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IntroductionIn a recent publication [1] we have suggested a relativistic �eld theory model of thedeuteron based on the Nambu{Jona{Lasinio (NJL) model [2].The basic idea of the model is in the assumption that the physical deuteron state shouldbe produced due to integration over low{energy proton{neutron 
uctuations at energiesrestricted by the scale �D. Following the NJL model prescription we have suggested theone{nucleon loop approximation for the integration over proton{neutron 
uctuations. Inthis case the scale �D has the meaning of the cut{o�. We have de�ned �D in terms ofthe e�ective radius of the deuteron rD, i.e., �D = 1=rD. For the estimate of �D wehave applied the non{relativistic formula: rD = ("DMN)� 1=2 = 4:319 fm [3,4], where"D = 2:225MeV is the binding energy of the physical deuteron [4] and MN = 938MeVis the mass of the nucleon. We used equal masses for the proton and neutron, i.e.,Mp = Mn = MN = 938MeV. This corresponds to the chiral limit when masses ofcurrent u{ and d{quarks vanish, i.e., m 0u = m 0d = 0. Our estimate of �D gives:�D = 1=rD = 46MeV.The interactions of the deuteron with proton and neutron were described in terms oftwo coupling constants gV and gT, de�ning the interactions by vector and tensor nucleoncurrents, respectively. In the one{nucleon loop approximation we calculated the anoma-lous magnetic moment of the deuteron �D in units of the nucleon magneton �N = e=2MNwhere e is the proton charge, and the electric quadrupole momentQD. Imposing the con-straint �D = 0, being valid in the lowest approximation, we found the correlation betweencoupling constants gV and gT, i.e., gT=gV = �q3=8. Then the coupling constant gV hasbeen �xed in terms of the electric quadrupole moment QD. Eventually we calculated inthe one{nucleon loop approximation the binding energy of the physical deuteron in termsof gV and �D. The theoretical result was obtained in good agreement with experimentalvalue: ("D) exp = 2:225MeV [4].The physical nature of the coupling constants gV and gT is connected with one{mesonexchange. Of course, �{meson exchange should give the main contribution. This as-sumption has been con�rmed by the magnitude of gV, i.e., gV ' g �NN where g �NN is thecoupling constant of the �NN{interactions.The application of the model to the calculation of processes of low{energy interactionsof the deuteron encounters the problem of the unambiguous evaluation of one{nucleonloop diagrams that should describe the interactions of the deuteron other particles in thesuggested model.Indeed, since these are fermion loops, most of them, contributing to processes likeradiative neutron{proton capture n + p ! D + 
, low{energy proton{proton scatteringp + p ! D + e+ + � e and so on, depend strongly on the shift of virtual momenta ofnucleons in the loop. This introduces substantial ambiguities interfering with the directapplication of the model.In this paper we revise our model [1], especially to adjust it to the calculation of low{energy processes like n + p ! D + 
, p + p ! D + e+ + � e and so on. We imposethe constraints on the evaluation of one{nucleon loops, caused by the requirement ofelectromagnetic gauge invariance of contributions for individual loops. This distinguishesour e�ectivemodel from a �eld theory as QED, where the electromagnetic gauge invarianceshould be required for the complete set of diagrams in �xed order of perturbation theory.2



The requirement of electromagnetic gauge invariance applied to the individual nucleonloops allows one to �x ambiguities and use one{nucleon loops as well{de�ned quantum�eld theory objects. Of course, this approach should be restricted to the one{nucleonloop approximation only, even for the calculation of the matrix elements of the processesn + p ! D + 
, p + p ! D + e+ + � e and so on.The present paper is organized as follows. In Sect. 1 we adduce the starting assump-tions that we have put in the foundation of the model, and phenomenological parametersin terms the parameters characterizing the physical deuteron. In Sect. 2 and Sect. 3 wegive the detailed derivation of the e�ective Corben{Schwinger and Aronson Lagrangians,respectively, describing electromagnetic interactions of the deuteron in terms the magneticand electric quadrupole moments. In Sect. 4 and Sect. 5 we apply the relativistic �eldtheory model of the deuteron to the evaluation of the amplitudes and cross sections ofthe radiative neutron{proton capture n + p! D + 
 and the low{energy proton{protonscattering p + p! D + e+ + � e, respectively. In the �nal section we discuss the obtainedresults.1. Deuteron structure in the one{nucleon loop ap-proximationIn Ref. [1] we have suggested a relativistic �eld theory model for the deuteron as abound state of proton and neutron. The main idea, that has been put into the foundationof the method, has been adopted from the Nambu{Jona{Lasinio (NJL) model [2]. Unfor-tunately, we cannot start directly from a local four{nucleon interaction, since that wouldlead to a strongly bound proton{neutron state, whereas a physical deuteron is weaklybound. Therefore, we have borrowed from the NJL model only the NJL{prescriptionconcerning the admission of the applicability of the one{loop approximation. This is usedfor the computation of observed parameters for physical states in leading order in thelong{wavelength expansion [5-8].In our description of the physical deuteron we use the following scheme: We start fromthe Lagrangian of an unphysical deuteron �eld D(0)� (x), considered as a bound proton{neutron state at zero binding energy and with a mass equal to the sum of the protonand neutron masses. Then in the one{nucleon loop approximation and leading order inthe long{wavelength expansion we obtain an e�ective Lagrangian of a physical deuteron�eld describing a physical deuteron with observable binding energy ("D)exp = 2:225MeV[4], anomalous magnetic moment (�D)exp = �0:023, determined as �D = �D � �p � �n,where �D = 0:857, �p = 1+�p = 2:793 and �n = �n = �1:913 are the magnetic momentsof the physical deuteron, proton and neutron, respectively, and the electric quadrupolemoment (QD)exp = 0:286 fm2 [4]. The magnetic moment of the deuteron is measured innuclear magneton �N = e=2MN where e and MN are the electric charge of the protonand the mass of the proton and neutron, then �p and �n are the anomalous magneticmoments of the proton and neutron. In the case of the neutron the total magneticmoment coincides with the anomalous one. Below, to simplify matter we neglect theproton{neutron mass di�erence and use equal masses of the proton and neutron, i.e.,Mp = Mn = MN = 938MeV. This should correspond to the chiral limit approximationwith zero masses of current u{ and d{quarks, i.e., m 0u = m 0d = 0.3



