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In-medium effects at low temperatures in the photon bremsstrahlung
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The infIuence of the dense nuclear medium on the process of photon bremsstrahlung in nuclear collisions at

low excitation energies is investigated. The in-medium nucleon-nucleon scattering, &~matrix is incorporated in

the calculations of photon bremsstrahlung cross section for nucleon-nucleus and nucleus-nucleus scattering

cases. Calculations are performed in the soft photon approximation. It is shown that the Pauli blocking of
intermediate scattering states and quasiparticle energy shifts due to the mean field interaction essentially

suppress the photon bremsstrahlung cross section for temperatures T~ 10 MeV and densities n~n, (n, being.
the nuclear saturation density). In the case of nucleus-nucleus collisions, when the photons are emitted from the

thermalized zone, a temperature and density dependent reduction factor for the bremsstrahlung rate is calcu-
lated. It implies a typical bremsstrahlung rate which is —15% of that in the free scattering case.

PACS number(s): 25.70.Lm, 21.65.+f, 24. 10.—i, 24.90.+d

I. INTRODUCTION

The process of photon production by the nucleon-nucleon
bremsstrahlung in the course of intermediate-energy heavy-
ion collisions is traditionally regarded as a direct probe of the
reaction dynamics. Because of the weak electromagnetic
coupling, energetic photons (coy~30 MeU) created mainly
in incoherent neutron-proton (np) collisions are not strongly
affected by the nuclear medium and may carry undisturbed
information at the early stage of reaction. Thus the measure-
rnent of energetic photons provides a possibility for recon-
structing the dynamics of heavy-ion collisions at intermedi-
ate energies and investigating the properties of hot and dense
nuclear matter.

Early experimental data on photon spectra from npy
bremsstrahlung and photon production in low- and
intermediate-energy heavy-ion reactions was based on inclu-
sive measurements, which were done with a rather limited
statistics and involved only comparatively light colliding
systems. This experimental situation was summarized in the
review article [1]. The observed general trends of hard-

photon emission from nuclear collisions in this energy range
were quite well understood theoretically (see [2] and refer-
ences therein). More recently, energetic photon production
revived interest as a result of the latest experimental results
[3—5] obtained with high statistical accuracy which allow
one to measure hard photons in coincidence with fragments
or/and light particles, to investigate the impact parameter de-
pendence of these characteristics, to extend measurements to
very heavy colliding systems, and even to make first photon-
photon coincidence experiments [6], which throws light on
the space-time evolution of nuclear collisions.

The bremsstrahlung emission in elementary nucleon-
nucleon collisions, which can serve as a probe of the
nucleon-nucleon potentials, is a basic subprocess in the con-
sideration of incoherent nuclear bremsstrahlung and was
theoretically investigated in a number of works; see the re-
view [2].However, when photons are emitted from a hot and
dense source formed in the course of a nucleus-nucleus col-

lision, the inhuence of the dense medium on the nucleon-
nucleon scattering process has to be taken into account. Sev-
eral aspects of the problem of photon bremsstrahlung in a
nuclear medium, such as the validity of the so-called soft
photon approximation, off-energy-shell effects in the
nucleon-nucleon scattering, softening of the one-pion-
exchange mode of nucleon-nucleon interaction, have been
discussed; see Refs. [2,7—12]. However, no attempts were
made to treat the problem of photon bremsstrahlung beyond
the mean field description of the strong nuclear interaction
which includes the full two-body scattering .K matrix ob-
tained from the many-body theory. The two-nucleon in-
medium scattering states and correlations in dense nuclear
matter in other contexts have been investigated in Refs.
[9,13—21]. Most of these calculations are restricted to the
nonrelativistic many-body theory (see Refs. [9,17,19] for
relativistic approaches to the in-medium. A matrix). Restrict-
ing ourselves to the low-temperature regime, we will employ
the finite-temperature Matsubara Green functions technique
with nonrelativistic propagators [22,23].

