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Causality in relativistic many body theory
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The stability of the nuclear matter system with respect to density fluctuations is examined exploring in detail
the pole structure of the electronuclear response functions. Making extensive use of the method of dispersion
integrals we calculate thiill polarization propagator not only for real energies in the spacelike and timelike
regime but also in the whole complex energy plane. The latter proved to be necessary in order to identify
unphysical causality violating poles which are the consequence of the neglect of vacuum polarization. On the
contrary it is shown that Dirac sea effects stabilize the nuclear matter system, shifting the unphysical pole from
the upper energy plane back to the real axis. The exchange of strength between these real timelike collective
excitations and the spacelike energy regime is shown to lead to a reduction of the quasielastic peak as it is seen
in electron scattering experiments. Neglecting vacuum polarization one also obtains a reduction of the quasi-
elastic peak but in this case the strength is partly shifted to the causality violating pole mentioned above which
consequently cannot be considered as a physical reliable result. Our investigation of the response function in
the energy region above the threshold of nucleon-antinucleon production leads to another remarkable result.
Treating the nucleons as pointlike Dirac particles we show thatfyrisospin-independemIN interaction
random phase approximation correlations provide a reduction of the production amplithIE fairs by a
factor of 2.[S0556-281®9)05905-]

PACS numbgs): 21.65:+f, 21.60.Jz, 24.10.Jv, 25.30.Fj

. INTRODUCTION heavy and heavier nuclei 1ik&°Ca, *°Fe, and . First
observed for momentum transfers of some 100 MgeV/
Dirac sea effects are perhaps the most interesting charaft0,11], a SLAC experimeni{12] later showed that the
teristic of relativistic many body theory. In nuclear matter, quenching even persists up to 1 GeVThis may be taken
e.g., the effective mass of the nucleons and their coupling t@s a hint that relativistic effects play a role. Further, it seems
the mesons undergo considerable corrections due to vacuugasonable that in heavier nuclei collective phenomena re-
fluctuations[1,2]. In addition, relativistic many body theory e the strength of longitudinal one-particle excitations. So

predicts strong corrections of the properties of hadrons e quenching problem of the longitudinal response function

high r:jutclebar matt(ej_rﬁderlls;tlef_s.dunfortlénately, up to. nowt I':appears as an appropriate subject for the application of rela-
proved to be very difficult to find unambiguous experimental,; ... . many body theory.

evidence for such effects. One method to probe the Dirac sea The first conserving approximation which also includes
is to investigate the production of antiprotons and other an- . g .
tibaryons in heavy ion collisions. Such experiments are Curpollectlye p.henomena N & proper way 15 the random phase
rently performed by several groups under quite different ki-2PProximation (RPA). RPA calculations of the response
nematic conditions. These range from subthresholdunctions for inelastic electron scattering have been done by
production of antiprotons in NiNi collisions at 1.85 Gev/ Several authorEl3-1§. In the framework of Walecka'sw
nucleon at SIS(GSI) [3] up to antibaryon production in Model[1] the first calculations were performed for nuclear
Au+Au collisions at 14.6 GeV/nucleon at AGE878 Col- ~matter[13—15 and then applied to finite nuclei via the local
laboration at BNI) [4] and sulphur-nucleus collisions at 200 density approximatioLDA) [16,17. As a result of many
GeV/nucleon at SPSNA35 Collaboration at CERN[5].  body correlations, in the RPA the longitudinal response func-
Beside the search for evidence of the quark-gluon pld&ha tion is reduced by about 10-20% compared to the mean
the attention is drawn to possible changes of the properties dfeld approximatio{MFA) and Hartree approximatiaiiA).
the nucleons and especially the vector megansd] in the  This reproduces at least qualitatively the trend of the experi-
nuclear medium. mental data. Similar results were obtained in a finite nucleus
The presence of a filled Dirac sea of antiparticles, in ad<calculation[18].
dition to the Fermi sea of protons and neutrons, has conse- Despite the final curves dfl3—18 seeming to confirm
quences not only for the static properties mentioned abovéhe same qualitative picture, they are obtained from two
but also for the dynamics of nuclear matter. The latter mayompletely different approximation schemes. While vacuum
be probed, e.g., by measuring the response of the system B®larization was neglected [113] and[16], it is included in
the disturbance induced by an external virtual photon, as i€ other calculations. In view of the results for the response
done in inelastic electron scattering experiments. A well-functions one could argue that these seem not to be very
known and as yet unsolved problem in this field is an apparsensitive with respect to Dirac sea effects. But this is not the
ent quenchingin comparison with the prediction of simple case. The true situation is veiled by the fact that all calcula-
one-particle modejsof the longitudinal contribution to the tions were performed only for the spacelike kinematic region
inclusive scattering cross section, particularly for medium(q2=q3—52<0). The reason therefore is of course that only
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this regime is accessible by electron scattering. erties of collective excitations in the nuclear matter system
The aim of the present paper now is to draw attention tavhich are rather a consequence of many body effects then of
the fact that effects in the spacelike and timelike energy rethe basicNN potential actually used. Because it is not our
gimes, which seem to be so well separated in view of théntent to compare our curves with experimental data, we use
completely different experimental methods of investigationwith the Walecka model a simple but nevertheless nontrivial
sketched above, nevertheless have an influence on ealHN interaction. This has the advantage that for spacelike and
other. Especially it is our goal to show that calculationstimelike (rea) energies the calculations may be done analyti-
which are performed to explain experimental data in one ofally which makes it easier to perform the numerical exten-
the two kinematic regions have at least to be checkedSion 0 complex energies. - , ,
whether for the other regime these provide results, which are !N Sec. Il the criteria for the stability of collective excita-
physically consistent at least within the model used. So itions will be discussed in general. In order to explore the
will be shown that in there model only calculations includ- UPPEr complex energy plane with respect to destabilizing
ing Dirac sea effects will preserve causality. unphysical modes we have to perform an analytic continua-
However, this becomes obvious only if one looks at thetion of the electronuclear response functions. This will be
timelike part of the electronuclear response function. In th&lone in Sec. lll. Using dispersion relations we introduce a
RPA one would expect to find there a sharp peak corref€normalization conce21] which is new in this context.
sponding to ther andw mesons, respectively, which are the Instead of using dimensional regularization—as was done in
transmitter of the interaction in the Walecka model. ThrougH 14 @nd [17]—we perform subtractions in the dispersion
their interaction with the nucleons these acquire the charactdft€grals for the polarization tensor in order to get rid of the

of “dressed” quasiparticles. This takes place in form of re-Infinities due to vacuum polari;ation. We show explicitly
peated creation and decay of virtual particle-hole éfithe that both renormalization technique lead to the same results