The Lagrangian of the unphysical deuteron �eld D(0)� (x), which interacts strongly withthe proton p(x) and neutron n(x) �elds, readsLst(x) = �12Dy(0)�� (x)D(0)��(x) +M20Dy(0)� (x)D(0)�(x)��igV [�p(x)
�nc(x)� �n(x)
�pc(x)]D(0)� (x)��igV [ �pc(x)
�n(x)� �nc(x)
�p(x)]Dy(0)� (x) + (1)+ gTM0 [�p(x)���nc(x)� �n(x)���pc(x)]D(0)�� (x) ++ gTM0 [ �pc(x)���n(x)� �nc(x)���p(x)]Dy(0)�� (x) ++�p(x)(i
�@� �MN)p(x) + �n(x)(i
�@� �MN)n(x):Here D(0)�� (x) = @�D(0)� (x)�@�D(0)� (x),M0 = 2MN is the mass of the unphysical deuteron, c(x) = C � T (x) and � c(x) =  T (x)C, and � �� = 12 [ 
 �; 
 � ] . The operator Cdenotes charge conjugation, T is a transposition, gV and gT are the phenomenologicalconstants that will be �xed below. We assume that the coupling constants gV and gT arecaused by one{meson exchanges such as the �{meson exchange and should give the maincontribution.To obtain the anomalous magnetic and electric quadrupole moments we have to includethe interaction with the electromagnetic �eld. Having performed this inclusion by aminimal manner we obtain the LagrangianLtot (x) = Lst (x) + Lel (x); (2)whereLel(x) = �ieDy(0)�� (x)A�(x)D(0)�(x) + ieD(0)�� (x)A�(x)Dy(0)�(x) ++ie2gTM0 [�p(x)���nc(x)� �n(x)���pc(x)]A�(x)D(0)� (x)��ie2gTM0 [ �pc(x)���n(x)� �nc(x)���p(x)]A�(x)Dy(0)� (x) +�i e �M 20 D y (0)� � (x)D (0) � �(x)F� �(x) +�e �p(x)
�p(x)A�(x) ��ie �p2MN �p(x)���p(x)F��(x) � ie �n2MN �n(x)���n(x)F��(x) + O(e2) : (3)Here F� �(x) = @�A�(x) � @ �A�(x) and A�(x) are the electromagnetic �eld strengthtensor and the electromagnetic potential, respectively. Also we have added the Aronsoninteraction [9] describing the anomalous magnetic and electric quadrupole moments ofthe unphysical deuteron: �gD (0) = � and QD (0) = 2�=M 20 [7].We have taken into account the anomalous magnetic moments of the proton andneutron that play an important role for the radiative neutron{proton capture n + p! D+ 
. The inclusion of � and the anomalous magnetic moments of the proton and neutrondi�ers in the present model from that given in [1].4



To obtain the e�ective Lagrangian of the physical deuteron �eld we have to calculateone{nucleon loop contributions according to the NJL model prescription [2,5-8]. Thenucleon diagrams describing the contributions to the kinetic term of the deuteron �eldand leading to the appearance of the non{zero value of the binding energy are depictedin Fig. 1. By calculating these diagrams in leading order in long{wavelength expansionwe get�Le�(x) = �12 "g2V � 6gVgT + 3g2T3�2 J 2(MN) # Dy(0)�� (x)D(0)��(x) �� 23 g 2V� 2 hJ 1(MN) + M 2N J 2(MN)iDy(0)� (x)D(0)�(x); (4)where J 1(MN) and J 2(MN) are the following divergent integralsJ 1(MN) = Z d4k�2i 1M2N � k2 = 4 Z �0 dj~kj~k 2(M 2N + ~k 2) 1=2 ;J 2(MN) = Z d4k�2i 1(M2N � k2) 2 = 2 Z �0 dj~kj~k 2(M 2N + ~k 2) 3=2 : (5)The ultra{violet cut{o� � restricts the 3{momenta of 
uctuations of virtual nucleonstaking part in the formation of the physical deuteron �eld. One should expect that � isconnected with the region of localization of a wave packet procreated by 
uctuations ofvirtual nucleons, i.e., �r � � � 1. We shall specify the value of � below.Now we discuss the problem of the applicability of the long{wavelength expansionfor the calculation of the one{nucleon loop diagrams in Fig. 1. It is well{known thata two{body S{wave bound state being denoted as D with a reduced mass MN=2 anda binding energy "D is localized in the region restricted by rD = 1=p"DMN [3]. Thisquantity can be considered as the e�ective radius of the bound state [4]. In the caseof the physical deuteron we have rD = 4:319 fm [4]. This value exceeds three times thee�ective radius of nuclear forces rN = 1=M� = 1:462 fm, where M� = 134:976MeV isthe pion mass [10]. Therefore the physical deuteron looks as a rather "extended" boundstate. It should be obvious that such an "extended" bound state can be formed at theexpense of the main contributions of long{wavelength 
uctuations of the bound protonand neutron. It implies that we can expect a cut{o� � satisfying the inequality ��MN.It should be obvious that � has to be identi�ed with �D = 1=rD = 45:688 MeV , i.e.,� = �D = 45:688 MeV .The in�nitesimality of the derivatives @�D(0)� (x) necessary for the validity of the long{wavelength expansion can be justi�ed as follows. We assume that the deuteron �eldD(0)� (x) is a bound state of a proton and neutron at zero binding energy. As has beenmentioned above, this means that the �eld D(0)� (x) is localized in the region whose upperboundary rD(0) goes to in�nity. Obviously it results in a smooth variation of the �eldD(0)� (x) at the scale of the e�ective radius of the physical deuteron. Thus we have adducedsome arguments on behalf of the validity of the long{wavelength expansion, which hasbeen applied for the calculation of the e�ective Lagrangian (4).Now we proceed to the computation of the binding energy of the physical deuteron.5



First let us introduce the �eld of the physical deuteronD�(x) = Z1=2D D(0)� (x); (6)where ZD = 1 + g2V � 6gVgT + 3g2T3�2 J2(MN) (7)is the wave{function normalization constant. After the renormalization (7) we get thee�ective Lagrangian of the physical deuteron �eld D�(x)L(0)e� (x) = �12Dy��(x)D��(x) +M2DDy�(x)D�(x); (8)where MD = M0 � "D is the mass of the physical deuteron and "D is the binding en-ergy. In the one{nucleon loop approximation and in leading order of the long{wavelengthexpansion the binding energy "D is determined by the expression"D = g 2V6� 2 1MN J 1(MN) + g2V � 4gVgT + 2g2T2�2 MN J 2(MN): (9)For the derivation of the formula (9) we have used the inequalityg2V � 6gVgT + 3g2T3�2 J2(MN)� 1 (10)being consistent with the inequality ��MN discussed above. For �D �MN the formula(9) reads "D = � 3D 59 g2V�2 1M 2N "1 � 125  gTgV! + 65  gTgV! 2# : (11)It is seen that the binding energy of the physical deuteron is expressed in terms of threephenomenological parameters of our model: �D; gV and gT. There we have to �x thecoupling constants gV and gT to obtain the theoretical value of the binding energy.For this aim we should proceed to the calculation of the anomalous magnetic �D andelectric quadrupole QD moments. We admit that these quantities appear in the one{nucleon loop approximation and only at the expense of interactions taken into account inthe Lagrangian (2). The complete set of one{nucleon loop diagrams is depicted in Fig. 2.The non{trivial contributions come from the diagrams in Figs. 2c and 2d. The detailedevaluation of the diagrams depicted in Figs. 2c and 2d is given in Sect. 2 and Sect. 3,respectively. Here we only adduce the results.The e�ective Lagrangian, de�ned by the one{nucleon loop diagrams in in Fig. 2 anddescribing the electromagnetic interactions of the physical deuteron �eld through theanomalous magnetic and electric quadrupole moments, is given byLele�(x) = ie g2V2�2 Dy�(x)D�(x)F ��(x) ++ ie(2 g2T3�2 "1 + 94(�p � �n) 1� 89 gVgT!#� �) 1M2D Dy��(x)D��(x)F��(x): (12)6