The goal of the present paper is to investigate the inhu-
ence of the dense medium on the photon bremsstrahlung
reaction cross section and photon emission rates for the

np y process. We will consider two different situations using
the soft photon approximation to find the respective reaction
amplitudes: the case of photon bremsstrahlung through
nucleon-nucleus scattering and the case of bremsstrahlung
from the thermalized low-temperature medium. It will be
shown that the np y reaction is in fact influenced in these two
cases in different ways, both qualitatively and quantitatively.
Specifically, we will show the possible manifestations of the
modification of the two-nucleon scattering states in the
nuclear matter on the photon bremsstrahlung emission. '

It should be mentioned that in the present work we re-

1A discussion of the in-medium effects on the processes of neu-

trino bremsstrahlung emission from neutron stars matter, processes
which are similar to a certain extent to the photon bremsstrahlung
discussed here, can be found in Ref. [24].
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stricted ourselves to a certain class of medium effects that
can be adequately described by the summing ladder dia-
grams in the particle-particle channel. We will not consider
the radiation of photons from the intermediate scattering
states. Note that another interesting related effect is the
Landau-Pomeranchuk quenching of the bremsstrahlung. A
strong in-medium suppression of the bremsstrahlung process
due to the coherence effects has been predicted ([35] and
reference therein).

The paper is organized as follows: In Sec. II, the expres-
sion for the photon production cross section for free nucleon-
nucleon collisions is given and its relation to the in-medium
M~matrix in the nuclear case is shown. The NN cross section

is calculated in the framework of the thermodynamic
~E-matrix approach in the ladder approximation in Sec. III.
The results for the bremsstrahlung cross section are pre-
sented in Sec. IV.

II. BREMSSTRAHLUNCx OF A REAL PHOTON
IN THE SOFT PHOTON APPROXIMATION

As a starting point for the discussion of the bremsstrah-
lung process, let us recall the case of free nucleon-nucleon
bremsstrahlung N&Nz~N&N4y. By taking into account the
relativistic kinematics, the respective cross section reads

d'p, d'p, d'q,
(Pl ~P2 ~P3 ~P4 ~qy) s 2 2 2 2 ~(p1+P2 P3 P4 qy) ~

2(2~) s(s —4m ) 2~3 2~4 2~y

g~~ NNy ~~g~ NN (2)

where .~X is the amplitude of the elastic NN~NN scatter-
ing and the electromagnetic matrix element is defined as

(3)

with the hadron current

where p;, s;= gp, +m, and qy and c0y are the four-
momentum and energy for the ith nucleon and photon, re-
spectively, s=(p&+p2), and M y is the amplitude of the
process.

In further calculations of the bremsstrahlung cross sec-
tions, we shall use the soft photon approximation (SPA)
[25,26], which usually contains the following three approxi-
mations: (a) Only the electric part of the electromagnetic
current is kept, (b) the photon radiation from the internal
charged meson exchange lines and nucleon-nucleon-meson
vertices is neglected, and (c) an approximate integration is
carried out over unobservable kinematic variables where the
momentum, energy, and invariant mass of the virtual photon
are assumed to be negligible as compared to other variables
(e.g. , the initial momentum and momentum transfer, etc.).
The comparison with the exact diagrammatic calculation, for
example, of the dilepton production [27—30] shows that the
first two approximations do not change the final result by
more than a few percent and, therefore, are justified. How-
ever, the third approximation appears to be crude. To im-

prove the result, a phenomenological reduction factor has
been introduced in Ref. [26], which is aimed at reducing the
remaining phase-space volume of colliding hadrons in their
final state. However, we would like to note that this factor
cannot be derived explicitly from a multidimensional inte-
gral. Therefore, in the present paper we use a model which
employs the first two approximations (a),(b) of the SPA, but
takes into consideration the exact kinematic relations.

In the SPA the amplitude of the process can be repre-
sented in the form

p p,

I"= —Q. —Qb + Q.'(pi q, ) '(p2 q, ) (p3 q, )

+Qb
(P4 q, )

Here Q, and Q„are the charges of the incoming nucleons
and (p; q ) is the scalar product of the four-momenta p; and

qy.
The elastic NN~NN scattering amplitude squared is pro-

portional to the differential elastic cross section [see Eq. (21)
below]. To perform exploratory calculations, we further use
the total elastic cross section o. (s) instead of the differen-
tial elastic cross section:

NM NM(

dn '"'=
4 (5)

In this case, having used Eqs. (1), (2), and (5), the expres-
sion for the photon production cross section becomes

drr""y n t, de,
(s, roy) = 2+srr (s) ~.X~ d cos0 dq3,

where 0 is the photon polar angle and y3 is the azimuthal
angle of the outgoing nucleon in the center-of-mass frame of
the initial nucleon. This equation relates the bremsstrahlung
cross section directly to the elastic NN cross section.

