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Effects of negative-energy components in two-body deuteron photodisintegration
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Several observables in two-body deuteron photodisintegration are investigated in the framework of the
Bethe-Salpeter formalism. Apart from keeping the Lorentz covariance throughout, special attention is paid to
inclusion of both the positive-energy and negative-energy partial-wave components of the deuteron state. Using
the Bethe-Salpeter equation for the deuteron in the ladder approximation with one-boson exchanges as a
driving term, the contribution of the negative-energy states is studied for the unpolarized differential cross
section as well as for linear photon and tensor target asymmetries. These states are found to have an impact on
the observables and, thus, should be taken into account in a complete theoretical treatment of the reaction in the
intermediate energy regime.
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[. INTRODUCTION plus one more meson, the [8]. Based on this numerical
solution, extended calculations of the relativistic corrections

An application of the Bethe-Salpeter equati®@SE) for  to the deuteron static properties, such as the magnetic and
spinor particles and Mandelstam’s theory to the analysis ofjluadrupole moments of deuteron, were mgge
two-body deuteron photodisintegration was reported in pre- The work introduced in this paper is a study of two-body
vious work[1,2], where the contributions of relativistic ef- deuteron photodisintegration using this relativistic frame-
fects to the differential cross section were estimated usingvork. The objective is to establish a role played by the
the Bethe-SalpetgiBS) formalism as well as the equal-time negative-energy spinor states of the relativistic wave func-
approximation to the BSE. The analysis shows some defition of the deuteron. As energy and momentum transfers in-
ciency due to not taking into account the full Dirac structurevolved in the process are held below 1 GeV, the appropriate
of the two-nucleon bound state. It is well known that while effective degrees of freedom in this energy range are the
dealing with the BSE the problem of many coupled statedN€sons and nucleong. Assuming a theoretical description in
arises since there are four types of solutions of the Diraderms of these effective degrees of freedom, we study the
equation for a given momentum, two positive-energy statedifferential cross section as well as the photon and tensor
and two negative-energy states. In our case this deficiency RSYMMetries. A consistent relativistic treatment requires
ascribed to making use of the BSE in the context of a rela’ no_wledge of the deuteron vertex function, final-state inter-
tivistic separable interaction kernel while leaving out variousacnons and the EM current operator. For t_he present work,

: oS we use the plane-wave one-body approximati®WOA)
negative-energy stat¢8]. The present paper is intended to
. . . . and, thus, extend the work of Ré¢fL]. The treatment of the

shed a light on the effect including of negative-energy com-

deuteron structure is performed within the relativistic OBE
ponents of the deuteron state on the observables of deUter%del of NN interaction. The model allows us for the incor-

photodisintegration. Their driving mechanism is the one-,ration of the full Dirac structure of two-body bound state
boson exchangéOBE) kernel, in which the pion-nucleon amplitudes.

coupling is described with the help of axial-vectéy theory. The paper is organized as follows. In the following sec-
The relativistic covariant BSE with a superposition®f oy we summarize the relevant expression for the polariza-
, p, 77, and § exchanges originally was applied to a de-{jon gpservables in terms of the deuteron current matrix ele-
scription of low-energy nucleon-nucleorNWN) scattering  ments between the initial and final states of the two-nucleon
(see Ref.[4] and references therginAgreement with the  gystem. We also briefly describe the dynamical model used
experimental data is achieved for partial waves WIthO  in this work and specify the deuteron properties calculated in
considering the coupling for the pion-nucleon vertex to be anpe framework of the BS theory. Since the chief source of the

A type, i.e., a weaNN7 coupling. The same model has relativistic effects comes from the relativistic wave function
been implemented for research on the deuteron electromagf deuteron, we discuss the detail of the partial-wave decom-

netic (EM) form factors in the relativistic frameworks]. position of the full BS amplitude for the deuteron. In Sec. IV,
These investigations have inspired others to carry out studiete general structure of the EM current matrix elements in
of the EM properties of the two-nucleon syst¢fj and to  the PWOA is shown. Here the terms generated from the
develop an effective theory of strongly interacting particlesnegative-energy spinor states of the deuteron vertex function
at momentum transfers of a few Ge&Vj7]. Moreover, a and the boosting of initial deuteron state from the rest frame
deuteron in this model has been obtained from solution ofo the c.m. frame of the reaction are taken into account. In
the BSE in the ladder approximation with these basic mesonSec. V, we describe the numerical results for the polarization
observables with an emphasis on the leading contribution

coming from the dominant negative-energy tripRestate in
*Electronic address: kazakovk@ifit.phys.dvgu.ru the relativistic OBE model with the pseudovecteN cou-