The Lagrangian (12) contains only physical deuteron �elds. The �rst term in Lele�(x) is theCorben{Schwinger interaction [11], while the second term represents the interaction thathas �rst been introduced by Aronson [9]. These interactions describe the anomalous andquadrupole moments of the charged vector �eld. It should be emphasized that we haveneglected the divergent contributions that are small in comparison with the convergentones due to the restriction (10).The anomalous magnetic moment �D measured in the nuclear magneton �N = e=2MNand the electric quadrupole moment QD are given by [9,11]�D = � g 2V4� 2 � 12 (2 g2T3�2 "1 + 94(�p � �n) 1 � 89 gVgT!# � �) ; (13)QD = ( g 2V� 2 � 2(2 g2T3�2 "1 + 94(�p � �n) 1� 89 gVgT!# � �)) 1M 2D : (14)The experimental value of the anomalous magnetic moment of the deuteron (�D)exp =�0:023 is small compared with the magnetic moment of the deuteron �D = 0:857. There-fore, to express the electric quadrupole moment QD in terms of the coupling constant gVwe can set g 2V2� 2 = � � 2 g2T3�2 "1 + 94(�p � �n) 1� 89 gVgT!# : (15)As a result the electric quadrupole moment QD takes the formQD = 2g2V�2 1M2D : (16)By using the experimental value (QD)exp = 0:286 fm2 and MD ' 1876MeV we can esti-mate the value of gV. This gives one: gV = �11:3. Without loss of generality we can usethe positive sign, i.e., gV = 11:3: (17)The coupling constant gV satis�es the relation gV ' g �NN where g �NN = 13:4 � 0:1[4] is the coupling constant of the �NN{interactions. Thus the magnitude of gV cor-roborates our assumption that the phenomenological interactions of the deuteron andthe proton and neutron, given in the Lagrangian (1), are caused by the one{mesonexchange, and �{meson exchange gives the main contribution. This admission can bejusti�ed by comparing the e�ective radii of one{meson exchanges. The radii of pion,� (660) {meson [4,8] and � (770) {meson exchanges are de�ned in terms of their masses,i.e., r � = 1=M � = 1:462 fm at M � = 134:976MeV [10], r � = 1=M � = 0:30 fm atM� = 660 MeV [4,8] and r � = 1=M � = 0:27 fm at M � = 770MeV , respectively. Theradii of the � (660) and � (770) {meson exchanges are much smaller than the radius of the�{meson exchange. Therefore, these interactions of the proton and neutron with � (660)and � (770) mesons should contribute perturbatively to the deuteron problem.We have put �D = 0 as the experimental value (�D)exp = � 0:023 is small enoughin comparison with the magnetic moment of the deuteron �D = 0:857. We assume that7



the non{zero value of �D can be obtained perturbatively by taking into account non{zerovalues of current quark masses, for example, within Chiral perturbation theory at thequark level (CHPT)q [8], based on the extended Nambu{Jona{Lasinio model with linearrealization of chiral U(3) � U(3) symmetry, and interactions of the proton and neutronwith � (660) and � (770) {mesons within the one{meson exchange approximation.From the formulae (11) and (16) we can express the binding energy "D in terms of theelectric quadrupole moment QD and the ratio gV=gT"D = 109 QD�3D "1 � 125  gTgV! + 65  gTgV! 2# : (18)This formula agrees with the statement that the main contribution to the binding energy ofthe deuteron comes from the tensor forces producing the non{zero value of the quadrupolemoment QD [3]. For the computation of the magnitude of the binding energy we have to�x the ratio gT=gV that is still free. Putting gT=gV = �q3=8 [1] we obtain the best �tof the binding energy "D = 2:273MeV : (19)The accuracy of the �t makes up 2%. Thus, we have �xed all of phenomenologicalparameters and described all quantities, characterizing the physical deuteron.The total e�ective Lagrangian of the physical deuteron describing strong and electro-magnetic interactions of the deuteron readsLtot(x) = �12Dy��(x)D�� (x) +M2DDy�(x)D�(x)� ieDy��(x)A�(x)D�(x) ++ieD��(x)A�(x)Dy�(x) + ie" g2V2�2#Dy�(x)D�(x)F ��(x) +�ie" g2V2�2# 1M2D Dy�� (x)D��(x)F��(x)��igV"�p(x)
�nc(x)� �n(x)
�pc(x)#D�(x)��igVh �pc(x)
�n(x)� �nc(x)
�p(x)iDy�(x) + (20)+ gTMD h�p(x)���nc(x)� �n(x)���pc(x)iD��(x) ++ gTMD h �pc(x)���n(x)� �nc(x)���p(x)iDy��(x) ++ie2gTMDh�p(x)���nc(x)� �n(x)���pc(x)iA�(x)D�(x)��ie2gTMD h �pc(x)���n(x)� �nc(x)���p(x)iA�(x)Dy�(x) +O(e2) + : : : :The ellipses stand for interactions of the proton and neutron with other �elds such asphoton, pions, etc.We have to underline that the suggested �eld theory model of the deuteron is applicableonly at the low{energy limit. Thereby all interactions of the deuteron with other hadrons8



should run through the one{nucleon loop exchange. This is due to the one{nucleon looporigin of the deuteron in our model. This assertion is very similar to the approximationaccepted within the NJL model, where all interactions of hadrons run by one{constituentquark{loop exchange [5-8]. Also, one has to understand that most likely the deuteroncannot be inserted in an intermediate state of any process of low{energy interactions.This is connected with a very sensitive structure of the deuteron as an "extended" boundstate with a small binding energy. The representation of such a state in terms of anylocal quantum �eld is rather limited. The latter entails an undetermined character of thedescription for the deuteron in intermediate states in terms of Green functions of theselocal �elds.Now we can apply this model to the calculation of the processes of low{energy inter-actions like radiative neutron{proton capture n + p! D + 
, low{energy proton{protonscattering p + p ! D + e+ + � e and so on. We discuss these processes in Sect. 4 andSect. 5, respectively.2. E�ective Corben{Schwinger interaction in the rel-ativistic �eld theory model of the deuteronIn this section we give the detailed derivation of the e�ective Corben{Schwinger La-grangian de�ned by the one{nucleon loop diagram in Fig. 2c and describing the e�ectiveelectromagnetic interactions of the deuteron. The e�ective Lagrangian of the diagram inFig. 2c is de�nedZ d 4 xLFig:2c(x) = Z d 4 x Z d 4 x 1 d 4 k 1(2�) 4 d 4 x 2 d 4 k 2(2�) 4 D�(x)D y�(x 1)A�(x 2) �� e� i k 1 �x 1 e� i k 2�x 2 e i (k 1 + k 2)�x e g 2V4� 2 J � ��(k 1; k 2;Q) (21)whereJ � ��(k 1; k 2;Q) = (22)= Z d 4 k� 2 i tr(
 � 1MN � k̂ � Q̂ 
 � 1MN � k̂ � Q̂� k̂ 1 
 � 1MN � k̂ � Q̂� k̂ 1 � k̂ 2) :The 4{vector Q = a k 1 + b k 2, where a and b are arbitrary constants, displays thedependence of the k integral in (21) on the shift of the virtual momentum. This ambiguityof the evaluation of the integral over k, which has been found by Gertsein and Jackiw[12], is used to remove undesirable contributions and make the e�ective Lagrangian gaugeinvariant. We use the �elds of the physical deuteron. This is because the renormalization(6) introduces divergent terms that are small compared with the convergent ones we arefollowing for the evaluation of the Corben{Schwinger Lagrangian.In order to display the Gertsein{Jackiw ambiguity we follow the Gertsein{Jackiwmethod and evaluate the di�erence�J � ��(k 1; k 2;Q) = J � ��(k 1; k 2;Q ) � J � ��(k 1; k 2; 0) : (23)9