The application of Eq. (6) to collisions of nuclei includes
two modifications. First, o. is affected by the nuclear en-
vironment. This problem will be considered in Sec. III. Sec-
ond, nuclear bremsstrahlung cross sections are obtained by
integrating the 1VWy bremsstrahlung cross section (6) over
the effective energy distribution f(F) of colliding nucleons.
In the general case, this distribution will depend on the reac-
tion considered and should be found by solving appropriate
kinetic equations. Such a complete treatment of the problem



1974 ALM, BRATKOVSKAYA, ROPKE, SEDRAKEAN, AND TONEEV 52

is beyond our consideration here. To estimate the importance
of in-medium effects in nuclear collisions, we shall use cer-
tain ansatz for the form off(E) to simulate conditions speci-
fying (6) for the given reaction.

Let us discuss the case of bremsstrahlung due to a colli-
sion of a nucleon of definite momentum with a nucleus in
thermal equilibrium. Then, the spectrum of nucleons in the
target nucleus can be described by a Fermi distribution char-
acterized by the energy E2.

f(E2) = 1+exp
(E2 —I )

T

where p, is the chemical potential, T is temperature, and E; is
the nonrelativistic single-quasiparticle spectrum. It is related
to the relativistic quasiparticle energy e; as E;=e;—m.

Thus, for the nucleon-nucleus (NA y) bremsstrahlung
cross section, we find

ivA y I. d Iv'A'y
dp2

(pi, ~,) = „d (s ~,)f(E2)(2

with

s=(pi+p2) =2(m +s, e2 —
~piiip2 cos&i2).

Strictly speaking, this situation corresponds to the photon
production in the first chance np collision. Note that the
corresponding bremsstrahlung cross section is obtained by
substituting the elastic in-medium nucleon-nucleon cross
section o (s) =o(Ei,b, IC) in Eq. (6). It will be a function
of the nonrelativistic nucleon energy in the laboratory frame

Ei,b= 2E= 2(gs/2 —m) and a value of the total momentum

K, where K =p, +p2 —
2~pi~ p2 cosoi2.

It is necessary also to take into account the increase in the

kinematical limit for ~~ as compared to the NN interaction:

CO
~max

2
max

2 v's „,

In the NN case we would have p 2
= 0, e 2

= m, and

s,„=2(m + sim), while in the NA case at low tempera-

tures we get the Fermi momentum pF= ~p2~~,„, e2=eF,
and s,„=2(m +eiaF+~pi~pF).

The nucleon-nucleus scattering case is of special interest
if photons are created in the first few np collisions. However,
the contribution of photons emitted during the subsequent
collisions may be essential when a thermalized dense nuclear
matter has been formed. This contribution becomes larger
with increasing mass number of colliding nuclei. Thus, after
the first few collisions, the formed nuclear fireball may be
regarded as a thermalized system whose local thermody-
namic equilibrium is characterized by certain temperature T
and density n. Among the several possible modifications of
two-nucleon scattering in the medium, the effects of the pion
mode softening of the nucleon-nucleon interaction was ap-
plied to the photon bremsstrahlung problem in Ref. [10].
This effect emerges from the summation of the scattering
amplitude in the particle-hole channel, which allows one to
take into account medium polarization effects. In contrast,
we shall concentrate on the medium effects described in
terms of the in-medium M matrix in the particle-particle in-
teraction channel, which is suitable for treating the short-
range conelation and onset of superAuid pairing in the sys-
tem. A simultaneous treatment of both the long-range
polarization effects and the short-range correlations in the
,X channel, which requires diagram summations in the par-
quetlike manner, is not rigorously developed yet.