Dirac sea is also taken into accolrnfarticle-antiparticle for the response functions which is an interesting result in
pairs which leads to a collective excitation of the whole!tSell _ _

nuclear matter system. Because a photon, emitted by an elec- In Sec. _IV the response functions are at first dlsgussed for
tron in a scattering process, interacts with the nucleonic syd€2! energies. In Sec. V we look at the single particle prop-
tem via the same mechanism, these collective excitation€"i€S in the spacelikéquasielastic bumpand the timelike
manifest themselves as peaks in the corresponding respon&dime (particle-antiparticle excitatiopsin both cases as a
functions. More specifically, there are four degrees of freeconsequence of RPA correlations we find a reduction of the
dom: one scalar from the and a longitudinal as well as two '€SPONse functions compared to the independent particle
transverse from the, where the latter are degenerated be-moqel' .Th|s effeqt IS mqst St”k'.ng for _the part!clej
cause of rotational invariance. Accordingly, two peaks arg?ntiparticle production amplitude which for high energies is
expected in the longitudinal response functibecause of a refdﬁced exlgc'élly l_)y a factor IOf 2. \INe r‘:’.hﬁmt?;t this ;alvmg
mixing between the scalar and the longitudinal degree of t e_a_mg it edls a general resu E.W.'C N ]:str:ue ny
freedom and one in the transverse branch. These collectivéSOISp'nf"T] ependent interaction. This is one of the main re-
excitations in the timelike energy region have a direct backSUItS Of the present paper.

coupling to the quasielastic bump in the spacelike regime: In S'ec. Vi we di_scuss_ the role of coIIecti\_/e excitations,
they draw off strength, which causes the RPA effect 0b_extendlng our considerations from real energies to the upper

served in former calculatio43-18. In addition, these col- c_omplex energy plgne. Neglecting vacuum polarization we
lective excitations should influence also the nucleonic propiind the result mentioned already above, that the nuclear mat-

eries which are studied in the heavy ion collision t€r system becomes unstable because of excitations with

experiments mentioned at the beginning of this section. FofOMPlex energy where Img)>0. Finally our conclusions
example, the masses of the mesons as well as the nucleof€ 9iven in Sec. VIL.

are shifted by the interactiofil9] which has consequences

also for subthreshold antiproton producti@d]. This shows [l. STABILITY OF COLLECTIVE EXCITATIONS

again how deeply connected phenomena in the two different . . o
kinematic regions are. A possible mass change of light vector mesons inside

The mechanism for the reduction of the quasielasticnumear matter as a consequence of medium modifications of

bump, described so far, of course makes sense only if thi1€ quark condensat@q) [7] has recently drawn attention

timelike collective excitations which draw off the strength t0 calculations of tlmellkg collectlv_e excitations in various

from the spacelike regime aphysicaldegrees of freedom. Models. An comprehensive overview of this work can be
As will be shown, this is only the case if Dirac sea effectsfound in[9] and references given therein. Hatsudal. es-

are properly taken into account. A calculation where vacuuntimate the mass reductions pf , and® using QCD sum

polarization is neglected shows only one meson peak in thelles and compare these results with a calculation in the

longitudinal and no peak at all in the transverse branch of th&amework of theocw model (which is suitable extended in

electronuclear response function. Instead we find two peak@rder to include strangeness and themeson. In the latter

in the upper complex energy planghich means that these approach which is similar to ours in this paper they obtain

are not corresponding to well-defined quasiparticles but anthe effectives masses from zeros of the inverse meson propa-

nounce an instability of the nuclear matter system. Thereforgator in the long-wavelength limeg)|—0 inside nuclear

vacuum polarization is crucial for the stability of nuclear matter.

matter. Apart from this actual interest in density-dependent
The purpose of the present paper is to study general proghanges of the quark condensate collective modes in nuclear
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matter were studied already previously by several groups. 12 ~

The first calculation within thero model was performed by il , i (@) Rgxg::::. -
Chin [2]. Neglecting vacuum polarization he did an addi- /\ :
tional severe approximationevaluating the momentum in- o 08 f q=15ke
tegrals in the expression for the dielectric function. So = o6l

Chin’s results are partly in contradiction to the work of Lim -

and Horowitz[22] who calculated the density-dependent mo- N %4

mentum integrals exactly but neglected vacuum polarization & o2

too. These authors also addressed the problem of the stability L

of collective modes, however from a different point of view 0 "

than ours in this paper. Lim and Horowitz investigated the 02 ————— 4'1" —

density dependence akal collective zero-energy modes

(do=0) in the spacelike region. If for a given densighar- o/ke
acterized by the Fermi momentukg) and momentunjq| :

such a mode arises, this indicates that in the uniform nuclear (b)
matter system an instability occurs which drives a phase

transition to a spatial inhomogeneous state. A similar type of N

instability was studied by Furnstahl and Horow[23] in
connection with the so-called Landau ghost which appears in
meson propagators when vacuum polarization is included.
Neither of these singularities will affect our calculations. The
first type is excluded because we are only interested in
nuclear matter at saturation density-E&1.4 fm 1) where

the system is stable against zero-energy mddes Fig. 12

of [22]). The Landau ghost appears only for momentum

transfers 0f|ﬁ|>2.55’n (m=nucleon mass[23] which is
much higher then the momenta we are considefing.