"Electronic address: denis@ifit.phys.dvgu.ru pling. We also present the comparison of our results with
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corresponding predictions calculated in the framework of thdinearly polarized photons3(') and the target asymmetries
BSE with multirank separable interactions. The differencedor tensor oriented deuteronsT4,)(M=0,1,2) are ex-
are traced back to the choice of the interaction kernel ipressed as

actual calculations of the deuteron vertex function. Section

VI, finally, contains a discussion of our results and conclu-
Y —E'F(@)p)— o2, Bruny@p)tsm-1n, (), (3)

sions.
In conclusion, it should be mentioned that the most im-
portant relativistic contribution comes from the boost on the J5 IMam
single-particle propagator, as it was first shown for the deu- ToamF(0p)= == > ClmdQMdRe{tSrTglmd(®p)
teron EM form factord5] and later confirmed for the pho- SN
todisintegration of the deuterdd]. In doing the numerical Xtsmim+my(Op)H2— Smo). 4

part of the work we presume that the relative-energy depen-
dence of the vertex function of the deuteron is not so imporit js understood that the observables in E@—(4) depend

tant in comparison with that in the propagator. on the photon energy. In most of the experiments on the
deuteron photodisintegration angular distributions are mea-
Il. DEFINITION OF THE POLARIZATION OBSERVABLES sured for fixed laboratory photon energigs. It should be

distinguished from the c.m. energy. The relation between

In this section we summarize useful formulas describingt
he photon energies in the two frames has the form
the photodisintegration process of the deuteron and the deu- P 9

teron EM current matrix elements between the initial and M

final states of the two-nucleon K system within the BS w= —O'Ey with s=My(Mg4+2E,), (5
formalism. We confine ourselves to the description of the Vs

breakup either of tensor polarized deuterons with unpolar-
ized photons or unpolarized deuterons with linearly polarlzed"’
photon beam. We closely follow the work of R¢10], from
where the formal expressions of all possible polarization o
servables ird(y,N)N are derived.

The treatment uses a standard coordinate system, whe
the incoming photon three-momentum c.m.(|q|=w) is
along thez axis, while thex axis is directed along the maxi-
mal linear polarization of the photon. The spin indices of t
initial state are specified by the photon polarization + 1
and the deuteron spin projectiony=0,%=1 with respect to
the z axis. The polarization of the final state is characterize
by the total spinS=0,1 of the neutron-protom(p) pair and 1
its z projectionms. The spherical angle®, and @, define tsmam,= _sf d4kd4uXS%(u;pP)
the direction of the relative three-momentymof the np
pair. At this point the concept of the reduced reactiona-
trix elements can be introduced. It can be shown that the
azimuthal®, dependence of the reaction matiix® ,,P ) _ . . o
for two-body photodisintegration of the deuteron in the c.m.WhereJ is the irreducible EM vertexyp, (k;K) is the BS
frame can be isolated. Therefore, the reacflomatrix has ~amplitude for the deuterofisospinl =0) with the total mo-
the following form: mentumK = (VM3 +[ |2, — ), andysy (k; pP) denotes the

2 ) al(A+mg)® conjugate BS amplitude of the finalp pair (isospin |
TS”E*md(q)P’p)_e( ? Plsmamy(Op)- @ =0,1). The emission of the nucleon is confined to e
plane, and the momentum components in the final state given

and  p=(0p), with p

hereMg is the rest mass of the deuteron.

The reactiort matrix is expressed in terms of the deuteron
pEM current matrix element between the final and initi&d 2
states. The procedure for the calculation of the matrix ele-

ents in the framework of the BS formalism is based on

andelstam’s theory and the reduction formalism of quan-

tum field theory. It preserves a consistency between ampli-
he tudes and EM current operator from the very outset. In the
deuteron breakup one deals with the matrix elements of the
current between the deuteron and asymptotically inge
Oscattering state:

X € I(U,K; 0, K) xm, (K K), (6)

Here the reduced matrix depends on the polar angk, P=(ys
only. The general formulas for the polarization observable?y =(Vs,0)

are expressed in terms of products of the reactiampli- = (|p[sin®;,0/p|cos®;). We set the relative energp,
tudes. The differential cross section is given by eﬂuﬁﬂ to zero, as the two outgoing nucleons are on mass
shell.
dog a |p| The EM vertex operatod is conventionally split up into
0, 167s o F(Op), two pieces,
. J=J14 g2l (7)
— 2
F(Op)=3 S%md [tsmp—1m(Op)I%, @ whered ! is a free parta nucleon couples individually to

the radiation field without interacting with anothemd J{?!
wherea = e?/4+ is fine structure constant aisds the square is a two-body EM vertex operator. Owing to the fact that the
of the total energy of thap pair. The photon asymmetry for EM interaction does not conserve the total isodpite tran-
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sition amplitudes related tal =1 interfere with those hav- As the BSE(8) is solved for the deuteron at rest, we need the
ing Al =0. For consistency, gauge independence of the reacelation between vertex functions in the laboratory and c.m.
tion amplitude has to be respected. It is necessarilframes. It has the form

guaranteed by the one- and two-body Ward identities, which ) @ .

are derived in the BS framewoifld1,12. In particular, the I (KK) =AW (LA (LT m (L77K Ky, (11)
two-body Ward identities are used to elucidate properties of . . ) )

the current operator of a two-body bound state and of a as¥hereA is the operator for spig particles corresponding to
ymptotically free two-body scattering state. The sufficientthe boostL between the two framesk#“=L}K, with
condition is defined by that both BS amplitudes have to sati()=(Mg,0).

isfy the corresponding BS equations with the same interac- Now we can proceed with the partial-wave expansion of
tion kernel: the vertex functlori“md(k;ﬂ&(o)). In analyzing eigenstates of
the BSE for a given total angular momentum, the total parity
‘P and exchange quantufthe exchange parifynumbersp;,

are used. The first one represents the spacial and intrinsic
parities, and the second describes the symmetry of the states
K under interchange of all coordinatd43]. For on-shell

—— u) VK, U) Yo (U K), (8)  coupled channel$S;-D; the relativistic wave function con-