The only simply treatable case for nucleus-nucleus colli-
sions is that when the formed hot and dense system is close
to an equilibrium state. Then the bremsstrahlung cross sec-
tion can be written as

d+"'(~y) =(2~)' ll 3 2 3l.~ "'l ~(p4+p3+ey pi p2) &(Ei+—E2 —Es E4 ~)yf—( Ei)—f( E—
)2277 J 2 ct)y 2 77

X[1—f(E,)][1—f,(E,)],

where the delta functions ensure the momentum-energy conservation laws and f(E;) is the Fermi distribution function.
The thermalized nuclear matter at low temperature can be regarded here as a highly degenerated Fermi system. Therefore,

the momentum of nucleons can be assumed to be restricted to their Fermi momentum, i.e., ~p
—pF~(&pF . This essentially

simplifies the evaluation of the phase-space integrals appearing in Eq. (11). In particular, the integration over the energy
variables and nucleon angles can be separated in this case. One finds

der (cdy) = 277IriIF

Iri= 9 P d p;8(p, pF) 8(p4+p3 pi —p2)— —
i=1

(12)

I~=
J g dE, 8'(Ei+E2 —Ei —E4 —co )f(Ei)f(E2)[1—f(E3)][1 f4(E4)]. —

l=1
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Note that because of the SPA the reaction transition matrix element is factorized and photon momentum in the momentum
conservation 8' function is neglected. After straightforward calculations we get

4m pF "l "gl ~& dx
/n= s dy(1 y ) ~(x y)Jo Jo 1 —x —

y
(13)

CO& CO&

IF— 1+4' g (14)

In Eq. (13), the M matrix .W~(x, y) is a function only of new variables x,y, where x = q/2pF and y = K/2pF are the normalized

momentum transfer (q=p, —pz) and total momentum of a nucleon pair and g(co~/T) =[exp(cu /T 1)] —' is the Planck
distribution function for a photon. Using these relations and the explicit expression for the electromagnetic part of the
transition probability, the photon emission cross section is reduced to

d rr "~ 8e n 1 jco ) (co 1 t'l jql
[v(p, )] T 1+ 2 g dy(1 —

y )
dAdco& 3 47r (T~ ~T~ o Jo

dx
,&(x y).

1 x

with the density of the nucleon states at the Fermi surface v(p, ) = mpF/vr
Thus the photon emission cross section depends on the medium temperature through the explicit factor

T (1+cug4mT )g (cu~/T) and also implicitly through the temperature-dependent .X matrix and effective mass of a nucleon.
It is noteworthy that in addition to the direct proportionality of the reaction probability to the nucleus density, n, and to the
density of nucleon states v(p, ), the medium density is entering into the.%~matrix and the nucleon effective mass too.

In order to reveal the medium inhuence on the np+np y reaction, the ratio of the in-medium photon emission cross section
to that of the free-space scattering must be considered:

f d2~Ay)
R

I ll-y'
dy(1 —

y )Jo ~o

Jo

( d'H"'&

( dAdco&/ Pl
dy(1 —y')

dx
F(x. y),

1 x

dx
.X '"(x,y)

1 x

(16)

The results of the numerical evaluation of this ratio will be
given in Sec. IV followed by the discussion of the in-
medium M~matrix in the next section.

To proceed further to the medium modifications of the
photon bremsstrahlung process, we will need the in-medium
nucleon-nucleon cross. It will be used as an input in the
expressions for different cases of nucleon-nucleus and
nucleus-nucleus collisions derived above.

I —f[E(p )]—f[E(p )]
2(Pl PP z) (18)

dynamic M~matrix is obtained by the substitution of the four-
point interaction, W by the bare nucleon-nucleon interaction
V in Eq. (17). Within the quasiparticle approximation [22],
the product of the two one-particle Greens functions G& in

(17) results in

III. IN-MEDIUM NN CROSS SECTION

M(121'2') =K(121'2')

f
+ d3 d3' d4 d4' .M~(1234)Gl(33')

X Gl(44')M~(3'4' I '2'), (17)

where 1 denotes the wave number p&, spin o &, and isospin
~& of the nucleons. The ladder approximation for the thermo-

To show the physical approximations made in calculations
of the photon bremsstrahlung, we shall briefiy discuss, fol-
lowing Ref. [14], the derivation of the in-medium scattering
cross section by means of the thermodynamic Green function
technique. In this approach, the two-nucleon scattering in the
medium is described by the thermodynamic &~matrix, which
is governed by the corresponding Bethe-Salpeter equation

where z is the two-particle energy and E(p, ) and E(p2) are
the quasiparticle energies. The last are defined in terms of the
self-energy as

6 p)
E(pl)= +v(pl)~

with

v(pl)=ReX(pl M)l =E( ) ~

where the self-energy $ (p l, co) was calculated in the
.A~-matrix approximation (for details, see Ref. [13]).

