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The electromagnetic form factors of the trinucledhisand®He are calculated with wave functions obtained
with the Argonnev g two-nucleon and Urbana IX three-nucleon interactions. Full account is taken of the
two-body currents required by current conservation withdheinteraction as well as those associated with
NA transition currents and the currents &fresonance components in the wave functions. Explicit three-
nucleon current operators associated with the two-pion exchange three-nucleon interaction arising from irre-
ducible S-wave pion-nucleon scattering are constructed and shown to have very little effect on the calculated
magnetic form factors. The calculated magnetic form factd#pfand charge form factors of bothl and*He
are in satisfactory agreement with the experimental data. However, the position of the zero in the magnetic
form factor of*He is slightly underpredicted.
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[. INTRODUCTION and partly because of the resilient open issues concerning the
form of the three-nucleon interaction, which appears to be
The electromagnetic form factors of the few-body nuclei,required for the understanding of the binding energies of the
along with the deuteron structure functions and cross sectiolight-nuclei (A<7) ground statef2].
for threshold electrodisintegration at backward angles, are Here this question is investigated in several different
the observables of choice for testing the quality of modelsavays. First, a numerically extensive calculation of the elec-
for the nuclear interaction and the associated current operaromagnetic form factors of the trinucleons is presented with
tor, including its exchange current components. Such testingigh precision variational wave functions, which correspond
has become possible by the development of practical conto the Argonne ;g two-nucleorn| 3] and the Urbana IX three-
putational methods for numerical calculation of the wavenucleon[4] interactions. In this calculation the two-nucleon
functions of the few nucleon systems, which correspond t@xchange current operators are constructed by the same
realistic phenomenological interaction modglg. Employ-  method as used in the earlier calculations in Rgfs6], that
ing such wave functions along with the two-nucleon ex-employed the Argonne,, interaction[7]. Second, the irre-
change current operators, which are required by the continuducible three-nucleon exchange current operator, which cor-
ity equation and/or consistency with the interaction modelsfesponds to the best understood part of the two-pion ex-
e.g., by Poincarénvariance, it has become possible to pre-change three-nucleon interaction associated v@ttvave
dict the experimental electron scattering observables of thpion nucleon scattering on the intermediate nucleon is con-
few nucleon systems up to momentum transfers of aboustructed, and its matrix elements for the trinucleon bound
2 GeV/c in an at least qualitatively satisfactory way. states are shown to be very small for momentum transfer
Among the remaining open issues are the need for quansalues below 1 Ge\W. Third, a systematic treatment of
titative understanding of the form factors of the trinucleonsA-isobar configurations in the trinucleon ground states is
in the region around and above their first zeros. While themade, and their effect on the trinucleon form factors are
long standing, unsettled issue of the behavior of the tensaralculated with inclusion of all the associated and required
polarization of the deuteron for momentum transfers abovexchange current operators.
3fm~! appears close to settlement by high quality experi- The calculated magnetic form factor éH is in fairly
mental work at the Thomas Jefferson National Acceleratogood agreement with the present experimental data once the
Facility, there remains a need for potential model developexchange current contributions are included. That’ldée
ment in the case of the trinucleon systems. This is parthagrees less well with the corresponding data at high values of
because of the remaining problem in quantitative understandnomentum transfer, which is a consequence of the underpre-
ing of the trinucleon form factors at high momentum transferdicted position of the first zero in the form factor falls at
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3.75fmY, which is below the experimental range TABLE I Binding energies corresponding to the AV14 and
4.2—4.4 fnY). This result is independent of the presence orAV18/UIX Hamil;onian models. The AV14 results obtained with
absence of the--isobar configurations in the wave function the PHH expansion are compared with those calculated by solving
model. The problem is likely to have its origin in a some- he Faddeev equations in configuratigf/R) and in momentum
what too weak overall strength of the model for the isovectof' /P SPace. The statistical errors associated with the GFMC calcu-
part of the exchange current operator at large momenturffuo"S are shown in parentheses.