2 ¢ sists of eight partial-wave states. We label our spin-angular-
momentum basis states involving the Dina@andv spinors
asl'y (k,a). Indexa runs over all eigenstates BfandP,,

for which the total parity is conserved and symmetry under
interchange of particles does not change. The expression for

K+
E u

|
LK) — 4 1)
de(k,K)—MTsj d*us

x S2)

S
2 u

~ ~ |
Xsm(BP) =X 0GPP)+ f dhush)

[P . the deuteron vertex function is composed of terms that have
x 8 5 Uk Wxsm(U;pP), (9 the form
8
where sf” is the free propagator of theth nucleon and T, (Ko, ki K) = 21 (Ko, |k[, @) (=K, @) 3,
X(Sorﬁg(k;pJP) is the amplitude for the free motion of two “ (12)
nucleons. It is given by the antisymmetric combination of the
free Dirac spinors and isospin functions. whereg(kg,|Kk|,a) is the radial function for the correspond-
ing a channel andg“:3 denotes the normalized eigenstate of
IIl. THE BOUND-STATE VERTEX FUNCTION the total isospinl and its projection ;. In the spectroscopic

_ _ o notation,« is labeled agy=25"1L%_, , whereL is the orbital
and reduction of the BSE and the BS amplitude for the deugne total energy spin of theN2 system. Thep spin is analo-

teron to a_practical fc_)rm suitaple for numgrical solution isgous to the usuak spin except that instead of operating on
then described. The first step in the reduction of the BS aMgpin-up and spin-down states, tpespin operates on the

plitude is to show explicitly the spinor and angular- hositive- and negative-energy states in the same manner. In
momentum dependence of its factors. This can be done bye geuteron we have the eight symmetrical states:

using either the direct product representafio8] or the ma-

trix representationf14] of two-particle states for a given 1;3sl+, 2;3Dl+, 3;351*, 413DI:
value of the total angular momentum. The latter allows us to
nicely absorb the angular-momentum factors into the speci- 5:'Pf, 6:°P3, 7:'P¢, 8:%P§. (13

fication of the partial-wave states. The second step is the o ) )

calculation of the matrix elements for different interaction The superscripp indicates triplet energy spin states as

kernels for the partial-wave equations. In the present work=(+), (=), and (), and singlet energy spin state is labeled

we cannot give formulas for all the terms in detail, since weas ©). The radial functiongy for the first six states in Eqg.

are interested only in the most general structure of the matrikl3) are even in the relative energy, while the last two are

elements for the kernels. odd. The separation into even and odd channels clearly ex-
The relativistic wave functiony, in Eq. (6) is defined in  hibits the symmetry of the 8 states due to the generalized

the c.m. frame of the reaction, in which the deuteron move auli principle. .TWO positive-ene_rgy states_in E83) have_ .
with a velocityw/E4. In a genéral moving frame, the vertex _he corr_espond_mg counterparts in convent|o_n_al _nonr_el_atlws-
function of the deuteron is given by ' tic physics, while the rest are of purely relativistic origin.

The BSE for the radial functions are found by the partial-
. wave decomposition of the kernel in E@) and by carrying
8(2)<E _ k” out the angular integration. The decomposition yields the set

2 of the eight coupled two-dimensional integral equations in
the relative energ¥, and in absolute value of the relative
three-momentuntk | :

K
(1) —
S (2+k

L (K K) =
X Xmy(K;K). (10
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15 0.5

I 9(0,Ikl, 1) 9(0,1Kkl,2)
ko Kl =~ [ [ dagalal’S, Wko.|Kl ai00lal.8)
4-7T3 By 10 /"
0.3} N
X Go(o,|al.B8,7)9(do.lal, ), (14 os 1Ll O\
where V(ko,|k|,a;qo,]0],8) and Go(do.|al,B,7) are the  oof—Ns———— et ol \\\\
partial-wave decomposition of the interaction keriveand ‘ ™

the two-particle spinor propagatoB,=SS?), respec- 95 o5 1o 15 20 Y0 os 1o s o
tively. The coupling between positive- and negative-energy Ikl (GeV) Ikl (GeV)

spinor states occurs directly through the interaction kernel

matrix V(ko,|K|,@;d0,/0/,8) and indirectly through the . P : .
propagator mairiGy(Gy[d ). The term G has & 00 0r e Culeds 0, harnet o o for e reltve
simple form independent of angle and spin variables, as if 9y a b

L unction g(0,/k|,1), the right panel shows tHe-wave vertex func-
depends only on the-spin indices. The structure of the ma- ;g k| 2). Solid and dashed curves depict the behavior of the

tr.icesV(k0,|k|,B;q0,|q|,y) is complicated. Relevant expres- vertex functions for the relativistic OBE and separable models, re-
sions for the pseudoscalar and scalar exchanges can be fo ctively.

in Ref. [13] and for the axial-vector, vector, and tensor ex-

changes in Refl16]. As mentioned above, the radial func- |t js seen that the behavior essentially depends on the type
tions are determined by the set of the eight coupled equationst interaction model used for the description of this 8ys-

(14). For the first time the deuteron vertex function was cal-tem. The radial functions in both channels are similar at low
culated for the BSE with a superposition 8f 7, €, 8, p,  momentgk|<250 MeV, while “tails” of the tensor compo-
and w exchanges that describe the effectN@l forces[5].  nents at momenta above 500 MeV are much diffefesi.