Within these approximations two medium effects are in-

cluded in the quantity G2. One of them is the phase-space
occupancy Q (Pauli blocking) of the surrounding nucleons
given by Q(pl, p2) =1 f[E(p,)]—f[E(p—2)] in Eq. (18).
This form of the Pauli operator takes into account hole-hole
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scattering, which is neglected in the usual Brueckner theory
where the Pauli operator has the factorize d form

Qii(pi tp2) =(I —f[E(p&)]H1 —f[E(p2)]] [22]. The sec-
ond medium contribution is coming from the renormalization
of the quasiparticle energies (19) entering into Eq. (18).

In our calculation of in-medium cross sections, the Paris
potential is used for a bare nucleon-nucleon interaction. The
Paris potential is derived from meson theory and gives a
quantitatively reliable description of the on- and off-shell
properties of the nucleon-nucleon interaction in the vacuum
[31]. In particular, the nucleon-nucleon scattering phase

shifts, which are well known from experiment, are repro-
duced with high accuracy. It was successfully applied to the
calculation of the equilibrium properties of the nuclear mat-
ter as well (see Ref. [32]).

Using the partial wave decomposition, which becomes
possible after angle averaging of the Pauli operator and the

quasiparticle energies, the total thermodynamic M matrix

may be constructed from the partial M matrices. In the
Matsubara-Fourier representation, the partial, & matrix for
the channel a=(S,L,J) reads

(P,P', K, z) = V (P,P')+ g V (P,P")G2(P,K,z)~ (P,P', K,z), (20)

where the relative momentum p =(pi —p2)/2 is introduced. In evaluating the quasiparticle energies, a p-dependent effective
two-particle effective mass m, 2(p, K) is introduced. This allows one to define an effective chemical potential p, „,= p, —Ae
with respect to the continuum boundary which includes the averaged single-particle self-energy shift Ae.

The in-medium differential cross section for an unpolarized system is defined via the on-shell .W~matrix (lpl = lpl =p) as

der N(p) (2m)
dfI(P)-(2, +, )(2, +, )

X „. I- (s™'P'&'Ml)l'.
S,Ms, S,Ms

(21)

with the generalized density of states,

pm*, 2(p, K)
2(2~) fi,

(22)

(2J+ 1)2 7r N(p)
~(P)= X 2 I 2 +I 2I~~". (P,P)l'. (23)

1 2 P

Note that Eq. (23) gives the NN cross section with taking
Pauli blocking into account in the intermediate states only,
i.e., without correction for Pauli blocking in the outgoing
channel [17]. Numerical results will be given in the next
section.

The in-medium differential cross section, Eq. (21), depends
on the temperature T and chemical potential p, of the me-
dium as well as on the total momentum K of a pair of nucle-
ons. (The evident notation of some variables is skipped. ) In
the low-density limit p, /T~ —~, the thermodynamic .&~ma-

trix, Eq. (20), approaches the scattering .%~matrix describing
the isolated elastic NN scattering. In this limit, the in-
medium differential cross section, Eq. (21), approaches to
the free NN differential cross section. By integrating Eq.
(21) over the angles, one arrives at the total cross section in
the medium: 10 l-

T=10 MeV
n=0.5no

1 — free
2 — K=0
3 — K=100 Mev/c

10'

10'

the Paris nucleon-nucleon potential [33] (see [13] for de-
tails). The features of the Paris interaction mentioned above,
especially the reliable description of the empirical two-
nucleon scattering data, are preserved in the separable ap-
proximation by Haidenbauer and Plessas [33].This separable
approximation was applied in nuclear matter calculations too
[13,32].

As has been shown in the previous section, the in-medium
total nucleon-nucleon cross section depends on the relative
energy F=fiplmi2(p, K) . (or the energy in the laboratory
frame, Ei,b= 2E), on the total momentum K of the pair (via

IV. RESULTS AND DISCUSSION

In order to evaluate the photon bremsstrahlung cross sec-
tion in the soft photon approximation, we first discuss the
in-medium nucleon-nucleon cross section.