transfer. As this is constructed so as to be consistent with thﬁo del Method BH) (MeV) BCHe) (MeV)
v1g two-nucleon interaction, the ultimate origin of the prob-

lem with the high momentum behavior of the calculated is- PHH 7.683 7.032
ovector magnetic form factor of the trinucleons may resideavi4 FIR 7.670 7.014
with the potential model if not with some purely transverse F/P 7.680

exchange current mechanism that has not been consideredy1g/uix PHH 8.49 7.75
The effect of the irreducible three-nucleon exchange current GFMC 8.471) 7.71(1)
operator on this form factor is very small. The finding that pypT. 8.48 7.72

the A-isobar configurations have a very small effect on the
trinucleon form factors conforms to earlier results obtained
with other potential modelg3]. . . . _ . .

The calculated charge form factor e agrees very well |nt(.arac_t|on assoqated with ISospin odwvave pion rescat--
with the experimental values over the measured range dffing is also derived and is shown to have only a minor
momentum transfer, with an exception for its highest end. Ir£ffect on the trinucleon form factors.
the case ofH quantitative agreement with the experimental
form factor is achieved only up to the position of the second- . _ _
ary maximum, above which region the calculated values aré\' The AV18/UIX Hamiltonian and trinucleon wave functions
too large by factors 2—3. The exchange current contributions The AV18 model[3] is a recent high-quality nucleon-
are essential for agreement with the experimental chargeucleon interaction containing explicit charge-symmetry-
form factors. breaking (CSB) and charge-independence-breaki(fg|B)

This paper is divided into four main sections. Section Ilterms, as well as a complete treatment of the electromagnetic
contains a description of the calculation of the electromaginteraction up to ordew?, « being the fine structure con-
netic form factors of the trinucleons using a purely nucleonicstant. It is constructed to fit the Nijmeggrp andnp scat-
variational wave function constructed for thg; model aug-  tering database, low-energyn scattering parameters, and
mented by the Urbana IX three-nucleon interaction. The dethe deuteron binding energy withy& per datum close to 1.
tails of the hyperspherical variational model wave function The UIX three-nucleon interactidi] consists of a long-
are given in Sec. Il A. Section Il B contains the descriptionrange term due to excitation of an intermediatésobar via
of the model for the electromagnetic current operator includtwo-pion exchange and a short-range repulsive phenomeno-
ing the exchange current operators. In Sec. Il C the irredudogical term, which simulates the dispersive effects which
ible three-nucleon exchange current operator, which correarise upon integrating out\-degrees of freedom. The
sponds to the main nonresonant two-pion exchange thregtrength of this repulsive term is determined by fitting the
nucleon interaction, is derived. Finally Sec. Il D contains thetriton binding energy in “exact” Green’s function Monte
form factor results obtained with this restricted model. InCarlo (GFMC) calculations[2] and the equilibrium density
Sec. Il the description of the extended model wave functiorof nuclear matter in variational calculations based on
and current operators that include thésobar configurations operator-chain summation techniqués.
in the wave function is given. The model for th&\ transi- Recent GFMC calculations based on the AV18/UIX
tion potential is described in Sec. Ill A and the correspond-Hamiltonian model have been shown to provide a good de-
ing current operators are described in Sec. Il B. The calcuscription of the low-energy spectra and charge radii of nuclei
lation of the form factors in the extended model is outlined inwith A<7 [2]. In particular, the calculated binding energies
Secs. Il C and Il D. Finally Sec. IV contains a concluding of *H and *He are within a few keV of the experimental
discussion. values(see Table)l

In the present work we use trinucleon wave functions ob-
tained by Kievskyet al.[10—12 with the pair-correlated hy-
perspherical harmonid®HH) method. Although variational,
this method has been refined in the last few years so much