In the following we examine the nuclear matter system FIG. 1. (a) Longitudinal response function ar{td) real part of
with respect to a different kind of instability. In the previous the longitudinal matrix elemeniil, of the polarization tensor for
calculations of collective nuclear matter excitations men-nuclear matter at a momentum transfer ofkk.svithout vacuum
tioned above, only the denominator of the meson propagatgolarization. The dashed curve shows a calculation for spacelike
was analyzed on the real energy axes. Zeros of this denomind timelike energies neglecting RPA correlations, while these are
nator are good candidates for corresponding poles in th#cluded in the solid curve.
propagator i.e., an excitation of the system. But while even a
zero of realand imaginary parts of the denominator is not rectly reflected by a corresponding pole in the propagator
always a sufficient condition for a polé the nominator also ey found in the latter case zeros of the real part of the
bec_omes smal oftgn only the vanishing of the_ re_al part for denominator simultaneously with a nonvanishinggative
a given energy, is already taken for an excitation. If the imaginary contribution. They concluded that “this nonzero

imaginary part of the denominator remains sufficiently small. . . . .
(and if the nominator is finite this is correct and the propa- imagunary part contributes t? an unphysidae. negative
decay width for thew meson.

gator in the neighborhood ab, has the shape of a Lorentz . . o .
curve corresponding to an excitation with a decay width de- _AS mentlo_n_ed above, at this point it become_s obvious that
pending on the magnitude of the imaginary part it is not sufficient to look only at the denominator of the

In a paper by Jeaet al. [25] the denominator of the propagator. In Sec. VI we will show that the zero of the real
w-meson propagators has been analyzed simild8}and part of the Iatter., fqund py Jeat al, QOes not correspond to
[9] in order to find a mass shift as a result of medium modi-& collective excitation with a “negative decay widttiivhat-
fications in thecw model. As is one of the aims of the €Ver this meansat least not on the real energy axes. How-
present paper, Jeaet al. also studied the influence of the €Ver, in order to find out what is really hidden behind this
Dirac sea on the effective mass, comparing the full calcu- Unphysical mode, it is necessary to explore the full propaga-
lation with one where vacuum polarization is neglected andor (not only its denominatgrin the whole complex energy

ence of vacuum polarization all degrees of freedom are cor¥acuum polarization entails an instability of the nuclear mat-
ter system indicated by poles of the electronuclear response

functions in the upper complex energy plane.

1 ) o ) o In the case of inclusiveg,e’) scattering there are two
As a result of this approximation, beside vacuum polarizationj,jenendent response functions, a longitudinal and a trans-

also the density-dependent Pauli blocking\dfl excitations due to verse, which can be expressed by the corresponding matrix

the filled Fermi sea is excluded from the calculation. elements of the polarization tensd*”( ») If we choose
2In a paper by Tanakat al. [24] it was shown that the Landau P Yo, d)-

ghost is not a serious problem of relativistic many body theory@ Coordtnate system werg is parallel to thex axes,
because it can be eliminated in an appropriate way. I1#¥(qe,q) can be written in the form

Re Tl [kg”]

q=1.5k|:

no correl. --------
RPA correl. ——

3 4 5 6 7 8
(D/kl:
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- do -
1T, (do,9) @HL(Qo,q) 0 0
Jdo - Jdo 2 >
1#*(qo,q) = @HL(qO*q) (@) IT, (do,9) 0 0 _ &
0 0 HT(qo,ﬁ) 0
0 0 0 HT(Qo,a)
|

The Fourier transform oHW(qO,c]), t[t)eirrr;1 cc?/giijg;go(f)faﬁtifgleiﬂc'I:eesrmi sea of nucleons above the
T xy) Now, fort,>t, the g, integral in Eq.(2) has to be closed

R in the upper complex energy plane. Then a zero contribution
= fﬁc%f dq H;w(qo,a)e—i%(tx—ty)eid(;—);), ) can only be obtained [fI‘”(qo,ﬁ) is analytic there. On the
—» 27 ) (2m)® contrary, if[I*(qe,q) has poles in the upper half plane, this

means that there is a response of the system preceding an
external disturbance which is equivalent to an instability. Be-
cause if2,22,23 only poles on the real, axis were exam-
ined, noncausal singularities could not be found by these

SjH(x) =TI*"(x,y) SA(Y). (3 authors.

is defined as the chang®#(x) of the nuclear current ix
due to a changéA,(y) of the vector potential ity, induced
by the scattered electron:

According to linear response theof26] I1#”(x,y) can be
expressed by the ground state expectation value of the com-
mutator| j#(x),j”(y)]. Causality requires thdl#”(x,y) can [1l. ANALYTIC CONTINUATION TO COMPLEX
be nonzero only ik is in the forward light cone with respect ENERGIES

toy, i.e, t,>t,. Including a factor (i) which is conven-

tional, TT#*(x,y) can be written explicitly: For nuclear mattefpointlike Dirac particleswith an in-

teraction mediated by a scalar and a vector mese® (
TT47(x,y)=—i{O0|[[*(x),i*()]|0)O(t,—t,).  (4) model[1]) the longitudinal and transverse electronuclear re-
sponse functions within the RPA are given by the following
Here|0) denotes the ground state of the nuclear matter sysexpression$13]:®

2
. e N
HIF_QPA(Qanz): 7H5U(Qqu2)

2

- 1
[1_ (qzqu)Gquu]Gs(EHsu

[1-(g%/9%) G, 115, 1(1— Glls9 — (9%/%)G,Gl12,

1 . , 1 2
+ 5 (0%9%) G, Gl ITS, +(%/?) (1~ GSHSQGU(EH;)
+e?

®

- e? T - Heree, g5, andg, are the electromagnetic, scalar, and vector
[Hrpalr(do.q )=7HUU(qo,q ) meson coupling constants, respective§,,(qo.q) (a,b
=s,v) is the amplitude for a scalar or vector bosmto go
27i1T 52172 ; . : .
N ,Go(a9)[211,,(90,9%) ] into a nucleon-hole or nucleon-antinucleon pair which re-
e

——, (6)
1-G,(g)11],(do,q?)

with 3Note that in contrast to Ed4) in [13] I1#¥(x,y) is defined as the

gg time-ordered producti{0|Tj*(x),j”(y)|0). Forgy>0 the Fourier

~ (7) transform of this expression is identical to dii#*(q,,q) and dif-
fers only in the sign of the imaginary part fqp<<O.
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1/2

tions[13—15 I1,,(q,.q) Was evaluated explicitly for reai, ImIL}59 g% m*?)=— on | L
employing Feynman rules. In order to get a finite vacuum

contribution dimensional regularization was performed. In

the following we use a method developed by Berestetskii X
et al. in the context of QE21] which is more appropriate

for an analytic continuation of Eq$5) and (6) to complex (13)
energiesz:=qg+iq,. We start from the imaginary parts of