LL'For the numerical evaluation of M~ and the cross sec-
tion, Eqs. (21) and (23), we use a separable approximation of

50
I I I I I

100 150

Ei,b (MeU)

200 250

FIG. 1. In-medium pn cross section o. as a function of E»b at
density n =0.5no and temperature T= 10 MeV for several values of
the total momentum K. The solid line gives the free cross section.
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FIG. 2. pn bremsstrahlung cross section for the nucleon-nucleus collisions at 10, 40, and 100 MeV energies of a bombarding nucleon.
Solid lines (curves 1) correspond to the calculation of the bremsstrahlung cross section with the total free cross section. The dashes lines
(curves 2) correspond to the calculation with in-medium total nucleon-nucleon cross section at temperature T=10 MeV and density
n =0.5no.

the Pauli blocking and the self-energy shifts), and also on the
thermodynamic variables characterizing the medium,
namely, density n and temperature T. Figure 1 shows the
energy dependence of the average in-medium cross section
o.„„ata fixed density n = 0.5no (where no = 0.17 fm is the
saturation density) and temperature T= 10 MeV for several
values of the total momentum K of the pair. For comparison,
the free total NN cross section is also plotted (solid curve 1),
which is calculated using Eq. (23) and neglecting all medium
effects. Taking into account partial waves up to L=2, the
experimental free NN cross section is reproduced with a high
accuracy.

At finite density, the strongest deviations from the free
cross section occur in the zero total momentum (@=0, curve
2). While at low energies Et,b& 50 MeV, the in-medium cross
section is strongly suppressed as compared to the free cross
section, it is enhanced in the energy range 50 MeV
(E&,b(150 MeV and then again suppressed at still higher
energies. Whereas the strong suppression at very low ener-
gies was expected, since the available phase space is reduced
as a result of Pauli blocking, the enhancement at higher en-
ergies is less obvious. The maximum at E&,b=90 MeV
[F.= 2 p, „&, with p,„t being the effective chemical potential,
as defined after Eq. (20)] can be understood as a precursor
effect of the superfIuid phase transition in the symmetrical
nuclear matter, which shows up when the critical temperature
is approached for this phase transition from above (see, for
details, [14]).At still higher energies the self-energy effects
(effective mass) are dominating. In this limit the T-matrix
approximation goes over to the Born approximation and
leads to a suppression which is proportional to the square of
the effective mass [13].

When the total momentum K of a pair increases, the Pauli
blocking is reduced. Because of this effect, the suppression
at low energies as well as the enhancement at energies
E=2 p, „& becomes less pronounced. For the value of
%=400 MeV/c, the in-medium cross section is already quite
close to the free cross section except for very low energies.
Thus, at finite density and temperature, considered here, the
NN cross section considerably deviates from its free space

value, exhibiting a nontrivial behavior around the energy
Eiab 90 MeV.

The results presented in Figs. 2 and 3 show the in-
medium influence on photon spectra from nucleon-nucleus
collisions. It can be seen that at moderate temperature
T=10 MeV a low-energy domain in the photon spectrum is
reduced especially at the low nucleon energy, while an in-
crease of the bremsstrahlung cross section is observed for
hard photons (su~) p,„t). At sufficiently high energies and
density n =0 5no (Fig. . 2), the difference between in-medium
and free space bremsstrahlung cross sections vanishes, be-
cause the NN scattering cross section tends to the free scat-
tering one with increasing total momenta K (see Fig. 1).
Note that the bremsstrahlung photon emission from internal
(as a result of charge exchange currents) is neglected in our
consideration, but can contribute to photon production when
the collision energy increases.

The inhuence of the nuclear matter on the photon emis-
sion rate increases when we proceed to the regime of higher
densities and smaller temperatures: The in-medium result de-
viates from the vacuum scattering by a factor of 5—10 at
density n =no and temperature T=5 MeV (Fig. 3) and only
by a factor of 2—3 (in the low-energy domain) at n=0 5no.
and T=10 MeV (Fig. 2). This result gives a hint that the
discussed effect seems to be manifested more clearly in cen-
tral proton-nucleus collisions rather than at the impinging
stage of heavy-ion collisions where conditions may be some-
what close to that corresponding to Fig. 2.

