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As a consequence of local excitation, an asymmetry with respect to the leading particle
in peripheral production processes is predicted. It is interpreted in terms of heat propa-
gation in hadronic matter.

Consider a peripheral collision of two hadrons
accompanied by particle production. The periph-
eral nature of this collision manifests itself in
the fact that there exists a leading particle which
retains a high proportion of the incoming momen-
tum and which is scattered through a small angle.
Classically such a process can be viewed as a
grazing collision in which the projectile (leading
particle) touches only the surface of the target,
which for reasons of simplicity is supposed to
be spherical (Fig. 1).

Quantum mechanically the localization occurs
if q»R '-rn„, where q is the exchanged momen-
tum and R the radius of the target; peripheralism
is assured by the condition q«p, , where p,. is the
incoming momentum. In the following we shall
assume that these two conditions are fulfilled.
Radiation (particle emission), however, will take
place not from the hot spot but from a region of
dimensions comparable with the range of strong
interaction forces -R, because only in this case
does the number of particles become defined. '
Hence it follows that there will be a time delay.
r, -R/c, before pa. rticle emission starts (this
follows also from the indeterminacy principle
since at a given energy transfer rj, it takes a cer-
tain time y, &q, ' after which this energy can be
measured), since the excitation concentrated ini-
tially in a small region has to propagate with fi-
nite (sound) velocity e until it extends over a re-
gion -R. In the half-space below the tangent
plane at,V in Fig. 1, there is the body of the tar-
get, characterized by a thermal heat conductivity
& and a radiation constant a, and along the line
.VS (Fig. 1) a temperature gradient develops so
that at the moment 7, when radiation starts, the

temperature at the south pole S is lower than that
at the north pole V.

In the half-space above .VM there is "vacuum"
and no such gradient of temperature is expected
to occur, i.e., no diffusion should take place.
This leads us to expect a yet unobserved asym-
metry in peripheral collisions for particles which
are produced in the target, i.e., for target "frag-
ments. " (The same is obviously true for projec-
tile fragments. ) The asymmetry has two experi-
mental consequences: (i) Particles produced in
the hemisphere q~ will have, on the average,
smaller momenta than those in the hemisphere

(ii) Heavier particles (e.g., kaons or anti-
nucleons) will preferably be produced in the hemi-
sphere —q~. This should be especially true if,
because of quantum-number conservation, these
particles can be produced only in pairs.

In general the smaller the angle y at which
particles are emitted, the smaller the corre-
sponding momentum and mass. ' The size of this

FIG. 1. Local excitation of a spherical target in a
pe ripheral collision. .
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T = T,Ei(r —a.). . (2)

T, is the initial temperature which develops at
the collision center. It is related to the energy
loss of the projectile. We assume for the sake
of simplicity that T, is concentrated at the north
pole (Fig. 1) of spherical coordinates (a~ =R, 0, 0
in a coordinate system with the origin 0 in the
center of the target and the Z axis along OV.
For boundary conditions, we take

BT/Br = —AT a.t r = R; lim T w ~.

asymmetry depends essentially on KT, . It will
be shown below by solving the corresponding dif-
fusion equation that for "reasonable" values of
this parameter the asymmetry could be appreci-
able. Qn the other hand the absence of such an

asymmetry in experimental data would provide a
limit on R. In both cases this would be impor-
tant new information, especially for the thermo-
dynamical' and hydrodynamical' models of strong
interactions. It is challenging to realize that the
data necessary to investigate this problem exist
but have not been analyzed along these lines. We
hope that the present paper will stimulate such
an effort.

In the following we shall study quantitatively
the asymmetry within the frame of a simple mod-
el and then try to outline how this asymmetry
could be detected.

The diffusion equation and its solution. —We as-
sume that propagation of temperature T in had-
ronic rnatter is described by the relativistic dif-
fusion equation'

c '(O'T/BT') +K '(BT/BT) = aT.

Here T is the time variable. We want to solve
Eq. (1) with the following initial and boundary
conditions. For initial conditions, i.e., at T =7,
=0, we take

is the characteristic time delay introduced above.
Qne finds

oo

T(R, g; ~„) =—' p (2n +1)p„(cos9)

where

(Ra„)' exp(-AT, )
(RA. ——,')'+(Ra„)' —(n +-,')"

A = 2]c'/K+ (c'/K' —4a 'c')' ']

In order to estimate q from the relations given
above, we have to make some assumptions about
the constants of the problem. We shall consider
the physically interesting case" c/K» 2a„, K
c 0; as a matter of fact, this coincides with the
nonrelativistic approximation to the diffusion
equation. g depends on two constants A, T, =Em„'T,
and RX [ia„ is determined from Eq. (6) as a func-
tion of X]. Dimensionally in a unit system c =1,
all constants can be expressed in terms of a
length I, . If the phenomenological description
for the asymmetry suggested above makes sense,
one would expect I. to be of the order of the range
of fore es of strong interactions, i.e., the radius
of the target (projectile): I.=R. That is what we
called before the "reasonable" values of the pa-
rameters. In the table, which shows the asym-
metry coefficient q as a function of KT, for A =1
in units R =1, we give some numerical results.