In accordance with the Gertsein{Jackiw method the di�erence (23) can be representedby the integral�J � ��(k 1; k 2;Q) = Z 10 d x ddxJ � ��(k 1; k 2;xQ) == � Z 10 d x Z d 4 k� 2 i Q� @@ k � tr(
 � 1MN � k̂ � xQ̂ 
 � 1MN � k̂ � xQ̂� k̂ 1 
 �� 1MN � k̂ � xQ̂� k̂ 1 � k̂ 2) : (24)This shows that the Gertsein{Jackiw ambiguity is just the surface term. Following Gert-sein and Jackiw [12] and evaluating the integral over k symmetrically, we obtain�J � ��(k 1; k 2;Q) = � 2 Z 10 d x limR!1*Q �RR 4 trf
 � (MN + R̂ + xQ̂) 
 � ��(MN + R̂ + xQ̂+ k̂ 1) 
 � (MN + R̂+ xQ̂+ k̂ 1 + k̂ 2)g+ : (25)The brackets < : : : > denote the averaging over R directions. Due to the limit R ! 1we can neglect all momenta with respect to R:�J � ��(k 1; k 2;Q) = � 2 limR!1*Q �RR 4 trf
 � R̂ 
 � R̂ 
 � R̂g+ : (26)Averaging over R{directionslimR!1 R�R'R!R �R 4 = 124 (g �' g ! � + g �! g '� + g �� g '!) ; (27)we obtain �J � ��(k 1; k 2;Q) = � 112 tr(
� 
 � 
 � 
 � Q̂ 
 � + 
 � 
� 
 � 
 � Q̂ 
 � + (28)+ 
 � Q̂ 
 � 
� 
 � 
 �) = 23 (Q�g � � + Q �g �� + Q�g ��) :Thus the surface ambiguity noticed by Gertsein and Jackiw contains only �nite contribu-tions.Now we start evaluating J � ��(k 1; k 2;Q). To pick up the ambiguity connected withQ one cannot apply the Feynman method of the evaluation of momentum integrals asin (22). This method involves the mergence of the factors in the denominator with thesubsequent shift of virtual momentum. On this way one can lose the Q{dependence thatis due to the shift at the intermediate stage. Thereby, we have to evaluate the integralover k without any intermediate shift.One can carry this out by applying a long{wavelength expansion and keeping to theleading terms:J � ��(k 1; k 2;Q) = 10



= Z d 4 k� 2 i tr(
 � MN + k̂ + Q̂M 2N � k 2 "1 + 2 k �QM 2N � k 2# 
 � MN + k̂ + Q̂+ k̂ 1M 2N � k 2 �� "1 + 2 k � (Q+ k 1)M 2N � k 2 # 
 � MN + k̂ + Q̂+ k̂ 1 + k̂ 2M 2N � k 2 "1 + 2 k � (Q+ k 1 + k 2)M 2N � k 2 #) == Z d 4 k� 2 i 1(M 2N � k 2) 3 tr fM 2N
 �(k̂ + Q̂)
 �
 � +M 2N
 �
 �(k̂ + Q̂+ k̂ 1)
 � ++M 2N
 �
 �
 �(k̂ + Q̂+ k̂ 1 + k̂ 2) + 
 �(k̂ + Q̂)
 �(k̂ + Q̂+ k̂ 1)
 �(k̂ + Q̂+ k̂ 1 + k̂ 2)g"1 + 2 k � (3Q+ 2k 1 + k 2)M 2N � k 2 # = (29)= 12 Z d 4 k� 2 i " 1(M 2N � k 2) 2 + M 2N(M 2N � k 2) 3#tr f
 �Q̂
 �
 � + 
 �
 �(Q̂+ k̂ 1)
 � ++
 �
 �
 �(Q̂+ k̂ 1 + k̂ 2)g ++2 Z d 4 k� 2 i k � (3Q+ 2k 1 + k 2)(M 2N � k 2) 3 tr fM 2N(
 �k̂
 �
 � + 
 �
 �k̂
 � + 
 �
 �
 �k̂) ++
 �k̂
 �k̂
 �k̂g = J � ��(1) (k 1; k 2;Q) + J � ��(2) (k 1; k 2;Q) :For the evaluation of J � ��(1) (k 1; k 2;Q) it is su�cient to calculate the trace of the Diracmatrices and integrate over kJ � ��(1) (k 1; k 2;Q) = [1 + 2J 2(MN)] [(Q + 2 k 1 + k 2)�g � � ++(Q + 2 k 1 + k 2)�g �� + (Q + 2 k 1 + k 2)�g �� � (30)� 2 (k 1 + k 2)� g � � � 2 k �1 g ��] ;where J 2(MN) describes a divergent contribution depending on the cut{o� �D. Due to theinequalityMN � �D we can neglect J 2(MN) with respect to the convergent contribution.To evaluate J � ��(2) (k 1; k 2;Q) we have to integrate �rst over k directions. This givesJ � ��(2) (k 1; k 2;Q) == Z d 4 k� 2 i "12 M 2N k 2(M 2N � k 2) 4 � 16 k 4(M 2N � k 2) 4# (3Q + k 1 + k 2)� ��tr (
 � 
 � 
 � 
 � + 
 � 
 � 
 � 
 � + 
 � 
 � 
 � 
 �) = (31)= � 19 [1 + 6J 2(MN)] [(3Q + 2 k 1 + k 2)�g � � + (3Q + 2 k 1 + k 2)�g �� ++(3Q + 2 k 1 + k 2)�g ��] :Here we have used the integralsZ d 4 k� 2 i 1(M 2N � k 2) 3 = 12M 2N ;Z d 4 k� 2 i 1(M 2N � k 2) 4 = 16M 4N : (32)11



Summarizing the contributions, we getJ � ��(k 1; k 2;Q) = 23 (Q� g � � + Q � g �� + Q� g ��) + 89 [1 + 32 J 2(MN)]��[(2 k 1 + k 2)� g � � + (2 k 1 + k 2)� g �� + (2 k 1 + k 2)� g ��] + (33)+ [1 + 2J 2(MN)][� 2 (k 1 + k 2)� g � � � 2 k �1 g ��] :It is seen that the Q{dependence coincides with that obtained by the Gertsein{Jackiwmethod (28). Due to the arbitrariness of Q we can absorb by the Q{term the terms havingthe same Lorentz structure. This brings up the r.h.s. of (33) to the formJ � ��(k 1; k 2;Q) = 23 (Q� g � � + Q� g �� + Q� g ��) ++ [� 2 (k 1 + k 2)� g � � � 2 k �1 g ��] : (34)Also we have neglected the divergent contribution. This approximation is valid due tothe inequalityMN � �D.The e�ective Lagrangian LFig:2c(x) de�ned by (34) readsLFig:2c(x) = i e g 2V6� 2 [(3 � a) @ �D y�(x)D �(x)A �(x) �� (3 � a)D y�(x) @ �D �(x)A�(x) � bD y�(x)D �(x) @ �A�(x) �� (b � a)D y�(x)D �(x) @ � A�(x) � (35)� (a � b) @ � D y�(x)D �(x)A �(x) + bD y�(x) @ � D �(x)A �(x) ++3D y�(x)D �(x) (@ �A�(x) � @ � A�(x))]:Now we can consider a and b as free parameters that can be �xed from the requirementof the gauge invariance of the e�ective Lagrangian described by the one{nucleon loopdiagram in Fig. 2c.Due to the constraints @ �D y�(x) = @ �D�(x) = 0 the corresponding terms in theLagrangian (34) can be droppedLFig:2c(x) = i e g 2V6� 2 [� bD y�(x)D �(x) @ �A�(x) �� (b � a)D y�(x)D �(x) @ � A�(x) � (36)� (a � b) @ � D y�(x)D �(x)A �(x) + bD �(x) @ � D �(x)A �(x) ++3D y�(x)D �(x) (@ �A�(x) � @ � A�(x))]:The subsequent transformations are performed by applying the identityD y�(x)D �(x) (@ �A�(x) � @ � A�(x)) = (37)= @ �D y�(x)D �(x)A�(x) � D y�(x) @ �D �(x)A �(x)where we have dropped the total divergence and the terms proportional to @ �D y�(x) and@ �D�(x). 12