In this section the calculation of the elastic form factors ofthat it yields results with an accuracy comparable to that
the A=3 nuclei with wave functions for a realistic Hamil- achieved in recent Faddeev and GFMC calculations, as may
tonian model formed of the Argonne,s (AV18) two-  be seenin Table |. The PHH method is briefly reviewed here,
nucleon[3] and Urbana IX(UIX) three-nucleoni4] interac-  for completeness; however, a more thorough discussion of it
tions is described. The calculation employs charge ands well as its extensions to describe both Awe3 low en-
current operators that besides the standard single-nucle@igy continuum and =4 ground state can be found in Refs.
components also contain two-nucleon components, the leadii1-13.
ing terms of which are constructed consistently with the The wave functionV of a three-nucleon system with total
AV18 model. The three-nucleon exchange current operatogngular momentundJ, and total isospirT T, can be decom-
which corresponds to the two-pion exchange three-nucleoposed as

II. TRINUCLEON FORM FACTORS WITH NUCLEONIC
WAVE FUNCTIONS
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3 where () denotes the angular variables, X, and ;. Per-
Z P(Xi,Yi), (2.  forming the integration ovef) and spin-isospin sum&s

= implicitly understood by the notatiof--)|) leads to a set

where the amplitudes(x; ,y;) is a function of the Jacobi of coupled second order differential equations for utjép),
coordinates;=r; —r, andy; = (r,+r,— 2r,)/V3, i,j,k being which is then solved by standard numerical techniques
1 ] | ] i s 1s)y

a cyclic permutation of 1,2,3. To ensure the overall antisym[lo’lﬂ'

metry of ¥, the amplitudey(x; ,y;) is antisymmetric with The bir;]diggf enerﬁy of thé}:3 nucle_il obtained "‘l’!th tg‘?
respect to exchange of nuclegnandk. In the PHH method, FHH method from the AV18/UIX Hamiltonian are listed in

e Table 1[12]. Also listed in Table | are results calculated with
t is expressed afl1,1
. 31,12 convergedr-space[15] and p-space[16] Faddeev wave
_ R functions for an older model of the two-nucleon interaction,
P ’y‘)_é Fax)Pa(Xi Y)Yl K1) (22 40 Argonnev, (AV14) [7]. The binding energies obtained
o . . with the various methods are in excellent agreement with
Voli KD ={[Y (X)@Y (§)]a, each other, typically within 10 keV or less.

o o
®[ Sy ®Sl]sa}JJZ[TJa ®t|]TTzl (2.3 B. Nuclear charge and current operators

A fairly complete description of the model for the nuclear
electromagnetic current has been most recently given in Ref.
[1]. Here we only review its general structure. The nuclear
gharge and current operators are expanded into a sum of one-
and two-body terms:

where each channel is specified by the orbital angular mo-
mental ,, L, andA ,, the spin(isospin SJC'f (T'Cf) of pair jk
and the total spirg, . Orbital and spin angular momenta are
coupled, in the LS-scheme, to give total angular moment
JJ,. The (channel-dependentorrelation functionsf ,(x;)
are obtained from solutions of two-body Schimger-like _ (1) (2)
equations in channgll ;SETY [10,11, and take into ac- p(a) Z pi@+ 2 pif@), (2.10
count the strong state-dependent correlations induced by the
nucleon-nucleon interaction. They improve the behavior of j(q)= 2 i) +2 i), (2.11
the wave function at small interparticle distances. Were it not
for their presence, the decomposition in E#.2) would be
identical to that in the Faddeev scheiid].