The parameters of the relativistic OBE kerridhe meson \ioreover, in the region 05|k|<1 GeV the3S; compo-

coupling constants, the masses of the exchange mesons gt for the OBE model has a more pronounced dip than the
the cutoff parameteysare constrained by all the low-energy qiher These differences of the momentum components will
NN data and the binding energy of the deuteron. This inVeSy e an effect on the observables.

tigation was followed by other authors, and the B&E) In the case of the relativistic OBE interaction, the contri-
was solved numerically by performing the Wick rotation, p ion of the negative-energy spinor components should be
Go—10, [15]. Additional variables to the set of the OBE jiscyssed. Their importance can be estimated using the nor-
parameters in Ref5] are the massni, =571 MeV) andthe  mjjization condition for the partial-wave components of the
coupling constant of the meson. In momentum space, the geyteron vertex function. The definition and normalization of

form of the partial-wave components of the deuteron verteXnese is discussed fully in REP]. They are normalized ac-
function, which results from this relativistic OBE model, is ¢qrging to

discussed fully in Ref[9].

There is no simple way to compare the BS amplitude and 1 8 +o +o
the Schdinder wave function, which describe the same sys- 1 dk4f dlk|[k|?w,[ ¢(kqg, K|, a)]*=1,
tem, namely, the deuteron. In order to make a comparison ¢ a=1J0 0
possible, a few approximations can be made with respect to (15
the exact equations. One makes use of separable potentialsyihere N, is an appropriate normalization factas, = %(p;
the context of the BS equation, disregarding the negative-. p2)Ex—(My/2) with pyo=+31 and E= \/EZ+_|II<L|Z The
energy spinor states. This is done using a relativistic covarizg|ation between the radial components of the vertex func-

ant generalization of the nonrelativistic separable Graz-Il posign, g(a) and those of the BS amplitude, denotedds(st)
tential for theNN system in the coupledS; and>D; states  has the form

[3]. This turns out to be a solvable model for the deuteron,
which was employed in the previous wofk]. The method 9(1,2=Go(+,+) 1¢(1,2 (16
allows a rigorous relativistic calculation of the differential .
cross section of the deuteron photodisintegration, includindor the SandD positive-energy states,
recoil effects. _ 1

In this paper we are also interested in the question of how 934 =Go(=, =) (34 (17
strongly the observables of the deuteron breakup are sensj; the S andD negative-energy states,
tive to different inputs of the kernel in the BSE. We will

FIG. 1. The momentum dependence of the deuteron vertex func-

compare the deuteron vertex function obtained from the BSE Go(e,8)p(5,7)— Gy(€,0) b(6,9)
in the ladder approximation with a kernel modeled by the 9(5,7)= 5 > (19
sum of one-boson exchanges and a kernel in the separable Go(e,e)"+Go(e,0)

form. The positive-energy cpmponents, which result from theror the twoP states even in the relative energy, and
two models, are shown in Fig. 1. The momentum space func- '

tions are plotted against the absolute value of the relative
three-momentunfk|, as the relative energy varialig is set 9(6,8) = Go(€.0)$(5.7) + Go(e.€) $(6.8) (19
equal to zero. Go(e,e)*+Gy(e,0)?
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TABLE |. Deuteron properties in the framework of the BS formalism, compared with experiment.

OBE Graz-ll Empirical Referencs
Binding energys4 (MeV) 2.2250 2.2254 2.224 579 [3,9,17
Asymptotic D/S ratio pp,s 0.02497 0.02691 0.0259 [3,15,17
Quadrupole momer®4(fm?) 0.2678% 0.27742 0.28593) [3,9,17
Magnetic momenijuy (e/2m) 0.8561% 0.85122 0.857 5061) [3,9,17
D-state probabilityPy (%) 5.10 5.0 [3,15]
Pseudoprobability? _ (%) —0.0050 [9]
PseudoprobabilityP e (%) —0.0920 [9]
Pseudoprobability ,4q (%) —0.0230 [9]

a\ithout meson current contributions and with relativistic corrections.

for the twoP states odd in the relative energy. In E¢E6)—  values are cited according to Table XVII of REE7]. In both
(19) the partial-wave projections of the two-nucleon propa-models the deuteron binding energy, taken to be 2.225 MeV,

gator Gy in p-subspace are given by was treated as a constant in solving the BSE. As the Graz-I
interaction favors th®-state percentage of 58], we have
1 focused our attention on the vertex function calculated for
Go(+,+)= ; z this case. The difference between fhestate percentages is
- Ey +k§ about0.1%. Thedeuteron quadrupol®, and magnetiquq

moments were calculated using relativistic formulas without
accounting for two-body current contributions. The magnetic
Go(—,—)= 1 (20) moments agree with the empirical value, but the quadrupole
o 2 . moment and the asymptotid/S ratio pp,g are both slightly
+ka low. In the OBE model the total relativistic correction to the
quadrupole moment, determined by the large components of
1 the deuteron vertex functio®4=0.2690 fnf, is negative,
Go(€,8)=5[Go(+,+)+Go(—,—)], i.e., 6Q4=—0.0012 fnt, reinforcing the discrepancy with
the experimental valug9]. The asymptotidD/S ratio was
calculated explicitly using formula

Mq
(7+Ek

1
G , :—G +,+ _G Ty . 21
(€)= 3[Col ) =Gl =) (2D 9(ka K] 2)

o y . " PoIST 4k, K[, D)
The normalization conditior§l5) defines the probability g(Kg, K], ky=O0E, =M 2
of the corresponding channel. According to R, each
can be understood as a measure of the effective charge of titrapolation of the radial functions to the unphysical value
partial-wave state. The corresponding numerical values argf |k|2=(M2/4)—m? was carried out by expansion of the

twofold integrations in Eq(15) were limited to 3 GeV. Itis  yp to terms of the third order.