In the case of a nucleus-nucleon collision, we have de-
rived the ratio Rz„~ [see Eq. (16)], which shows the rel-
evance of the in-medium effects at low temperatures. In Fig.
4, this quantity is displayed as a function of the nuclear mat-
ter density for three different temperatures. We find that, gen-
erally, the emission probability is essentially suppressed as
compared to the free scattering case. For high-density region
n ~no= 0.17 fm, it amounts to —15% and is weakly depen-
dent on temperature. At low densities the temperature depen-
dence becomes more pronounced, showing an increase in the

Rzz~ ratio with decreasing temperature. This can be under-
stood by examining the effective in-medium cross sections.
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2 for density n = n0 and temperature T= 5 MeV.

Note that at the temperatures of interest the in-medium cross
section is strongly suppressed for collisions at small relative
energies, and consequently Rzz~ is smaller than unity. This
effect results from the suppression of the available phase for
intermediate scattering states by the Pauli-blocking operator
Q=(l f f) in—th—e two-nucleon propagator, Eq. (18).
However, for lower temperatures, an increase in the effective
cross section is observed at relative energies around
E„&=2p,„&, associated with the neutron-proton pairing at-
traction in the 'S3-'D& interaction channel. It is compen-
sated partially by the reduction of the cross section at small
relative energies, and therefore the ratio Rzz~ is enhanced. In
the high-density region, this compensation is not operative
because the effective chemical potential is shifted to higher
values at which the attractive pairing interaction becomes
gradually weaker. The real picture is more complicated since
the ratio Rzz~ involves a two-dimensional integral over the
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FIG. 4. Ratio R&z~ for the photon bremsstrahlung in the case of

nucleus-nucleus collisions as a function of the density. With de-
creasing temperature this ratio increases as a result of the nontrivial
behavior of the in-medium NN cross section at low temperatures
(see text).

scattering, X matrix as a function of the relative and total
momenta and certain weight functions; however, the numeri-
cal evaluation confirms the qualitative picture given above.

V. CONCLUSIONS

A comparison of the nucleon-nucleus and nucleus-nucleus
cases shows that in nucleus-nucleus collisions the medium
effects are much more pronounced for the later time mo-
ments when complete thermalization is achieved in the sys-
tem. As has been shown in Ref. I2], the bremsstrahlung ra-
diation in heavy-ion collisions at energies & 100 MeV/
nucleon is coming mainly from two sources separated in
time: from the initial stage of the np collisions and from the
thermalized zone at the nucleon density close to the freeze-
out density. This picture is in agreement with the recent
photon-photon interferometry measurements I 6]. As follows
from our consideration, the bremsstrahlung photons from
these two sources will be suppressed in a different manner. It
is desirable to check this prediction for the bremsstrahlung
suppression in the dynamical transport model with in-
medium modifications of NN cross sections incorporated in
the low-temperature limit, similarly to the approach at higher
temperatures given in Ref.

I
34].

In conclusion, let us summarize the results.
(i) Expressions for the differential cross section of photon

emission from the nucleon-nucleon and nucleon-nucleus
bremsstrahlung processes at low temperatures in terms of the
in-medium, A matrix are derived. Important in-medium
modifications arise as a result of the Pauli blocking of inter-
mediate scattering states and quasiparticle energy shifts due
to the mean field interaction in the in-medium. A matrix.

(ii) In contrast to the reduction found in a simple models
which incorporate only the nucleon effective mass, our con-
sideration in the T-matrix approach shows a more involved
behavior. It is found that the photon emission rate for
nucleon-nucleus scattering can be enhanced for photon ener-
gies lower than the chemical potential of the medium (i.e. ,

cu (20 MeV for n =0 5no, T= 10.MeV) and suppressed at
larger energies in the relatively hot and dilute medium.

(iii) Using the decoupling procedure for the energy and
momentum integration variables, valid for the degenerate
thermalized medium, the phase-space integral is evaluated
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for the nucleus-nucleus scattering case. The ratio of the in-
medium modified emission rate to that of the free space is
calculated and a reduction by about 15% is found. Thus the
largest modification of in-medium np bremsstrahlung cross
sections is expected to occur in the case of central proton-
nucleus collisions and for heavy-ion collisions when photons
are emitted from the thermalized zone at comparatively low
nucleon density.
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