.4 fpr energy transferqqzo. Unitarity.req.uires that these In addition to the “proper” transitions— (ph or NN)
are given by the probability of bosangoing into a nucleon- _, 5 (a=s,v) there is also a mixing of scalar and vector

2

combines to a bosobh.* In former nuclear matter calcula- 1 ( Am*2
q

* 2
1+

7 )@(q2—4m*2).

hole or a nucleon-antinucleon pair: degrees of freedom. However, this is a purely density-
- 2 2 -y VG 2 2 dependent effect. Because the vector current of the vacuum
ImTIsd(do,q%) = (4m*“—q?)14(do,q%) + IMTIET(9*,M*®), s zero, its commutator with the scalar currBmhich accord-

8 ing to Eq.(4) enters the expression for the compondts
of the polarization tens¢vanishes. The vector current of the

ImIIY,(0o.9%) = — 02l o(do, %) +15(0lo,0?) nuclear matter system on the other side has a nonvanishing
- VG 2 o timelike component which is given by the energy density of
+0g% ImIL g%, m*?), (9 the filled Fermi sea. The corresponding matrix element of the
, polarization tensor fogy=0 has the form
R - q R
T 2\ 2 2 2y_ 2 N >
Im1I,,(do.a%) =~ (4m*“+q%)10(d0.,97) G200 Im T, (o,G%) = 2m* 21 1(do, ). (14)
— g3 ImI1Y29g2,m*2). (100  For go<0 ImII,(qo,q?) is given by the negative of the

expressions8), (9), (10), and(14), respectively:
The density-dependent contributions to these amplitudes are

given by the integral$, over Fermi sea momenta up to the IM I ,5(00.G%) = — IM (|00 .G%)  (Ge<<0); (15)
Fermi edgek:
i.e., the spectral functions Iﬁlab(qo,dz) are antisymmetric
N 1 ng with respect tagg.
2y _ _— 3 e - R 0
1n(d0,9%) = 47Tzf d kegegﬂi{(l Nk q) (2€ct Go)" Making use of the spectral representation
X 8(qo—[ €+ g— €k]) + (25— qo)" N = dgg Im [ 44(do,G>
Jo—[€k+q— €&kl k—do Hab(z,q2)= % ab(_q;) q°) (16)
X &(Go— [+t €]} (1) - %o

L i Co from the analytic expressions for the imaginary pdg&s-
Here nk_ O (ke—k|) denotes thr—izFerTlZ(_MStnbutlon of the (100 and (14) the full 11, can be obtained in the whole
mean field ground state ang= Vk“+m™~is the energy of ~ complex energy plane. Fajp=0, ImIl,, can be treated as
a nucleon with wave vectdc and effective masm*. Thed g function ofqg_ Using the antisymmetry propertl5) we
functions in the integrand of E411) make sure that the two can write Eq.(16) also in the form

terms give a contribution only in the spacelike or timelike

region, respectiv_ely. The momentum integral can be easily ) = mdqg Im Hab(qg,az)
performed analytically13]. Han(2509)= | — —— 5 — (17
The Dirac sea contributions of bosam going into a o7 Qo= 2

nucleon-antinucleon pair are given b L . .
P g y However, Eq.(17) is directly applicable only to the density-

2 x2\ 32 dependent portion ofl ., because this has the appropriate
Im 139 g2, m*2)=— q_( 1-— ) O(g%2—4m*?) asymptotic behavior fogg—oc. In the high energy regime
4m q the imaginary parts dfl ;s andIl,, are given by the vacuum
(12 contributions IMIqg?) and ImII3{q?), the asymptotic

behavior of which forqoﬂoo,(d2=const) follows from Eqgs.

and
(12) and(13):
4 . ) ) Im Hvac( 2 Qz)oc 2
For vector bosonsl,,=11*” is a 4x4 tensor, the longitudinal ss10p»q7) %o
and transverse matrix elements of which are denotedlfy and 5 -
I} . Because we have drawn out the coupling constants and isos- Im IT;2qg,0°) <const. (18)

pin factors from the vertices, the analytical formldf, is the same

for » mesons as for photons. A difference betwégy, , I,,,, and Therefore in order to get from E@17) a finite result for the
I1,,, will occur only in the numerical expressions of the vacuum Vacuum contributions, we have to perform in the dispersion
contributions as a consequence of the renormalization proceduigtegrals one subtraction with respectggfor I, and two
[see Eq(20)]. subtractions foll:
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9922, G2) =122 ,q2) + (22— 22.) the contrary, the original expressionS) and (6) can be
vv 4 vv rv? ruv o= . .
recoverefl from IT gpa(z,G%) by the prescription

fmdqé ImTI29q3,9%)
X JE—

, I ,02) =11 rpa(z=Qo+ie,q?). 21
0o (q(z)_zrz;u)(q(z)_zz) rpA(d0,d°) rrA(Z=dp q) (21
vac -2 =2 vae 2 =2 ) Here it should be noted that the extrapolationctamplex
IE4(z2%,0%) =11g5(z7.6,.0°) +(2°— Z7 ) energieg17) is even necessary to obtain the correct result for

the response function on theal energy axis. The reason is,

angic(zz,qz) (222 that the 5-like peaks in Inl rps Which are caused by the
dz2 . r.s collective excitations may be calculated only taking the
P50 proper limes according to Eqél9) (see Sec. VL
- The numerical values of the parameters of the theory are
- 2 vac 2 ~2 . g
XJ % Im I1¢5(d0.9%) _ (190 dgiven in[1]:
0 T (93— 259)*(d5—2°)

ms;=550 MeV, m,=783 MeV,
Using Eqgs.(18) it can be easily checked that the integrals in

Egs. (19) are indeed finite. This procedure is equivalent to , 9287 (MFA), , [135.7 (MFA),
the corresponding subtraction of infinities in the dimensional 957 ) 60,87 (HA), 9%~ 798 (HA).
regularization methodl14,15 or any other renormalization

scheme. Accordingly, the finite values BF2°, T1{2°, and  The coupling constants are adjusted to the saturation prop-

dIT{39dZ? have to be fixed at appropriate renormalizationerty of nuclear matter at an energy-6fl6 MeV per nucleon
points z2. We have chosen to follow the “on mass shell” for a density corresponding to a Fermi momentumkef

(22

renormalization of14]:° =280 MeV/c. While in mean field approximation vacuum
effects are neglected, the Hartree approximation includes
H‘f‘y zf;yz g2 m*=m)=0, these properly. The corresponding values for the effective
mass of the nucleon are given loy* =0.56m (MFA) and
15y 22 ,=q%+m?,m* =m)=0, m* =0.78n (HA), respectively.