seen that the probabilities for the relativistic components of * |1 is worthwhile to compare the percentages of the purely
the vertex function are negative, and they will be referred tqg|ativistic components of the deuteron vertex function of the
as “pseudoprobabilities.” As a consequence, inclusion of thgyo OBE modelg5,15] discussed above. Deuteron relativis-
negative-energy spinor states reinforce the contribution ofic wave functions resulting from these models were ob-
the two positive-energy states to the baryon charge. Theyined using the BSE in the ladder approximation with the
smallness of the pseudoprobabilities of the negative-energysme superposition of the basic meson exchanges. But the
states is explained by the use of th&l vertex inA theory.  oBE model of Ref[15] incorporates one extra meson, the
The dominant relativistic component is the tripf? chan-  The difference in the percentages of the spin-singlet and
nel with Pg= —0.08%. The relativistic wave functions in the spin-triplet P channels reaches one order of magnitude.
3s; and °D; channels are negligible for most purposes. INnCompare the total strength of these states=-—2.5
the case of therN interaction due to pseudoscalar coupling, x 102 given in Table Il of Ref.[5] with P_=-1.1
values of the pseudoprobabilities of the negative-energy 10! of Ref.[9]. The former value arises from the spin-
channels are expected to be quite different. Qualitativesinglet even and od# states, while the major contribution to
analysis shows that the relativistic wave function for f%; the latter value is due to the spin-triplet evenstates. A
channel may have the largest pseudoprobability, while probsource of such incompatibility may reside in the form of
abilities of all other channels involving § spinor degrees of matrix elements for the one-boson exchanges in the BSE
freedom are of very small percentadés. (14). 1t should be noted that there is a direct coupling be-
Static properties of the deuteron in the two models distween the partial-wave states that are even and odd in rela-
cussed above are also shown in Table I. The experimentéive energy for the axial-vector, vector, and tensor exchanges.

(22
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The case of the scalar exchange is different: mixing between » Js w
even and odd states does not occur. Moreover, such effects as Ko=-—p,+(—1)'— =,
turning off theq#q”/uy term in propagators for vector me-
sons and a tiny change of theN coupling inA theory may Kix=pPx, Kkiy=py, (26)
influence quite sensitive changes in strengths of the negative- Js— Js
energy spinor channeld]. K :_“’p (-1 @
4 z Md 2"
IV. THE REACTION t AMPLITUDE In the breakup of the deuteron, we deal with the half

) i i . off-mass-shell photon-nucleon vertEx, since the knocked-
Having determined the properties of the vertex function of, ;t nucleon is on the mass shell. As a consequence of gauge

the deuteron at rest, we can calculate the readti@mpli- i ariance () takes on the on-shell form at the real photon
tudes(6), and as a result the differential cross secti@nand point [18]

photon and the target asymmetri@ and(4). In PWOA we

i ivati i i 1+ | Kot K, T
have(all details of the derivation are given in R¢L]) Fx(q2=0)=e§\‘yﬂ . 3 +ﬁ%y6§fqv s . v 3, 27

tsmam,= > ;Sng(p)ggA(g)r(x')(qéo) whereks= kp+ K, andk, = kp— Kn with the ar_10ma!ous part
=12 of the proton(neutron magnetic moments in units of the
nuclear magneton 12 denoted ascyp) -

We further proceed by introducing the matrix representa-
tion for each partial-wave channel of the deuteron vertex
_ 2 (—l)SxSng(—D)ZJA(E)FQ)(QZ=0) function in Eq.(13) gnd for the BS_ amplitude afp pai_r in

=12 Eq. (24). In evaluating the isospin part of the matrix ele-
ments(23), the reactiorl amplitudestgnghmd for the isosca-

lar Al=0 (a=1) and isovectoAl=1 (a=2) transitions
are cast into terms composed pimatrix traces. Due to the
where the four-momentak=L"'p, and p=p+  symmetry consideration, the first two terms in E23) are
(—1)'(q/2) are the relative four-momenta of nucleons in thejdentical to the latter two. Further evaluation of the reaction
deuteron in the rest and c¢.m. framg&>) =X 67y st amplitudes for a given set of the polarization indices
the conjugate of thel2 continuum amplitude, which is com- . M4, andms was carried out with the help of the formulas
posed of terms that have the forpsy(p)¢s and xsm manipulating languageeDUCE [19]. The resulting have the

(=p)¢,, whereXS%(p) is given by combinations of the free general form

X SO5K gy~ (= 1)k (ki 1K o))

