyoe/dy [ nutdo,

(13)
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This is an experimentally observable qﬁantity.

Before giving the numerical results, we shall describe the qualitative behaviour of
strangeness during the expansion by working out the solution of the kinetic equations in
the v, = 0 case for the limiting cases R = 0 and R = oo (fig. 1). Let us define the total
strangeness density (denoted by n without a subscript in the rest of the text)

n=(1-h)n, + hng, (14)

where A = 0 in the quark phase, 1; < 7 < 1g, h is given by eq. (2) in the mixed phase,
TQ < 7 < T = rgof7Q and h = 1 in the hadron phase, g < 7. As we are interested in
to what extent strangeness can remain in chemical equilibrium during the expansion, we
shall work out how n/n®? behaves.

Initially ny = ng = n, = n%(T3) and n/n®? = 1. If R, = 0, n is just diluted by
expansion and

pen T (T
= i‘I'_ 1 T, .

The density n is thus not able to decrease as fast as n®? and n/n*? grows. If By = co,n =
n®?, The ratio between the two outcomes at T = T, = 200 MeV is

n,(m, =0,T,) -
= =1.11.
Ts ngl(m,,T.) 1 (15)

(The numbers are for a flow with T; = 500 MeV, r; = 0.5fm, corresponding to dN/dy =
26A.) Thus, during the quark phase, n/n®? may grow slightly, but the increase is at most
about 10%

In the mixed phase we have four cases to study: (R,, Ry) = (0,0), (o0, 0), (0, c0) and

(0,00). In the last case clearly n/n®? = 1. Consider then (Rg,Rp (0,0). Direct
integration of (7) gives
ned hiteg+1—h o
where
nti(T.)
Tog = — =~ 6.5 (T,=200MeV
S o ) (16

~ 81 (T.=160 MeV).
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Thus n/n®? decreases during the mixed phase if there are no collisions. Physically this
follows from the fact that initially n,/ng = raoz. If there are no collisions, the ratlo ns/ng
will remain constant and during the mixed phase we have

nK Teq nc '

The ratio n/n®? then decreases from the initial value r, = n,/n%? to the final value
re(req/Tdof) = nx/n3. The other two pairs of values of Ry, R, are worked out simi-
larly (fg. 1) '

Finally, if Ry, = 0 in the hadron phase, n/n®? again starts increasing. This happens
since n}? decreases more rapidly with T because of mass suppression than nx, which
decreases only due to dilution. How far n/n®? will have time to increase depends on the
details of the decoupling process. From fig. 1 one might think that the final prediction
is very uncertain. This is so for n/n®?, but the crucial number is actually n/s, which, in
practice, is remarkably insensitive to the decoupling temperature (see fig. 3b). The reason
for this is that, in realistic cases, Ry is large in the mixed phase but decreases very rapidly
upon entering the hadron phase. In the hadron phase little happens to strangeness, both
n and s are just diluted and n/s is constant.

The overall conclusion thus is that the final nx (= nx just in the beginning of the
hadron phase) will be near or at most a factor 0.5 times the equilibrium value. In thermal
equilibrium we would have (gx counts the number of kaon types in nx; earlier we defined
ng = ng- + ng., similarly g,)

nK
Ny ax

K 042 (T =200 MeV)

0.30 (T =160 MeV) (18)
0.24 (T =140 MeV).

The expected ratio Nxg- /N,- is thus given by 0.5...1 times 0.42...0.24, depending on
the decoupling temperature. Equivalently, the expected ratio (Ng+Ngz)/(Ne+Ng+Ng),
summing over charges, would vary between 0.34 (T4.. = 200) and 0.24 (T4.. = 140) to
something less by a factor 2. There is a slight increase relative to the initial ng/n¢¢ = 0.10,
but not a large one.

Numerical results for the evolution of the strangeness density for the case with trans-
verse expansion are shown in figs. 2-3. For brevity, results are only presented for the flow
with T; = 500 MeV, r; = 0.5 fm (corresponding to dN/dy = 26 A for massless particles)
and a first-order phase transition with T, = 200 MeV and rgoy = 14 (fig. 2). I the
equation of state is not of first order but a continuous one with as large a jump in entropy
density (sq/sg = 14), as indicated by lattice Monte Carlo calculations [11], the overall
pattern of the flow should be rather similar, only the large space-time region of constant

6



T =T, = 200 MeV would be replaced by an equally large region in which T varies slowly
around 200 MeV.

Figs. 3a and 3b show the ratios n/n®? (eq. (14)) and 3.6n/s (3.6 is the appropriate
factor for massless particles to convert s to multiplicity) with the rate terms as given in
egs. (5) and (8). Fig. 3c shows n/n®? if the rate term in hadron phase is reduced by

-a factor 10 [11]. Here n®? and s are calculated directly from the flow; n is obtained by
numerically integrating the kinetic equations (4-10).

To obtain a number directly comparable with experiment, the flux across the decoup-
ling surface is calculated according to eq. (13). The numerical value of Nx /(Nx+Ng+Nz)
(summing over charges) corresponding to Ty.. = 140 MeV is, as can be estimated from
figs. 3b and 3¢, 0.15 for the full hadronic rate term R and 0.11 for the reduced term.