Performing the limiting procedure according to Egl)

H\clui():(zrz‘w:az_l— mf) ,m*=m) the electronuclear response functions can be obtained from

11(z,92):
LA II(2%, m* = m) ) Ak
=—m, =om,, -y \Y e
dZ 2 —qem? RL7(90.9%) =~ —ImII +(do+ie€,q). (23
rw [0}
vac 2 _ 32 2 *
11 pam Zr,;= Q7+ m,,m* = m) V. SINGLE PARTICLE PROPERTIES FOR SPACELIKE
d I1Va5 22 m* = m) AND TIMELIKE MOMENTUM TRANSFERS
oo '

- d 2 , - 220' (20 Parts(a) of Figs. 1-4 showRr, and R for a momentum
Z = At m, transfer of|(i|=1.5kF which was a typical value in former

electron scattering experimerits0,11]. Parts(b) of the fig-
ures show the corresponding real portionsIReand Rd 1+
of the longitudinal and transverse matrix elements of the

olarization tensofsee Eq(1)]. The energy ranges from the
boundary condition§20) the (finite) vacuum contributions to P ; a(D)] gy rang

the response functior(d9) are completely determined in the spacelike reg.ion do<lal) up t(_) th'e d.ee.p timelikg regime
whole complex energy plane. (d0>19|). While vacuum polarization is included in Figs. 3

and 4, in Figs. 1 and 2 purely density-dependent contribu-
tions are shown. As mentioned already in Sec. |, our goal is
to point out qualitative differences between these two ap-
Having obtained explicit expressions fbir,,(z2,g?), the ~ Proximations rather than to compare the results with experi-

analytic continuation of the RPA expressiais and(6) can ~ mental datawhich for the quasielastic regime—where such

be easily obtained by the substitutiog—z=qo+igg. On data are only available up to now—has been done by several
authorg[16-18,23). Therefore we did not include form fac-

tors but performed the calculations for pointlike fermions in
_ _ o _ o nuclear matter. The dashed curves show the results including
SThere is a certain arbitrariness in the renormalization procedur%my one polarization bubblgcorresponding to the first term
for effectivefield theories because it can be argued that the masses Egs. (5) and (6), respectively, while in the solid curves

of the scalar and vector bosons, mediating the interaction in thes&PA correlations are taken into account according to the
theories, do not have to be identical with the masses of physical

mesons. Thus some auth§is,23 prefer to take, e.gq?=0 as the
renormalization point. Fortunately the numerical results for the re-
sponse functions are only slightly changed by this different choice. *The same holds true of course fHr,;, according to Eqs(19).

Here m2, denotes a mass shift term which is introduced in
order to keep the pole of the renormalizedpropagator in
the vacuum at the known massmof,=783 MeV. With the

IV. RESPONSE FUNCTIONS
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FIG. 2. Same as Fig. 1 fdi) the transverse response function FIG. 3. Same as Fig. 1 including vacuum polarization.
and (b) the real part of the transverse matrix elemé&ht of the
polarization tensor. below. Despite the RPA curves being quite different in

shape, the omission of vacuum polarization does not change
second expressions in Ed$) and(6). The structure on the drastically the qualitative picture in the quasifree regime.
left sides /keg=1) of the four figures represents the quasi- Comparing Figs. 1 and 2 with Figs. 3 and 4 one sees that the
elastic bump which is measured ie,@’) scattering experi- |ast statement holds true for the response functions itself as
ments. According to Eqs(22) the effective massn* is  ell as for the real parts dff 1.
higher when vacuum contributions are included. This causes This Changes Comp|ete|y in the timelike energy range. For

h ielasti k i in thi . = . - . ]
tT ﬁquuaSS'eaZS/tl'(C Eeoaléﬂr?tehi gLTLVSrV\‘/’ngPFi 'S(g)aée}jﬁe Go= \V4m*?+q? the production oNN pairs from the Dirac
| P o f the d . 9. hich sea becomes possible. According to E§s.and(13) for the
to analmostzero point of the denominator in Ep) whic longitudinal respons¢Fig. 3(a)] this vacuum polarization
indicates that long-range correlations are important. has a “square-root-like't;, dependencéut the slope keeps

From Figs. 1a) and 2a) one ea_lsily reads off that the finite) at threshold and approaches a constant value for in-
purely density-dependent contributions to the response fun%’reasing energigs

tions are zero fow— . Therefore Rél, in Figs. Ab) and i - .
2(b) can be obtained from the curves in Figga)land Za) From Egs(9) ar_1d(1_0) one finds forgo> |, asa relation
between the longitudinal and transverse matrix elements of

directly (i.e., without any subtractiop®y means of EqQ417) o
and (23). The quasielastic bump in the response functiondM Loy s
has its counterpart in a “oscillator structure” in the real parts
of II| . The cusp atw/k:~0.18 in the RPA curve of Fig. M’ (62.62) 2 5
1(a) corresponds to a small “shoulder” at the same energy in MP0(%.97) Yo q_ (24)
Fig. 1(b). ImTt (q2,42) q2 @2
9. o , (40,09 a° ¢
With vacuum polarization as well as without, many body
effects which are taken into consideration in the RPA pro
vide a considerable reduction of the longitudinal and a , o
smaller decrease of the transverse response functions. TheNote that the curves in Figs.(® and 4a) show thesum of
reason for this suppression in the spacelike region has it‘é‘_ig”‘_’m pg'ar!zaf‘t'l‘l’” a”? thegorre;poff'“g %ens'tyg)depenl‘,j?rl't con-
origin in the timelike regime and consequently keeps hidderl Et'opf'f ut 'tF.O OV&’:) rog‘ zﬁ.(th)_t(' )tr[1ant' °’°‘|F‘k € exp 'C'tthy
for electron scattering experiments: strength is transfered - ad off from FIgs. anc 4a@] that in the imelike region the
. 2 atter are nonzero only for the small energy range
collective modes which in the RPA curves appear as shar%. N o )
) B ) e |n(2qq|,2,ekF,‘q‘+ekF)SqosekFﬂqﬁekF. So for higher ener-
peaks in the so-called “unphysical region’jq/<e gies in the presence of nuclear matter the shape of the curves is the