><S(I)[%K(O)JF(_1)Ik|]Fmd(—k| Koy (23

8

Dirac positive-energy spinors
P 9 sp tSngxmd 1“2 Z ms)\m (o, k|,|,a)S() kl01|kl|)
Xsm(P)= 2 Cl AU (P (—P) (24 X g(Kio. kil a) + T (0.~ ki il@)
1 2
X SD(kio, [kiNG(—kio, ki [; )], (28)

and Zs=00+ 89, ¢,=3— 9 are isospin singlet and triplet
functions, respectively. It should be noted that the energ)wheres(l_) ., are the positive- and negative-energy parts of
component of the four-momentup; is equal to one-half the the smgle particle propagator

photon energy in the c.m. frampg,=(—1)'(w/2). This fol-
lows from conservation of four-momenta and assuming two

free nucleons in the final state. SP(kio, ki) = N (29)
Since the deuteron vertex function is calculated in its rest E,—pi| = —(— 1)'ko
frame, it has to be boosted to the c.m. frame of the firal ! 2

pair. In Eq.(23) the A(L)=AMV(L)AP)(L) is the operator

~a _ .
for spin3 particles corresponding to this Lorentz transforma-The faCtorSFS”gkmd(w'k' :1,@) absorb the spin-angular part

tion £: of the reaction amplitude. &REDUCE code is set up for the
explicit analytical evaluation of the spin-angular factors with
Eq+ Mg\ 2 yoy- @ | free polarization indices, given in square brackets of Eq.
A"’(.C)z( N ) [ “Eam (250 (28), for each isospira, particlel, and statex numbers.
d d d

V. RESULTS
The matrix £ defined ask= LK is the boost transforma-
tion of the initial BS amplitude from the rest frame to the
c.m. frame, in which the deuteron moves with a velocity
w/Ey. Here we only need the boost opposite to thaxis It is time to compute the value of the matrix element in
with momentume. From this we find Eq. (28). Next we can proceed with studying various relativ-

A. Contributions from relativistic components of the deuteron
vertex function
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istic effects in the differential cross section and the four po- E,=50Mev  ~ E;=250Mev = E, =500MeV

larization observables. In view of the discussion following é 12 -
Eq. (14), we meet with a difficulty of finding the deuteron ;o. Z 06
vertex function for real values of the relative energy variables, o4
ko. The problem lies in the method of obtaining numerical 3 2 02
results from the BS equation in the bound-state region. Itis P
the Wick transformation of the equation resulting in the ana- | , »
lytical continuation of the c.m. vertex function to the imagi- -
. . . .. W 0.4 ) 0.4
nary axis withk,= —1k,. Rotation back to the re&l, axis is .
rather hard to do, even if feasible, since a numerical proce- ** e el \
dure seems to be very unstable and ill defined. It is possible % 3 6 s 120 150 180% 30 60 8 120 150 180 % 30 60 80 120 150 180
to calculate the vertex function along the real valuekof 8, (deg)

(below the first branch pointsy expanding it in a Taylor
series around,=0. Unfortunately, our examination shows
that the derivatives of the radial componeg(%,,|k|;a) of

FIG. 2. The differential cross section and the photon asymmetry
for linearly polarized photons in the plane-wave one-body approxi-

. . mation at different laboratory photon energigs. Curves: solid
the vertex function with respect to, cannot be calculated line, the BS-ZO approximation takes into account the four negative-

with a C(_)ntrolled accuracy. The explanation for.this is thatenergy spinor statedS; , °D; , P¢, and ®P¢; dotted line, the
thg SOlu“O_nX of the BS_E is known _°“'Y at dicretized mesh BS-ZO approximation takes into account two positive-energy
points. As it was noted in RefS], derivatives ofy should be  ginor states’s! and 3D . For comparison, the result with the
calculated by taking the derivatives of the kernel with respecteparable vertex function is shown.
to initial momenta)’ and then iterating the integral equation
over, rather than by interpolation of the vertex function. In ) . )
Ref.[1] it was shown that a good approximation of the exact_':'g- 1. As .follows from Eq(2), the differential cross sgctlon
result is the zeroth order approximatiéBS-zO) for the BS 1S proportional to the sum of squares _of the_partlal—wave
amplitude. The approximation amounts to keepigglepen- components multiplied by the overall klnematlc factor. At
dence of the single-particle propagator in E29) and set- Ey='50 MeV, the apsolute value of the relative momentum
ting Ko in g(Ko,|K|; ,@) equal to zero. The Lorentz boost on kil in Eq. (26) lies in the range 200-265 MeV. Since the
the spin and momentum arguments of the deuteron Verte§e_parable and QBE vertex functions are almost |de_nt_|cal in
function and the single-particle propagator is retained. Thidhis momentum interval, the results are identical. A miniscule
approximation also implies that the retardation effects are fafise of the differential cross section in the OBE model is due
less important than the boost on the single-particle propagd? the smaliness of the negative-energy channels in this mo-
tor due to recoil. A minor drawback of the BS-ZO approxi- Mentum range. AE, =500 MeV, the absolute value ¢k|
mation is loss of the channels that are odd in the relativdS Within the momentum interval 450-950 MeV. Now the
energy, namely*P? and !P¢. We may hope it will produce S.l. partlal-yvave component in the OBE model has deeper
a small effect on the observables, since the percentage of thainimum with respect to the other. We conclude that the
odd P states,Pog~ —0.02%, is roughly one order of mag- momentum behavior qf th.e pgrtlg!—wave components of the
nitude less than that of the evénstates Py~ — 0.1%. As deuteron vertex function is significant. Moreover, the$
for the model with the separable interaction, we calculateand °P] states have persistent superiority over the positive-
contributions arising from the couplets; -*D; channels of ~energy states at relative three-momenta comparable with the
the deuteron vertex function, because all the negative-enerdgst mass of the nucleon. As the photon energy increases, the
spinor states are disregarded in this case. contribution of the latter becomes more pronounced. Effects
The size of the angular distributions for the differential produced by®S; and D states are completely negligible.
cross sectiomlog/d€), and the linear photon asymmeffy  Shutting off the negative-energy states has a minor effects,
at three different values of laboratory photon energies ar@articularly, on the photon asymmetry in a wide photon en-
shown in Fig. 2. The BS-ZO calculation in the OBE model isergy range. We conclude that the relativistic effect due to the
the solid curve. The dotted line shows the effect of shuttingPresence of the negative-energy spinor state components is
off all the negative-energy spinor states of the deuteron verimportant. The dominant contribution comes from tfe}
tex function. This leaves us with only large components. Thechannel. Our results for the photon asymmetry shows that
dot-dashed curve calculated should be compared with thehis relativistic effect almost cancels for medium laboratory
dotted one. The former depicts the calculation in the sepaphoton energies.
rable model, where relativistic effects apart from those gen- We further discuss three observables associated with the
erated by the negative-energy partial waves are accountdensor oriented deuterons. Figure 3 shows the size of the
for. As seen in Fig. 2, shapes of the angular distributions areelativistic effect discussed above. The calculation with in-
formed by the positive-energy components of the deuteroglusion of the six channels of the deuteron vertex function in
vertex function. The negative-energy components increastie OBE model is the solid curve. We can see that negative-
markedly the differential cross section, but leave its globakenergy spinor states have an effect Dy, , particularly at
structure untouched. Comparing the dotted and dot-dashetie forward and backward proton c.m. angles. Again, the
lines, we find discrepancy between results that the two modglobal structure of the observables is untouched. The dot-
els of the deuteron yield. Apparent explanation is supplied bylashed line should be compared to the dotted one. For the
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E, =50 MeV E, =250 MeV E, = 500 MeV result, since the high-energy photon probes the deuteron
structure at shorter distances. This relativistic correction
seems to be one of the important short-range contributions