Then it is convenient to rewrite the Lagrangian (36) as followsLFig:2c(x) = i e g 2V6� 2 [� (a � b)D y� �(x)A �(x)D �(x) + bD � �(x)A �(x)D y�(x) +� (a � b) @�D y�(x)D �(x)A �(x) + bD y�(x) @ �D �(x)A �(x) � (38)� bD y�(x)D �(x) @ �A�(x) � (b � a)D y�(x)D �(x) @ � A�(x) �+3D y�(x)D �(x) (@ �A�(x) � @ �A�(x))]:The �rst two terms give the the contributions to the renormalization constant of thedeuteron electric charge. Then putting a = 2 b we can decompose the e�ective La-grangian (38) into two parts de�ning the renormalization of the electric charge of thedeuteron and the gauge invariant interaction coinciding with that given by Corben andSchwinger [11]LFig:2c(x) = i e g 2V6� 2 [� bD y� �(x)A �(x)D �(x) + bD � �(x)A �(x)D y�(x) ++ (2 b + 3)D y�(x)D �(x)F ��(x)]: (39)Putting b = 0 we remove the �nite contributions to the renormalization constant of thedeuteron electric charge coming from the one{nucleon loop diagram in Fig. 2c and get agauge invariant interaction. As a result the e�ective gauge invariant interaction readsLCS(x) = i e g 2V2� 2 D y�(x)D �(x)F � �(x) : (40)Thus the one{nucleon loop diagram in Fig. 2c de�nes the e�ective Corben{SchwingerLagrangian LCS(x) describing interaction of the deuteron with electromagnetic �eld. Thee�ective Lagrangian LCS(x) is de�ned unambiguously only, if one demands the gaugeinvariance of the e�ective interaction. The requirement of the gauge invariance leadsto the same result if one would impose the constraint concerning the vanishing of �nitecontributions to the renormalization constant of the electric charge of the deuteron.One can show that the contribution of the anomalous magnetic moments of the protonand neutron to the e�ective Corben{Schwinger Lagrangian is negligibly small comparedwith that given by Eq. (40).3. E�ective Aronson interaction in the relativistic �eldtheory model of the deuteronIn this Section we give the detailed derivation of the e�ective Aronson Lagrangiande�ned by the one{nucleon loop diagram in Fig. 2d and describing the e�ective electro-magnetic interactions of the deuteron. The e�ective Lagrangian described by the diagramin Fig. 2d is given byZ d 4 xLFig:2d(x) = Z d 4 x Z d 4 x 1 d 4 k 1(2�) 4 d 4 x 2 d 4 k 2(2�) 4 D��(x)D y� �(x 1)A�(x 2) �� e� i k 1�x 1 e� i k 2�x 2 e i (k 1+ k 2)�x (� e) g 2T4� 2 1M 2D J �� � � �(k 1; k 2;Q) (41)13



where J �� � � �(k 1; k 2;Q) = Z d 4 k� 2 i � (42)�tr(� �� 1MN � k̂ � Q̂ � � � 1MN � k̂ � Q̂� k̂ 1 
 � 1MN � k̂ � Q̂� k̂ 1 � k̂ 2) :Here we also use the �elds of the physical deuteron, for the renormalization (6) introducesdivergent terms that are small compared with the convergent ones that we are followingfor the evaluation of the Aronson Lagrangian. The Gertsein{Jackiw ambiguity is givenby �J �� � � �(k 1; k 2;Q) = 16 tr(� �� Q̂ � �� 
 � ) : (43)Now we should set about evaluating J �� � � �(k 1; k 2;Q). By analogy with (22) we getJ �� � � �(k 1; k 2;Q) == Z d 4 k� 2 i tr(� �� MN + k̂ + Q̂M 2N � k 2 "1 + 2 k �QM 2N � k 2# � �� MN + k̂ + Q̂+ k̂ 1M 2N � k 2 �� "1 + 2 k � (Q+ k 1)M 2N � k 2 # 
 � MN + k̂ + Q̂+ k̂ 1 + k̂ 2M 2N � k 2 "1 + 2 k � (Q+ k 1 + k 2)M 2N � k 2 #) == Z d 4 k� 2 i 1(M 2N � k 2) 3 tr fM 2N [� ��(k̂ + Q̂)� ��
 � + � ��� � �(k̂ + Q̂+ k̂ 1)
 � ++� ��� � �
 �(k̂ + Q̂+ k̂ 1 + k̂ 2)] + � ��(k̂ + Q̂)� � �(k̂ + Q̂+ k̂ 1)
 � ��(k̂ + Q̂+ k̂ 1 + k̂ 2)g "1 + 2 k � (3Q+ 2k 1 + k 2)M 2N � k 2 # = (44)= Z d 4 k� 2 i 1(M 2N � k 2) 3 tr fM 2N [� ��Q̂� ��
 � + � ��� ��(Q̂+ k̂ 1)
 � ++� ��� � �
 �(Q̂+ k̂ 1 + k̂ 2)]� 12k 2� ��Q̂� ��
 �g ++2 Z d 4 k� 2 i 1(M 2N � k 2) 4 tr f12M 2Nk 2[� ��(3 Q̂+ 2 k̂ 1 + k̂ 2)� � �
 � ++� ��� � �(3 Q̂+ 2 k̂ 1 + k̂ 2)
 � + � ��� � �
 �(3 Q̂+ 2 k̂ 1 + k̂ 2)]��16 k 4� ��(3 Q̂+ 2 k̂ 1 + k̂ 2)� � �
 �g = J �� � � �(1) (k 1; k 2;Q) + J �� � � �(2) (k 1; k 2;Q) :Integrating over k we obtainJ �� � � �(1) (k 1; k 2;Q) = 14 [1 + 2J 2(MN)] tr(� ��Q̂� � �
 �) ++12 tr [� ��� � �(Q̂+ k̂ 1)
 � + � ��� ��
 �(Q̂+ k̂ 1 + k̂ 2)] ; (45)J �� � � �(2) (k 1; k 2;Q) = �16 [�56 + J 2(MN)] tr[� ��(3Q̂+ 2k̂ 1 + k̂ 2)� � �
 �] ��16 tr [� ��(3Q̂+ 2k̂ 1 + k̂ 2)� ��
 � + (46)+� ��� ��(3Q̂+ 2k̂ 1 + k̂ 2)
 � + � ��� ��
 �(3Q̂+ 2k̂ 1 + k̂ 2)] :14



Now we should summarize the contributions and collect similar termsJ �� � � �(k 1; k 2;Q) = 16 tr[� ��(Q̂� 16(2 k̂ 1 + k̂ 2))� � �
 �] + (47)+ 16 tr [� ��� � �(k̂ 1 � k̂ 2)
 �] + 16 tr [� ��� ��
 �(k̂ 1 + 2 k̂ 2)] :It is seen that the Q{dependence coincides with that obtained by the Gertsein{Jackiwmethod. Due to the arbitrariness of Q the vector (2 k̂ 1 + k̂ 2)=6 can remove by the rede�-nition of Q. Thereby we getJ �� � � �(k 1; k 2;Q) = 16 tr(� �� Q̂ � � � 
 �) + (48)+ 16 tr [� �� � � �(k̂ 1 � k̂ 2)
 �] + 16 tr [� ��� ��
 �(k̂ 1 + 2 k̂ 2)] :After the calculation of the traces of the Dirac matrices we obtain J �� � � �(k 1; k 2;Q)that leads to the following e�ective LagrangianLFig:2d(x) = (� i e) g 2T4� 2 1M 2Dh83 a @�D y� �(x)D � �(x)A�(x) + 83 aD y� �(x) @�D � �(x)A�(x) ++83 (b+ a)D y� �(x)D � �(x) @ �A�(x) + 83 (b� a)D y� �(x)D � �(x) @�A�(x)� (49)�163 D y� �(x)D � �(x) @ �A�(x) + 8D y� �(x)D � �(x) (@ �A�(x)� @�A�(x))i :For the derivation of the e�ective Lagrangian (49) we have used the equation of motion@�D� �(x) + @�D � �(x) + @ � D��(x) = 0 : (50)The analogous equation of motion is valid for the conjugated �eld. By collecting similarterms in (49) we getLFig:2d(x) = (� i e) g 2T4� 2 1M 2D h83 (b + a � 1)D y� �(x)D � �(x) @ �A�(x) ++ 83 (b � a � 3)D y� �(x)D � �(x) @�A�(x) + (51)+83 a @�D y��(x)D � �(x)A�(x) + 83 aD y� �(x) @�D � �(x)A�(x)i :The third and the fourth terms can be reduced by applying the equation of motion@�D � �(x) = �M 2D D �(x) (52)and analogous for the conjugated �eld. Then putting b + a � 1 = � b + a + 3, weobtain b = 2. that brings up the e�ective Lagrangian (51) to the following irreducibleform LFig:2d(x) == i e 2 g 2T3� 2 a hD y� �(x)A�(x)D � (x) � D � �(x)A�(x)D y�(x) i + (53)+ i e 2 g 2T3� 2 1M 2D (1 + a)D y� �(x)D � �(x) (@�A�(x) � @ �A�(x)) :15