<+\/4m*2+q?. These peaks will be discussed in more detailsame as for the vacuum.
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12 T - T T - T - timelike counterpart of the quasielastic peak.
; RPA gg:::: 1 (a) From Figs. 1a) and Za) it is easily read off that approxi-
I / ] mations which neglect vacuum polarization suffer from the
7 o8 a=15k / ] deficiency that the response function is no longer positive
=~ 7 definite over the whole energy range. The sum of vacuum-
Zooslt scaledby 1/20 ] and density-dependent contributiofiSigs. 3a) and 4a)],
— / however, is always positiveéAs noticed already in Sec. Ill,

Ry/Z
o
'S

with regard to vacuum polarizatiois, does not fall off to
zero for gp— but approaches a constant valis=e Eq.
(19)]. As a consequence of our remarks above this holds true
. . . . . also for the longitudinal response functipsee Fig. 8)].
0 1 2 3 4 5 6 7 8 Therefore the real part di, in Fig. 3(b) cannot be obtained

o/ kg directly from the curve in Fig. & making use of Eq(17) as
was the case in Fig. 1. Instead, according to the first equation

03 of Egs.(19) one subtraction has to be performed. The mean-
0 ing of this renormalization procedure becomes more obvious
1 if one splits up the vacuum cont_ribution in Fig@Bin a
<, 05| constant parfwhich starts at théNN threshold and a con-
= tribution which has an asymptotic behavior likey3for qq
- - —oo [compare Egq.(13)]. More specifically we write
2 > .

& 45t q-15k RL(d3,6°) in the form

2 no correl. ] > - -

RPA correl. — RL(05,9%)=RL(q5==,6")®(q’—4m*?)+ AR (q5,9%),

25 L (25

o/ kg where by constructiom\RL(qg,ﬁz) provides a finite contri-
FIG. 4. Same as Fig. 2 including vacuum polarization. Note thatbmIon FO the mtegra(l?.) W.hICh is harmless. The leading
in (a) because of the fast increase of the transverse vacuum polaf-rder_ high energy contribution to RB_ comes from thed
ization this part of the curves is scaled by 1/20. tiL:)r;Stlon which may be integrated performing one subtrac-
As will be shown below, for high energies, not only the
one-bubble contribution, but also the RPA corrections to - dq; 2 1
ITRp, in Egs. (5) and (6) are proportional td15;" and con- ReHL(qS,ﬁz)~—qSPJ s P a—
sequently also obey the relati¢24).® Hence vacuum contri- am*?+g? T g5 (g “—dp)
bution toRy in Fig. 4(a) in comparison withR, in Fig. 3@ ~In(?) (26)
is weighted by an additional facte® which causes a rapid Go)-
increase for energies above threshold. So in order to show ) . o . )
the low and high energy branches in the same figure we hatihe negative sign of the principal value integral in £26)

to scale the transvergeN contribution by a factor of 0.05. follows from the definition(23) of the_ response function:
In the presence of nuclear matter the production OIE'-N N Imclij>0._ In t|h|s w?y .We.ogf'f the same result as

particle-hole pairs from the Dirac sea is inhibited if the final y using dimensional regu arlzatlcf_ 17, .

state has momentum lower thkp. So the Fermi sea causes Because of EQ('24)’}WO subtractions are needed in order

a reduction of the vacuum amplitude for the procesg~  to calculate R&l+(q5,q?) from the response function in Fig.

_.NN. Figures 1a) and 2a) show this negative density- 4(@ [i.e., one has to integraR(q5,q%)/qg and multiply the
dependent contribution to the longitudinal and transverse refesult byqg]. Analogous to Eq(26) one obtains, to leading
sponse functions in the timelike energy regime. The bigorder ing3,
slope ofR_ 1 at threshold is reflected as a cusp structure in
the real parts ofll_ 1 [see Figs. (b) and Zb)]. Again the
transverse branch is _welghted by. an additional facfor %If one compares Figs. 1 anda with Figs. 3a) and 4a) it seems
[compared to the longitudinal contribution: see E@.and ¢ the(negative timelike density dependent contributions start at
(10)] which results in an enhancement of the corresponding 4 k. which is about ki below the threshold for pair produc-
tion. But one has to keep in mind that these curves show the result
of two different approximations. As was pointed out in Sec. IV the
®rom the solid and dashed curves in Figs. 3 and 4 one secffective nucleon mass is higher when vacuum pciarization is taken
already that in the high energy limit the two approximations caninto account properly. Consequently théNN threshold
differ only by a multiplicative factor which—as will be proved Min(2€q 2, €k (g €k.) is shifted according to the corresponding
analytically below—has the value 1/2. Therefore in the following mass shift fromm* =0.56n to m*=0.78n. So in Figs. 8a) and
considerations on the asymptotic behavior of the polarization propad(a) the density-dependent contributions start at the same threshold
gator we do not have to distinguish betwedhp, andTT::" . as vacuum polarization.
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(27) Completely analogous to the RPA correctiorile, the 1 in
the denominator of Eq29) may be neglected and one gets a
negative contribution of just one-half of the single pair pro-
This result can be easily checked in Figb¥ Hence the duction amplitude.
relation (24) is valid also for the real parts di_ t; i.e., in This argumentation on the one hand is very general be-

the high energy limit we get the final relation cause it is based only on the isospin symmetry of e
interaction and holds true beyond tleaw model. So for