associated with the virtual production of an exN& pair.
As a matter of fact, authors of RgR21] investigate a three-
dimensional reduction of the covariant transition amplitude
for the deuteron electrodisintegration near threshold. It is
found that in the relativistic impulse approximation, the
P-wave component of the BS amplitude is responsible for
the pair current contribution of nonrelativistic theor{@2].
However, recent calculations of Ref®3,24 consider the
effects of negative-energy components of nucleon spinors on
the proton-proton bremsstrahlung cross section. The analysis,
AN based on the Blankenbecler-Sugar-Logunov-Tavkhelidze
a5 2 (BSLT) formalism in the impulse approximation, shows that
Pow @M ® 9(°de'$ 1901800 30 60 90 1201010 gubstantial cancellations occur between the effects of
P negative-energy components in the single-scattering dia-
FIG. 3. The tensor target asymmetries. Notations are the same &ams(the photon is emitted from external lines of theN
in Fig. 2. scattering amplitudeand the rescattering diagrarttee pho-
ton is emitted from internal nucleon lineg he net relativis-
photon energies about 500 GeV, we find that the observabldi effect in the bremsstrahlung processes due to negative-
are more sensitive to the input of the momentum distribu€nergy components is still of the order of 20%. This
tions in the deuteron than to the presence of %ﬁé state. conclusion raises the question of whether such cancellations
The dissimilarity between the OBE and separable model§@y occur in the process of the deuteron photodisintegration.
clearly shows up in the observailig,. It is explained by the Although the deuteron photodisintegration amplitude is simi-

fact that there are fewer interference terms between amplia' to the time reverse of the bremsstrahlung one, with two
tudes tsyym, With different my. For M=2 the Clebsch- nucleons in the initial state being a bound state rather than in

a scattering one, there are few substantial differences. As
said above, a decrease of tR&l interaction in the final state

Gordan coefficient in the Eq4) selects a product of the

reactiont amplitudes withmg=—1 and mg=-1. Con- is expected at higher photon energkes, since highk, in
. ) . , y
versely, the asymmety, is less changed with this respect. - "~ L. oo directly related to the energy of thepair.

In total, our results show that the relativistic effects due to ” 2
. . : Moreover, there can be an additional indication of the small
the dominant negative-energy spinor stiRf of the vertex . . .
role played by negative-energy components in some partial

function is significant for the differential cross section in : .
two-body deuteron photodisintegration. They are largely can(-:hanm_}IS in the low energi{N scattering. Authors of Ref.

celed in the linear photon and the tensor asymmetries 4] show that with the pseudovecta coupling the devia-
P y ' tion between the BS equation and the Blankenbeckler-Sugar

equation that couples only positive-energy states, is not ap-
preciable in the isovector spin-triplétP; channels. These
Finally, in this section we add extra remarks on our aboveconclusions somewhat point out that the cancellations found
analysis and discuss other related works. The strongest limin the bremsstrahlung analysis cannot strongly suggest simi-
tations in the present study of the deuteron photodisintegrdar cancellations in the deuteron photodisintegration ampli-
tion concern the neglect of the two-body EM current andtude, at least in the whole momentum range.
final-state interactioriFSI). Future investigation of the two- The second remark is of a technical character. It concerns
body EM contribution to the reactionamplitude is compel- the Lorentz boost formulas, given by the Ef6). The reac-
ling, but the omission of the FSI is presumably not too rel-tion t amplitude in the Eq(23) is initially written in the c.m.
evant for intermediate photon energies. It by no meangrame of thenp pair. When omitting the FSI, the relative-
underestimates a specific role played by bM interaction  energy variable in the deuteron vertex function is equal to
in the final state. The deuteron photodisintegration by low-one-half of the photon energy in the c.m. framgy
energy photons, except whén<10 MeV, is dominated by =(— 1)'(w/2)(1=1,2). Thus, the boost formulas in E@6)
the contribution to the reactionamplitude from isovector incorporate the value of the time component of the relative
spin-triplet final states. The most numerically significantfour-momentum, which follows from conservation of four-
ones are the partial staté®; (J=0,1,2). In view of the momentum at th&INy vertex and of the total four momen-
interference of spin-triplet transition amplitudes, it is alsotum. In numerical calculations with one-body EM current we
important to treat properly isoscalar spin-triplet final statesset the time component of the vertex functioky,
e.g., °S;-3D; and °D, [20]. When omitting the FSI, our =L !pg, itis needed in the rest frame of a deuteron, equal
analysis suggests that the effects due to negative-enerd9 zero, leaving both bound nucleons equally off-shell. As
components of the deuteron vertex function become prodiscussed above, this approximation implies that the retarda-
nounced, as the photon energy increases. It is an expectdidn in the vertex function is numerically not able to have a