Putting a = 0 we remove the �nite contributions to the renormalization constant of thedeuteron electric charge and obtain the gauge invariant interactionLFig:2d(x) = i e 2 g 2T3� 2 1M 2D D y� �(x)D � �(x)F� �(x) : (54)The e�ective Lagrangian (54) coincides fully with that suggested by Aronson [9]. Thismeans that the one{nucleon loop diagram in Fig. 2d de�nes unambiguously the e�ectiveLagrangian if one imposes the requirement of the gauge invariance. The same resultcan be gained if one requires the vanishing of �nite contributions to the renormalizationconstant of the electric charge of the deuteron.By analogy with the evaluation of the Lagrangian (54) one can obtain the contributionof the anomalous magnetic moments of the proton and neutron to the e�ective Aronsoninteraction �LAr(x) = i e (�p � �n) 1� 89 gVgT! 3 g 2T2� 2 1M 2D D y� �(x)D � �(x)F� �(x) : (55)As a result the complete expression of the Aronson e�ective Lagrangian is given byLAr(x) = i e 2 g 2T3� 2"1 + 94 (�p � �n) 1 � 89 gVgT!# 1M 2DD y� �(x)D � �(x)F� �(x) : (56)Thus we have shown that in the relativistic �eld theory model of the deuteron and in one{nucleon loop approximation one can unambiguously evaluate e�ective electromagneticinteractions of the deuteron in terms of anomalous magnetic and electric quadrupolemoments. This can be obtained under requirement of gauge invariance to every one{nucleon loop diagram separately.The procedure having been expounded above should be applied to the evaluation ofone{nucleon loop diagrams describing processes of low-energy interaction of the deuteronsuch as the radiative neutron{proton capture n + p ! D + 
, the low{energy proton{proton scattering p + p ! D + e+ + � e and so on.4. Radiative neutron{proton capture for thermal neu-tronsAt low energies, the process of the radiative neutron{proton capture n + p ! D + 
proceeds through electric and magnetic dipole transitions. In the usual notations 2S+1LJ,the deuteron is a 3S 1 state, and the possible transitions are3S 1 ! 3S 1 (�) ; 3P 0;1;2! 3S 1 (d) ; 1S 0 ! 3S 1 (�)where � denotes magnetic{dipole and d electric{dipole transitions. If the energies are lowenough, the nucleons are in an S{state and only magnetic dipole transitions are possible.In the s{wave the magnetic moment operator acts only on spin variables. This impliesthat the transition 3S 1 ! 3S 1 is forbidden [13]. Thereby the only allowed transition is1S 0 ! 3S 1. This means that the anomalous magnetic moments of the proton and neutronshould give the main contribution [13]. 16



In the relativistic �eld theory model of the deuteron the interactions of the deuteronwith other �elds should proceed through one{nucleon loop diagrams. Therefore, for theevaluation of the e�ective Lagrangian of the radiative neutron{proton capture we have �rstto evaluate the e�ective Lagrangian, describing low{energy neutron{proton scattering.Keeping to the one{pion exchange we obtain [1]Lnpe�(x) = g2�NN4M2� n[�p(x)nc(x)][ �nc(x)p(x)] + [�p(x)
 5nc(x)][ �nc(x)
 5p(x)] ++[�p(x)
�
 5nc(x)][ �nc(x)
 �
 5p(x)] + 3[�p(x)
�nc(x)][ �nc(x)
 �p(x)] + (57)+32[�p(x)���nc(x)][ �nc(x)� ��p(x)]o :Only terms [�p(x)
 5nc(x)][ �nc(x)
 5p(x)] and [�p(x)
�
 5nc(x)][ �nc(x)
 �
 5p(x)] contribute tothe S{wave of the neutron{proton scattering in the low{energy limit. Therefore, theseterms should dominate the 1S 0 ! 3S 1 transition in the radiative neutron{proton captureat low energies. The corresponding one{nucleon loop diagrams are depicted in Figs. 3and 4.First let us consider the contribution of the diagram in Fig. 3a. The correspondingLagrangian readsZ d 4 xLFig:3a(x) == Z d 4 x Z d 4 x 1 d 4 k 1(2�) 4 d 4 x 2 d 4 k 2(2�) 4 [ �nc(x)
 5p(x)]D y�(x 1)A �(x 2) � (58)� e� i k 1 �x 1 e� i k 2�x 2 e i (k 1 + k 2)�x i e g 2�NNM 2� gV32� 2 J ��5 (k 1; k 2;Q)where J ��5 (k 1; k 2) = (59)= Z d 4 k� 2 i tr(
 5 1MN � k̂ � Q̂ 
 � 1MN � k̂ � Q̂� k̂ 1 
� 1MN � k̂ � Q̂� k̂ 1 � k̂ 2) ;and Q = a k 1 + b k 2 is an arbitrary shift of virtual momentum. Fortunately, the integralJ ��5 (k 1; k 2;Q) does not depend on the shift of the virtual momentumand can be evaluatedunambiguously J ��5 (k 1; k 2;Q) = 2iMN "�� �� k 1� k 2� (" 01 23 = 1) : (60)This gives the following e�ective LagrangianLFig:3a(x) = � e2MN g 2�NNM 2� gV16� 2 D y��(x)�F ��(x) [ �nc(x)
 5p(x)] (61)where �F ��(x) = 12"� � ��F��(x).Now let us consider the contribution of the diagram in Fig. 3b. This contribution iscaused by the anomalous magnetic moment of the proton. The e�ective Lagranigan is17