To

P„are Legendre polynomials, and cy„are the
roots of the transcendental equation

(R~ ——,')d„„„(Ra„)+Ra„J„„„R(a„)=0, (6)

where J is the Bessel function of the first kind

and n is an integer.
The asymmetry can be defined as follows:

The radiation constant A. determines the heat flow
from our medium (the target) into vacuum, which
is supposed to be at zero temperature. These
boundary conditions define our model of particle
production: Emission of particles takes place
through "radiation" from the surface of the tar-
get, the temperature of which is determined by
Eq. (1) (cf. also below).

It is rema, rkable that Eq. (1) with conditions (2)
and (3) can be solved exactly. ' Here we shall be
interested only in the angular dependence of the
solution T at r =R, i.e., in T = T(R, 8; 7.,) (the
problem has obviously azimuthal symmetry). 7,

0.5

0.2
0.02

It is seen that in the range gA. = 1, q is a very
sensitive function of KT, '. The smaller KT„ the
larger g. For KT, &1 the asymmetry is signifi-
cant (for KT, =0.5 it exceeds 80'7ii), while for KT,
&1 it becomes negligibly small. This is intuitive-
ly understandable since large va.lues of K as well
as large values of 7, correspond to a thermody-
namical equilibrium situation when emission of
particles should be isotropic.
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Fxperi~ental in~Plications. —In order to relate
temperature to measurable quantities like mo-
menta, multiplicities, etc. , one could use the
conventional phenomenological prese ription in
which the momentum distribution density n of
produced particles is assumed to be of Bose-Ein-
stein or Fermi-Dirac form:

n =(exp[(p'-+p')'"/T]*I) ',

where p is the mass of the particle. The asym-
metry along q ~ would manifest itself in (i) an

asymmetry of (p) according to Eqs. (7) and (8)
[in a first approximation for the target (projec-
tile) fragments (P) - (p~) -T and hence what was
said about the temperature applies directly to
(P)], and (ii) an asymmetry of, e.g. , the K/~
ratio. In order to estimate the latter, an as-
sumption about the equation of state has to be
made. A rough (and conventional) guess is that
E =(p'+p')'"- T' and hence the increase of the
K/v ratio with T follows immediately.

The asymmetry discussed above is defined in
terms of the leading particle and it is obvious
that it has no meaning but in this context. Fur-
thermore an essential element is the identifica-
tion of the particles emitted from the target (pro-
jectile) and their separation from the particles
emitted from the projectile (target). It is evident
that the "up-down" asymmetry refers only to
those particles which are emitted from the tar-
get (projectile), i.e., those particles which are
slow in the respective frame of reference.

The question arises as to what are the optimal
conditions for the search for this effect. Provid-
ed the cross sections are large enough, it would
seem that the higher the multiplicities the better.
One should also restrict oneself to the condition
m„«q«p, .' Finally, one would expect that this
effect should be enhanced if nuclei were used as
targets, since the finite dimensions play here a
more important part. '

A byproduct of the local excitation mechanism
suggested above is a possible simple explanation
of the recent observation' of the increase of the
average multiplicity of produced particles n with

the transverse momentum of the projectile p~~'

in p-p collisions at 30 GeV/c. Indeed the tem-
perature 1', which develops at the collision cen-
ter in a peripheral reaction is an increasing
function of the momentum transfer q~= —p~]".
On the other hand n is an increasing function of
the temperature of the target and this might ex-
plain the above-mentioned experimental finding.

The discussion given above was based on the

assumption that hadronic matter can be charac-
terized by a constant thermal conductivity K.
This is of course an idealization and there are
some theoretical indications' that K should in-
crease with T. In this connection it is interest-
ing to mention the possibility that hadronic mat-
ter might have superfluid properties. " In this
case, propagation of heat would be accompanied
by propagation of second sound and the heat wave
might present at low temperatures a stationary
(oscillatory) character as happens in He II. The
diffusion (and radiation) of heat (propagation of
first sound) would then start only after a certain
critical temperature is reached. This would pos-
sibly also explain why the increase of n with @~

P'

becomes significant at large p, ". Qn the other
hand, this might also suggest that the increase
of multiplicity is connected with an "increase" of
1ocaliz ation.

Although the use of the diffusion equation in
particle physics might be debatable and more
conventional approaches might be possible, we
feel that the arguments put forward in order to
predict the existence of the asymmetry are suffi-
ciently convincing to make the search for this ef-
fect a worthwhile enterprise. '
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ble, Professor Ch. Kuper, Professor E. Leader,
and Professor D. Lichtenberg for stimulating
discussions and correspondence, and to Dr. D.
Schildknecht and Dr. T. Walsh for instructive
comments on the manuscript.
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