B. Supplementary remarks
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great effect on observables. It should be compared to ththe NN interaction with those in the multirank separable
relativistic description of electron-deuteron scattering, basedhodel. Unfortunately, our results do not properly account for
on the three-dimensional reduction of the BSE using thehe role of the relative-energy variablg of the deuteron
BSLT quasipotential formalisif25]. Here, at some stage, the vertex function. A fundamental obstacle here is posed via the
Lorentz transform is stated separately from the energynumerical treatment of the BS equation that uses the Wick
momentum conservation. That is clear, since the initiakotation to produce a transformed integral equation with the
deuteron-bound state is replaced by the BSLT vertex funcstandard Euclidean metric that is more susceptible to solu-
tion, and the relative-energy variable, in the single-  tion than the nonrotated equation with its Lorentz metric.
particle propagator is restricted by momentum conservatiopyowever, this technique prevents a direct application of the
(the spectator particle is on-shell two-body vertex function in the Euclidean space to some

H Finally, we will briefly discuss ofurhrezults including orflly physical process. Considering reliable possibilities of making
t. € posmve—energy components of the deuteron vertex fun approximate calculations, we employ the zeroth order ap-
tion. It concerns differences between the two deuteron Verteéroximation for the radial part of the deuteron vertex func-

functions; the first one is the solution of the BSE with thetion. It allows us to take into account four out of Six

OBE interaction kernel and the second is obtained for the

separable interaction. Results for the differential cross Seéjegatlve—.epe_rgy spinor states as well as all other very impor-
tant relativistic effects.

tion, vs Fig. 2, are distinct for these two types of interactions. . ) )
The conclusions of this paper are summarized as follows:

Apart from explanations given in the Sec. V A, which di- X : I o )
rectly stem from observing momentum distributions in Fig. (1) We find that inclusion in our relativistic analysis of the
1, we should mention a major problem. It is that even ghegative-energy states of the bound nucleons in the deuteron

refined separable potential, relying on a heuristic ansatz witftads to a sizeable increagep to 10% of the differential
parameters determined only from low-energy experimenta$foss section in a wide range of the proton c.m. angles. This
data and on-shell observables, may differ significantly from dendency becomes more pronounced at higher photon ener-
potential model derived from dynamic concep®§]. Care  gies.

should be taken that the off-shell behavior of the separable (2) Angular distributions of the beam-target asymmetries
kernel is not left to arbitrariness. Large deviations usuallyare less influenced by these states and, thus, show minor
occur in off-shell entities, e.g., wave functions. In our casechanges. However, modifications become noticeable in the
both interactions describe well the static properties of theensor asymmetries in the forward and backward directions.
deuteron and fits theNN phase shifts in the coupled (3) The results show rather strong dependence of the po-
3S/-3D; channels. However, these constraints determingarization observables to different inputs of the deuteron ver-
only asymptotic behavior of the deuteron vertex function andex function in the considered region of the photon energies.
its first derivative in momentum space |&$— 0, wherek is Our numerical results are obtained in the plane-wave ap-
the relative three-momentum. Discernibility between twoproximation with one-body EM current operator. Since the
vertex functions develops in the range of medium and highpne-body current is not conserved, the choice of gauge for
relative three-momenta. It is now clear that results from thpe radiation field becomes very important. Using the trans-
application of these two kernels to the two-body problem argerse gauge in combination with the one-body current opera-

rather sensitive to such aspects. tor leads to too small a value for the deuteron EM current
matrix elements. This is the reason why we do not make a
VI. CONCLUDING REMARKS comparison with the experimental data. The two-body nucle-

. . . . onic current as well as meson exchange currents should be
In this paper we have studied the influence of the relativ-

istic effects on the polarization observables in two-body deuf:alled into play to restore the gauge independence of the
teron photodisintegration within the framework of the BSreaCtlon amplitude and comply with the Siegert ligit, 27

f ' h . Jherefore, a consistent treatment of the EM interaction is of
ormalism. Energy transfers involved in the process are hel

below 1 GeV. We have looked at the sensitivity of our resultsP'Me Importance. Correspond!ng numerical .work will be
to the contribution arising from the existence of the relativ-done in the future and results will be reported in a forthcom-
istic components of the deuteron vertex function. These com!'d Paper.

ponents comply with requirements of the relativistic covari-

ance, since the full Dirac structure ofandv spinors should

be taken into account in the partial-wave analysis of the full ACKNOWLEDGMENTS
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