) R pointlike nucleons we would expect a suppression of the
I+(a5,9%) ~ 0?1, (a5.9%), (28)  cross sectiorete”—pp by 50%, inside nuclear matter as
well as in the vacuum. On the other hand we know that
] ) ] 10 nucleons araot pointlikeparticles, which may invalidat@at
which will be used in the followings _ least partly our reasoning. Nevertheless, we think that our
RPA correlations lead to a dramatical decreasdfpair  model calculation has shown that many body correlations
production by a factor of 1/2. In our approximation of point- can produce effects far beyond the usually assumed level of
like nucleons without anomalous magnetic moment this sup10—-20 %. This result should not alter dramatically taking the
pression is a consequence of isospin symmetry. For thfinite size of nucleons properly into account.
transverse response function this can be read off most easily An observable which would be directly affected by such
from Eq. (6). Because the photon in our approximation many body effects is the ratio
couples only to protons while meson exchange is charge in-
dependent, the “electromagnetic bubbleE[’Iv for single
particle-hole pair creation as well as in the numerator of the o(e"e”—hadrons
RPA correction are weighted by a factor of 1/2 in contrast to R=
the “mesonic” bubble in the denominator. For high energies
the q-dependent part of this denominator becomes muchyithin the simple quark-parton modéQPM)—which cor-
larger than 1. This can be checked substitutﬁhb accord-  responds to the one-bubble approximation in our

ing to Eq. (28): the leading facto® cancels the B de-  calculations—R is given by
crease of the propagat@,(q?), so that the RPA denomina-

tor in Eq. (6) goes like (1 g?TI5 )~1—g?In(cf) [see Eq.
(26)]. Hence for high energies the 1 in the RPA denominator
may be neglected. Then the rest of the denominator in Eq.
(6) cancels against the corresponding part in the nominatowhere the indexj runs over all quark flavors with chargg .

so that(because of the isospin factor of 1/@ne gets from A review on the value oR measured in several experiments
the RPA correction a contribution which is exactly {/2)  can be found if27]. Unfortunately our considerations con-
times the singleNN-bubble contributiort! The same holds cerning the procese*e™—pp cover only a fraction ofR

true for the longitudinal part5) of the polarization propaga- which makes it difficult to compare directly with these ex-
tor. As pointed out in the section preceding Ety), 11, is  periments. Nevertheless, a thorough analysis of the above
a purely density-dependent contribution. From Efl) it  general isospin argument on the quark level seems to be
follows (and can be easily checked in Figs. 1 andttzat  worthwhile but goes beyond the scope of the present paper.

Hsv(qo,ﬁz) =0 for qo> €k +|g) T €k, Consequently only the
third term in the nominator and the first term in the denomi- VI. COLLECTIVE PHENOMENA
nator of Eq.(5) are nonzero foq, high enough. So in this
limit TI5p, can be written

Rell+(g3,9%)~q3In(g3).

. (30
ole’e —uu)

R=3D, e’ (31

Another remarkable difference between the full and
dashed curves in Figs. 1 —4 is the presence of narrow peaks
in the timelike energy regime below the threshold for pair

2 production. These belong to the collective excitations al-
[HRPA]L(quaZ):_Htv(qO:az) ready discussed in Secs. | and Il. The correct structure of
these poles in the reahdimaginary parts of the polarization
2,2 Ll \2 propagator may be obtained only if the calculation is ex-
2 (997G, (311,,) (29) tended to complex energies. The shafpeaks in the re-
[1—(q2/ﬁ2)evn';v] ' sponse functionksee partga) of Figs. 1—4 are the result of
an analytic continuation back to the real energy axis accord-
ing to Eq.(23). For Im(z) =0 the “one-bubble” contribution
to the response function is zero in the unphysical region

lgl<qgo= min(2€gy2, €k 4 €k.) > As a consequence,
also the nominator of the RPA corrections in Eg.and(6)

vanishes for these energies. Hence zeros of the denominator,
‘which are the signal of collective excitations, lead to an in-

Here of course we recover the tensor structlté; =[g"”
—g*q"/9?],,{9?). So Eq.(28) proves that our renormalization
procedure preserves current conservation.

!Note that the starting energy of this asymptotic behavior de
pends on the numerical value gf which is a parameter of the
model. Ifgf>1 [compare Eq(22)], the reduction by a factor of 1/2
starts practically already at threshold which is confirmed by Figs. 3
and 4. 12There are no single particle excitations in this energy range.
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20 y T - - " T T - determined by the zeros of the solid curves in Figbat, as
15| (a) imag. part | said before, only if the imaginary part, i.e., the dashed curve
real part_—— in Fig. 5, vanishes tgo Including vacuum polarizatiofFig.
07F q=15ke 1 5(b)] we find a reduction of the effective meson masses be-
5 /_J : cause the zeros are situated below the peaks of the free
L propagators. This result is in accordance with previous cal-

culations[8,9,25. On the contrary, neglecting Dirac sea ef-
fects, the real zeros of the RPA denominatfstom which

only the first corresponds to a well-defined excitatiane
situated above the free meson poles which means an en-
hanced mass of the quasiparticles.

RPA-Denominator
é & o

-200 1 2 3 "1 5 é 7 é o In order to understand the reason for this difference in the
two approximations it is helpful to take a closer look at the
o/ ke shape of the peaks in Fig. 5. If one compares Fig) @ith

Fig. 5b), it is easy to verify a different sign of the meson

40 poles. While in Fig. &a) the real part of the denominator is
3or (b) positive below the poles and negative above, the zeros cor-
= 20 responding to the quasiparticles also lie above the poles. Ex-
2 actly opposite is the situation for the calculation including
g 10 vacuum polarizatiofiFig. 5b)] which leads to the reduction
g 0 [ of the meson mass.
2 0 \ ] Now, the mechanism as toow Dirac sea effects cause
g q=15ke this negative mass shift becomes clearer if one looks at the
20 1 denominator of the RPA correction in EG). In the energy
30 realpart — | range between the photon poit=0 and the threshold for
40 , , ‘ L L pair productiong?=m*?2 the mixing term of scalar and vec-
o 1 2 3 4 5 & 7 8 9 tor degrees of freedorﬂﬁv can be neglected in comparison

o/ ke with the pure term:ﬂbv andII.,. So for these energies the
RPA denominator may be approximated by the expression
FIG. 5. Real part(solid curve$ and imaginary pari{dashed [1—(q2/dZ)GUHL 1(1—GII). The poles of the propaga-
curves of the longitudinal RPA denominator according to EB. 40 .c~ andG pF(;vide the peaks discussed above, the signs
While in (g) vacuum polarization is neglected (h) these contribu- of WhiSCh deplénd on the sign it andTl.. in the ,neigh-
vv
tions are included properly. borhood of these poles, respectively. Because without RPA
correctionsl’['u'u is directly proportional to the longitudinal
o ) response functiohsee the first term in Eq5)], its behavior
definite expression for the RPA formulas. can be read off from the dashed curves in Figs. 1 and 3. For
Former calculations of the electronuclear response funce energies under consideration the imaginary parts vanish.