de�ned Z d 4 xLFig:3b(x) == Z d 4 x Z d 4 x 1 d 4 k 1(2�) 4 d 4 x 2 d 4 k 2(2�) 4 [ �nc(x)
 5p(x)]D y�(x 1)F��(x 2) � (62)� e� i k 1 �x 1 e� i k 2�x 2 e i (k 1 + k 2)�x (� e) �p2MN g 2�NNM 2� gV32� 2 J ���5 (k 1; k 2;Q)whereJ ���5 (k 1; k 2;Q) = (63)= Z d 4 k� 2 i tr(
 5 1MN � k̂ � Q̂ 
 � 1MN � k̂ � Q̂� k̂ 1 ��� 1MN � k̂ � Q̂� k̂ 1 � k̂ 2) :Unfortunately, the integral J ���5 (k 1; k 2;Q) depends on the shift of the virtual momentum.Therefore, the leading contribution in the momentum expansion is fully arbitrary and isgiven J ���5 (k 1; k 2;Q) = � 2 i "��� � Q � = � 2 i "��� � (a k 1 + b k 2) � (64)where a and b are arbitrary parameters. The contribution of the momentum k 2 producesin the Lagrangian the operator @��F � �(x) that vanishes due to Maxwell 0 s equation ofmotion, i.e., @��F � �(x) = 0. Thus only the contribution of the momentum k 1 matters.The e�ective Lagrangian produced by J ���5 (k 1; k 2;Q) given by (64) readsLFig:3b(x) = � a�p e2MN g 2�NNM 2� gV16� 2 D y��(x)�F ��(x) [ �nc(x)
 5p(x)] : (65)The e�ective Lagrangian corresponding to the diagrams in Figs. 3a,b is given byLFig:3a;b(x) = � (1 + a�p) e2MN g 2�NNM 2� gV16� 2 D y��(x)�F ��(x) [ �nc(x)
 5p(x)] : (66)Now let us discuss how we can �x the parameter a. As has been mentioned above theradiative capture n + p ! D + 
 at low energies is a magnetic dipole transition 1S 0 !3S 1 (�). This implies that the contribution of the proton and neutron to amplitude of theradiative capture n + p ! D + 
 should be proportional to their magnetic moments. Inthe case of the proton the total magnetic moment equals (1+�p), i.e., �p = 1+�p, whereasthe total magnetic moment of the neutron is just its anomalous magnetic moment, i.e.,�n = �n. The e�ective Lagrangian (65) describes the contribution of the proton, thereforethe quantity (1 + a�p) should be nothing more than the total magnetic moment of theproton �p. This �xes the arbitrariness of the contribution of the diagram in Fig. 3b. Thatmeans that we have to put a = 1. As a result the complete contribution of the diagramsin Figs. 3a,b readsLFig:3a;b(x) = ��p e2MN g 2�NNM 2� gV16� 2 D y�� (x)�F ��(x) [ �nc(x)
 5p(x)] : (67)18



Thus we have �xed the ambiguity introduced by the diagram in Fig. 3b by applying theselection rule 1S 0 ! 3S 1 (�).By extending the procedure of the evaluation of the diagrams in Figs. 3a,b to the otherdiagrams in Fig. 3 we get the following complete e�ective LagrangianLFig:3(x) = � (�p � �n) e2MN g 2�NNM 2� gV16� 2 D y��(x)�F ��(x) [ �nc(x)
 5p(x)] : (68)The contributions of the diagrams describing the interaction of the deuteron with theanomalous magnetic moments of the proton and neutron through the tensor nucleoncurrent, i.e., proportional to the constant gT, are divergent and due to the inequalityMN � �D are small compared with the convergent ones. Thereby the coupling constantgT does not contribute to the amplitude of the radiative neutron{proton capture n + p! D + 
.The contribution of the [�p(x)
�
 5nc(x)][ �nc(x)
 �
 5p(x)] interaction can be evaluatedby analogy to that given above. As a result we obtainLFig:4(x) = i e (�p � �n) g 2�NNM 2� gV16� 2 D y�(x)�F ��(x) [ �nc(x)
�
 5p(x)] : (69)In the low{energy limit the amplitude of the radiative neutron{proton capture, de�nedby the e�ective Lagrangians (68) and (69) readsM(n + p! D+ 
) s 0 s = (�p � �n) 3egV8� 2 g 2�NNM 2� MN ~e �D(~q ) � (~k � ~e �(~k ))�ys0 's ; (70)where ~e �D(~q ) and ~e �(~k ) are the polarization vectors of the deuteron and photon, ~k is thephoton momentum, and �s0 and 's are the spinorial wave{functions of the neutron andproton.The cross section of the radiative neutron{proton capture is given by�(n + p! D + 
) = 1v (�p � �n) 2 9�QD256� 2 "g 2�NNM 2� # 2 " 3DMN (71)where we have used the relation (16) and v is a laboratory velocity of the neutron and� = e2=4� = 1=137 is the �ne structure constant.The cross section �(n+ p! D+ 
) of the radiative neutron{proton capture has beenmeasured for thermal neutrons at the laboratory velocities v=c = 7:34 �10� 6 (the absolutevalue is v = 2:2 � 10 5 cm=sec) [14]�(n + p! D+ 
)exp = 334:2 � 0:5mb : (72)Putting v = 7:34 � 10� 6 we get the following theoretical value of �(n + p! D + 
):�(n + p! D+ 
) = 225:2mb : (73)It is seen that the theoretical value agrees with the experimental data within 33%.However, it should be stressed that we do not have taken into account the resonancecontribution to the 1S 0 low{energy neutron{proton scattering [15,16]. The account of the19



resonance contribution gives the amplitude of the radiative neutron{proton capture in theform [17]M(n + p! D+ 
) s 0 s = (�p � �n) 3egV8� 2 g 2�NNM 2�  1 � 16�3 M 2�g 2�NN aSMN!MN ��~e �D(~q ) � (~k � ~e �(~k ))�ys0 's (74)where aS = �23:748 fm [4] is the 1S 0 neutron{proton scattering length that is solely dueto the resonance contribution [15,16].As a result the cross section of the radiative neutron{proton capture is given by�(n + p! D + 
) = (75)= 1v (�p � �n) 2 9�QD256� 2 "g 2�NNM 2� # 2  1 � 8�3 M 2�g 2�NN aSMN! 2" 3DMN = 334:2mb :The theoretical value agrees well with the experimental data. The cross section (75)predicted in the relativistic �eld theory model of the deuteron agrees also well the valuegiven by the potential model [18].5. Low{energy p + p ! D + e+ + �e scatteringThe process of the two{proton fusion p + p ! D + e+ + �e plays an important rolefor the nucleosynthesis of deuterons in stars. The deuterons are destroyed agian by thereaction p + D ! 3He + 
 [20]. In nuclear physics the process p + p ! D + e+ + �e isa Gamow{Teller transition governed by the weak axial{vector nucleon current [21].In the relativistic �eld theory model of the deuteron the low{energy process p + p! D + e+ + �e is closely connected with the low{energy proton{proton scattering, i.e.,p + p ! p + p. Low{energy proton{proton scattering di�ers much from low{energyneutron{proton scattering. This is mostly due to the strong contribution of the Coulombrepulsion [22]. As a result the low{energy proton{proton scattering is a non{resonantreaction. The small relative velocities v in the proton{proton system are suppressed bythe factor exp(���=v). The factor exp(�2��=v) is known appropriately as the Gamowpenetration factor [22,23]. For the earliest evaluation of the cross section of the p + p!D + e+ + �e scattering we refer to the paper by Bethe and Critch�eld [24] and the bookby Rosenfeld [25].For the evaluation of the e�ective Lagrangian describing the low{energy proton{protonwe assume the one{pion{exchange approximationLppe�(x) = � g2�NN2M2� [�p(x)
 5p(x)] [�p(x)
 5p(x)] : (76)Employing the Fierz transformation we bring up the Lagrangian (76) to the formLppe�(x) = g2�NN8M2� n[�p(x)pc(x)][ �p c(x)p(x)] + [�p(x)
 5p c(x)][ �pc(x)
 5p(x)] ++[�p(x)
�
 5pc(x)][ �pc(x)
 �
 5p(x)] + 12[�p(x)���pc(x)][ �pc(x)� � �p(x)]o : (77)20