These numerical results are in agreement with the qualitative discussion above (fig.
1) and the estimates given on the basis of eq. (18). Because r.q/rdof < 1, the strangeness
density falls below the equilibrium density in the mixed phase and remains the lower the
smaller B, is. In hadron phase a rapid increase of n /neq is seen. This happens because the-
K K reactions effectively freeze out due to the fast transverse expansion in the hadron phase
leading to a situation where n decreases only because of the increase in volume, whereas
n®? decreases also due to the mass effect. As a consequence of the above behaviour of n,
n/s is essentially constant in the hadron phase and thus, in particular, the choice of the
decoupling temperature does not matter. '

The transverse flow affects the evolution of strangeness mainly by reducing the time
scales in the problem. The quark phase is essentially unaffected. For the flow in fig. 2 the
mixed phase in the v, = 0 case would last for 7.8 fm < r < 110 fm. The transverse flow
reduces this timescale to less than 40 fm, which is essentially the same as the equilibration
time scale (3). This leads to the factor of 2 uncertainty in the value of n/n®? at the end of
the mixed phase. The largest reduction in the time scales is in the lifetime of the hadron
phase. Together with the rapid drop in densities, caused by the shock at the mixed phase-
hadron phase interface, this means that the transverse flow effectively cuts off the hadron
phase from the processing of strangeness.

Finally, with the calculated nx we may also discuss the predicted transverse momenta
of kaons and, in particular, the mass effect. This question has earlier been discussed by
assuming that ng = n3}(7.) along the decoupling curve [12]. The inspection of contour
curves in figs. 3 shows, that on a large fraction of the decoupling curve, which for Ty.. =
140 MeV is shown as the dashed-dotted line, nx varies very little. This means, that the
decoupling integral for the kaon multiplicity satisfies

dNk

nKg e
= #dU T q ”'dU
ngu y R Nt "
dy / ncq / ’

K

where ng/ n}? denotes the roughly constant value of this ra.tio.on the main part of the
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decoupling curve. Similarly, only the normalization of the decoupling integral for the
pr -distribution [5,12] may change appreciably, but the shape and the resulting average
value of transverse momentum, {pr), remain almost the same when ny instead of n} is
used. The actual numerical results show a small decrease of (pr) (from 1.040 GeV for
ny to 0.996 GeV for nx with full R,) and a sharpening of the pr -distribution. This
can be understood to result from the fact that the region around the collision axis, where
transverse velocity is small is, due to the longer timescale, relatively richer in strangeness
(nx > n%) than the outer regions which flow fast and decouple so rapidly that nx does
not reach the equilibrium value.

Summarising, we have derived kinetic equations for the evolution of strangeness in the
central region of an ultra-relativistic nuclear collision and solved them numerically for a
longitudinally scaling and tranversally cylindrically symmetric expansion. The conclusion
is that the strangeness density evolves close to or at most a factor 2 below the equilibrium
density at the end of the mixed phase. In hadron phase the rapid increase of the volume due
to the transverse flow leads to a rapid freeze out of the strangeness annihilation reactions,
making the final amount of strangeness rather independent of the other properties of the
hadron phase. Depending on the details of the rates of the strangeness reactions and time -
scales of the flow, the final K/7 ratios will be 1..3 times those observed in N'N collisions.
This conclusion is the same as that obtained with kinetic equations [11] based on slightly
different assumptions of the transport of strangeness through the quark-hadron interface.
The shape of the pr -distribution and the average value of the transverse momentum of
kaons are insensitive to the rate of strangeness reactions and the total amount of kaons.

Acknowledgements: We thank J. Kapusta, T. Matsui and L. McLerran for discussions
and correspondence.
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Fig. 1

Fig. 2

Fig. 3a

3c

Figure captions

Qualitative behaviour of the total strangeness density n (eq. (14)) relative to its equi-
Iibrium value n*®? for possible combinations of vanishing or infinite strangeness equili-
bration rates Ry and R}, in the quark and hadron phases for the case of no transverse
velocity. The quantities rgoy,Teq,7s,7g and ry are defined in the text. In realistic
cases, R}, is large in the mixed phase and decreases rapidly after entering the hadron
phase. Thus the final value of n/n®? will lie between the R, = 0 curves, To predict
experimentally measurable quantities, n/s is needed and this ratio is constant in the

hadron phase.

Curves of constant energy density in units of GeV/fm? for 2 low with T; = 500 MV,
7; =0.5fm and a first order phase transition with T. = 200 MeV and rg,y =14 [4]
plotted in the proper time {here t) vs radial coordinate r plane. The mixed phase lies
between the thicker curves with € = eg = 3.6 and € = ey = 0.20. The dashed-dotied
curve corresponds to I = 140 M eV, an approximation to the decoupling temperature.

The ratio n/n®? (n is the total sirangeness density) for the flow in fig. 2 and with the
rate terms as given in the text. The lines for €g, €y and decoupling temperature are
as in fig. 2. The lines close to the light cone are an artifact of the graphics.

The ratio n/(3.6s) for the flow in fig. 2 and with the rate terms as given in the text.

The ratio n/n? for the flow in ﬁg 2 and with the hadron phase rate term in eq. (8)
reduced by a factor 10.
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