tions[13-18 were restricted only to real spacelike energiesNeglecting the Dirac sea, the dashed curve in Fig) for

(more specifically, to the quasielastic bumgnd therefore 52<q(2><52+m*2 has positive sign. Because the scalar and

did not have to take into consideration th!s pr_obIem._On thevector meson masses are well separated, near the vector pole
other hand, the authors who looked for timelike excitations .
. (1-Ggllg)~1>0. This leads to the peak structure de-
[2,9,22,25 only calculated the denominators of E¢5S) and . o
. . . . scribed above and an enhancement of #henass inside
(6) and looked for zeros in this quantity. As will be shown uclear matter in this approximation
below, for real excitations this method provides the correctl’ pp :

spectrum, but in the case of an instability such a treatmen\;agﬂ;pagIr;%izlza'l%'ogb) gs%g;?éggzi\'/tefoﬁtﬁ%;% rﬁg :E:t
may be misleading. P p g

From counting of degrees of freedofaee Sec. )l one real part of[I5, . The result of this is the switch of sign in the

would expect two peaks in the longitudinal and dtveofold free  pole observed in Fig. (6) With. the consequence of a
degeneratepeak in the transverse response function. Butreduced mass of the dressed quasiparticle. According to Eq.

Figs. 1 and 2, where only density-dependent contributionélg) the magnitude of the negatl\_/e Dirac sea contrlbut!on
are taken into account, show one single excitation in th nd thus also the meson mass shift depend on the amplitude

longitudinal and none at all in the transverse branch. HowiC! nucleon-antinucleon pair production. The threshold for

ever, including vacuum polarization the curves in Figs. 3 anc}.hiS process inside ““C'e”?f mgtter is determined by the effec-
4 show the correct number of peaks tive nucleon massn* which is the free nucleon mass

Here it is instructive to look at the RPA denominators inreduced by a term proportional to the scalar denéity)
both approximations which are shown in Fig. 5 for the lon-[1]. Hence analogous to the results of the QCD-inspired ap-
gitudinal branchthe following arguments hold true also for proach[7,9] with a meson mass shift due to medium modi-
the transverse respons@he large peaks in the real parts of fications of the quark condensgteu) also in the Walecaka
both figures come from the frae and w propagators in the model a scalar density is responsible for the changes in the
denominator of Eq(5) with masses given in Eq22). The  dispersion of the mesonic degrees of freedom.
dispersion of the dressed mesons inside nuclear matter is Despite the preceding considerations, as an illustration of
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FIG. 6. Extension of the longitudinal RPA response function to  FIG. 7. Same as Fig. 6 for the transverse response function.
complex energies neglecting vacuum polarizatimompare the

solid curve in Fig. 18)]. The big singularity in the upper complex

energy plane is the signal for the violation of causality in this ap- icl d collecti o Performi h lcul
proximation. particle and collective excitations. Performing the calcula-

tions exemplary in Walecka’'sw model, the main results

were obtained from general arguments which should hold
our method, giving us a qualitative picture of the underlyingtrue far beyond this simple model for the medilN inter-
mechanism for the meson mass shift, it is not the purpose afction.
the present paper to analyze this effect in more detail. Rather In contrast to former calculations where the main atten-
it is our goal to point out the importance of vacuum polar-tion was concentrated on the quasielastic region, we ex-
ization for the stability of the nuclear matter system[25]  tended our consideratior{4) to the timelike energy regime
Jeanet al. argue that, neglecting vacuum polarization, theand(2) to complex energies. The latter was achieved making
zero in the real part of Fig.(8) at w/ke~4.5 belongs to a use of dispersion relations. As an alternative to dimensional
collective excitation with “an unphysicdl.e., negativede-  regularization we introduced a renormalization scheme
cay width” because of the nonzero negative imaginary partyhich is more appropriate to our approach: infinite vacuum
of the RPA denominator in this energy range. However, acxontributions were removed, performing suitable subtrac-
cording to Figs. 1 and 2 fareal energies the response func- ions in the dispersion integrals. With the appropriate bound-

tions themselves do not show any sign of such a unphysicaly, cqngitions this method leads to the same results as di-
mode. The cusplike structuresatk-~4 in the real parts of mensional regularization.

fchet_lon?nudu:ia[él_ andjgg?nS\ée;st;]matrlxlele(rjnents of tth_e %(])Iar- Neglecting vacuum polarization we found that there is a
Ization tensogrgs. an are aready present in the \fiolation of causality because of unstable longitudinal and

one-bubble approximation and therefore are not the resuit Yransverse collective excitations in the upper complex energy

collective phenomena. : S .
The true situation unfolds itself only if the calculation of plane._lncludmg vacuum polarization, these collective ’T‘O‘?'es
are shifted to the real axes and change to proper excitations

the response functions is extended to complex enefgis AT
Figs. 6 and 7. The peaks which are missed on the real en_of the system. So we have shown that vacuum polarization is

- crucial for the stability of nuclear matter.
ﬁ;?]}/ S);iz reSacE) ?r? ago?:rias?ﬁ'?oectﬁzle;é%g‘i;‘?&g ;?]m;);?x In addition we have shown that RPA corrections reduce
proximation which neglects vacuum polarization does nothe production amplitude gip pairs by a factor of 1/2. This
lead to a negative decay width of taemeson but to collec- result is remarkable because it holds true for any interaction
tive excitations which are unphysical because, according t§€tween pointlike nucleons which preserves isospin symme-
the discussion in Sec. I, they manifestly destroy causalityTy- Our argument may have interesting consequences for the
Consequently calculations within this approximation cannoprocesse™e™ —pp.
provide reliable results.

2 3 4
Re(z)/ke & 7
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