The Coulomb repulsion is taken into account by the factor exp(���=v) that is includedin the amplitude of the low{energy p + p ! D + e+ + �e scattering.The process p + p ! D + e+ + �e should proceed through intermediate W{bosonexchange, i.e., p + p ! D + W+ ! D + e+ + �e. The Lagrangian describing theelectroweak interactions of the W{boson with proton, neutron, positron and neutrinoreads [10]LWint(x) = � gW2p2 [�p(x)
 �(1 � gA
 5)n(x) + ��e(x)
 �(1 � 
 5)e(x)]W�(x) + h:c: : (78)Here gW is the electroweak coupling constant connected with the Fermi constant GF =1:166� 5GeV� 2 and the W{boson mass MW by the relation [10]g2W8M2W = GFp2 ; (79)and gA = 1:260� 0:012 is the axial{vector coupling constant [4], describing the renormal-ization of the weak axial{vector hadron current by strong interactions.Only the interaction [�p(x)
�
 5pc(x)][ �pc(x)
 �
 5p(x)] gives in our approach the maincontribution to the amplitude of the transition p + p ! D + W. The correspondingone{nucleon loop diagrams are depicted in Figs. 5.The e�ective Lagrangian de�ned by the diagrams in Fig. 5 is de�nedZ d 4 xLFig:5(x) == Z d 4 x Z d 4 x 1 d 4 k 1(2�) 4 d 4 x 2 d 4 k 2(2�) 4 [ �pc(x)
 �
 5p(x)]W y�(x 1)D y�(x 2) � (80)� e� i k 1�x 1 e� i k 2 �x 2 e i (k 1 + k 2)�x i gA gW2p2 g 2�NNM 2� gV32� 2 J ���(k 1; k 2;Q) ;whereJ ���(k 1; k 2;Q) = (81)= Z d 4 k� 2 i tr(
�
5 1MN � k̂ � Q̂
�
5 1MN � k̂ � Q̂� k̂ 1 
� 1MN � k̂ � Q̂� k̂ 1 � k̂ 2) :The evaluation of this integral can be reduced to the evaluation of the integral (23) de�ningthe e�ective Corben{Schwinger Lagrangian. As a result we getLFig:5(x) = gA gW2p2 g 2�NNM 2� gV16� 2 D y��(x)W y�(x) [ �pc(x)
 �
 5p(x)] : (82)The e�ective Lagrangian describing the low{energy process p + p ! D + e+ + �e readsL e�(x) = � gA GFp2 g 2�NNM 2� gV16� 2 D y�� (x) j �(x) [ �pc(x)
 �
 5p(x)] ; (83)where j�(x) = ��e(x)
�(1 � 
 5)e(x) is the leptonic electroweak current.21



In the low{energy limit the amplitude of the p + p! D + e+ + �e scattering is givenbyM(p + p! D+ e+ + �e) s 0 s = i e���=v gA GFp2 gV8� 2 g 2�NNM 2� M2N ~e �D(~q ) �~j(~k )'ys0 's ; (84)where ~e �D(~q ) is the polarization vector of the deuteron, ~k is the momentum of the leptonicpair, ~j = �u�e(p�e)~
(1 � 
 5)v(pe) is the leptonic current, �u�e(p�e) and v(pe) are the Diracbispinors of the neutrino and positron, 'ys0 and 's are the spinorial wave functions of theprotons. The factor exp(���=v) stands for the contribution of the Coulomb repulsion.The cross section of the low{energy p + p ! D + e+ + �e scattering reads�(p + p! D+ e+ + �e) = e�2��=vv g2AQD10240�5 G2F "g 2�NNM 2� #2 "5DM3N == 8:61 � 10�49 e�2��=vv cm2: (85)The cross section is calculated in units of �h = c = 1.To compare the obtained cross section with the experimental data we have to averageover relative velocities of the proton{proton system with a Maxwell{Boltzmann distribu-tion [24]< �(p + p! D + e+ + �e) v >= 2:92 � 10�38 Z 10 duu2 e�u2���u qMNkT cm3 s�1 : (86)where k = 8:62 � 10�11MeVK�1 is the Boltzmann constant, and T is the temperature.Putting T = 1:5� 107K [21] we get< �(p + p! D+ e+ + �e) v >= 1:68 � 10�43 cm3 s�1 : (87)The magnitude (86) agrees qualitatively with that given by the potential model < �(p +p! D+ e+ + �e) v >= 1:19� 10�43 cm3 s�1 [21].We can diminish this discrepancy by using instead of the quantity g 2�NN=M 2� the ob-served magnitude of the s-wave scattering length of proton{proton scattering. This canbe performed by the change g 2�NN=M 2� !�64�aS=MN where aS = �7:828 � 0:008 fm [4].This gives < �(p + p! D+ e+ + �e) v >= 1:25 � 10�43 cm3 s�1 : (88)It is seen that our prediction for the cross section of the two{proton fusion p + p ! D +e+ + �e agrees well with the potential approach.ConclusionIn the present paper we have developed the relativistic �eld theory model of thedeuteron that has been suggested in Ref. [1]. We have given the elaborate evaluation ofthe Corben{Schwinger and Aronson e�ective Lagrangians describing the interactions ofthe deuteron with electromagnetic �elds and de�ning the anomalous magnetic and electric22



quadrupole moments of the deuteron. We have adjusted the model to the calculation ofthe low{energy processes such as the radiative neutron{proton capture n + p ! D + 
for thermal neutrons and the reaction of the fusion of two protons p + p ! D + e+ +�e. This reaction is very important for the synthesis of deuterons in stars where they aredestroyed by the reaction p + D ! 3He + 
 [20].We have shown that the model is able to give unambiguous predictions agreeing wellwith experimental data and predictions of the potential model for the radiative neutron{proton capture as well as for the cross section for p + p ! D + e+ + �e.We have found that the coupling constant gT does not contribute to the amplitudes ofthe processes under consideration. One can assume that the interaction of the deuteronwith the antisymmetric tensor nucleon current is less important for the physics of low{energy interactions of the deuteron than the interaction with a vector nucleon current.If this is true, this leads to the question for the need of keeping non{zero value of thecoupling constant gT. What would happen if we would put gT = 0?Putting gT = 0 we face the only problem of the �t of the binding energy of thedeuteron by the cut{o� �D = 45:688MeV. Using (18) at gT = 0 we obtain the best �tof the binding energy at �D = 64:843MeV. Recall that we have identi�ed 1=�D withthe e�ective radius of the deuteron [3]. By using the new value of the cut{o� we get:rD = 1=�D = 3:043 fm. This value agrees well the average value of the deuteron radius,i.e., < r >= 3:140 fm [19].Thus putting gT = 0 we simplify our model reducing the number of free parametersand obtain a cut{o� �D = 64:843MeV that should de�ne the average value of thedeuteron radius rD = 1=�D = 3:043 fm.AcknoledgementWe acknowledge fruitful discussions with Prof. G.E. Rutkovsky and Dr. M. Meinhartfor discussions concerning e�ective radius of the deuteron. We are grateful to Dr. H. Leebfor the clari�cation of problems concerning low{energy nucleon{nucleon interactions.
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Figure Captions� Fig. 1 One{nucleon loop diagrams contributing to the binding energy of the physicaldeuteron, where nc = C�nT is the �eld of anti{neutron.� Fig. 2 One{nucleon loop diagrams describing the e�ective Corben{Schwinger andAronson interactions that are responsible on the anomalous magnetic and electricquadrupole moments of the physical deuteron, where nc = C�nT is the �eld of anti{neutron.� Fig. 3 The contribution of the [�p(x)
 5nc(x)][ �nc(x)
 5p(x)] to the amplitude of theradiative neutron{proton capture.� Fig. 4 The contribution of the [�p(x)
�
 5nc(x)][ �nc(x)
 �
 5p(x)] to the amplitude ofthe radiative neutron{proton capture.� Fig. 5 The contribution of the [�p(x)
�
 5pc(x)][ �pc(x)
 �
 5p(x)] to the amplitude ofthe p + p ! D + e+ + � e scattering.
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