Next, the hyperspherical coordinatesnd ¢; , defined as

whereq is the momentum transfer. The one-body operators
p® andj® are given by

_ — 1) i
p=VX+y;, cos¢i=x/p (2.4 A= 1+qﬂ/4 —3 [G (92)+GE(a2) 74,]€" "

are introduced, and the dependencedof(x;,y;) on p and
¢; is made explicit by writing

2| 2Gp(9z) — GE(g2) +[2Gy(a2)

M, 8
®,(x Y1) = 2 Un(p)Zi( ), (2.5 |
iso T ~GUA)] 72 |a- (X py) €0, (2.12
Zﬁ(d)i):Nla,La(coS¢i)la(sin éi)te g 1 63+ Y q oy
Ji7(a)=—[Ge(q,) + Ge(a,) 7z J\pi €™
x P"ﬁ U2 L+ 1/2(COS %), (2.6) 4m ® #
i _
where N'«"*« are normalization factorsP2* are Jacobi —m[GfA(Qi)JFG\,\/A(Qi)Tz,i]qX aedh,
polynom|als andh is a non-negative integen=0,...M,,
whereM , is the selected number of basis functions in chan- (2.13
nel a. The complete wave function is then written as up to terms proportional to @2, m being the nucleon mass.
Mg Equation(2.12 includes the leading relativistic corrections
T= > > f.x)V..k; |)2 u(p)Z&( ;). to the single-nucleon charge operator, namely the Darwin-
Ik cyclic - a 2.7 Foldy and spin-orbit terms. Here thegy,(q%) are the
' electric/magnetic/M) isoscalar/isovector§/V) form fac-
The Rayleigh-Ritz variational principle, tors of the nucleon, taken as function of the four-momentum
transfer
(6,V|H-E|¥)=0, (2.8

92=09°—w*>0, (2.14

where the energy transfer=/g°+ mT2 —my for elastic scat-
tering on a target of magnsy initially at rest in the lab. These
form factors are normalized as

is used to determine the hyper-radial functiarigp) in Eq.
(2.7). Carrying out the variatior5, ¥ with respect to the
functionsu,(p), the following equation is easily derived:

3 (L 00Yi K ZE @) H- ) a=0, Ge(0)=CE(0) =1
ijk cyclic 2.9 G,\SA(O) =0.880puy,
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G}\//I(O):4-7O6/~LN: (215 the case of. the currents frc_)m th_e spin-orbit components of
the interaction[23]. It consists, in essence, of attributing

being th | t d theirdependence is these to exchanges af-like and w-like mesons for the
#n DEINg the nuciear magneton, an hepj-dep isospin-independent terms, and pelike mesons for the
constrained by analyzing electron-proton and electron-

deut ttering data. While th i lectri d ma isospin-dependent ones. The explicit form of the resulting
euteron scatlering data. While the proton electric an %urrents, denoted as SO, can be found in R, 23. The
netic form factors are experimentally fairly well known over

two-body currents from the quadratic momentum depen-

a W'd.e range of momentum transfers, there is significant U"3ence of the interaction are obtained by minimal substitution
certainty in the neutron form factors, particularly the electric

1 GS(a2)+ GYUa2) . TA(T Y bei
one, which are obtained from model-dependent analyses & Pi 2[ Ge(d,) + Ge(a,) 72,i]A(ri), A(rj) being the

ed data. Until this uncertainty in the detailed behavior of thezzg:&ogf?ﬁin’gﬂiéﬂtgﬂg Ct?]rrg_sggnsr']g%nC:emigo\::zgtznlg the
electromagnetic form factors of the nucleon is narrowed, » thp P ;
L-o4L-05,+H.c.) terms, and the associated currents are

guantitative predictions of electronuclear observables at hig .
- - ; v denoted respectively as LL and SC®218§].
momentum transfers will remain rather tentative. We will We note that the SO, LL and SO2 currents are fairly

reexamine this issue in Sec. 11D 1 below. short-ranged, and have both isoscalar and isovector terms.
Their contribution to isovector observables is found to be
numerically much smaller than that due to the leading PS
The two-body current operator can be separated into &m-like) current. However, these currents give non-negligible
model-independentMI) term determined from the interac- corrections to isoscalar observables, such as the deuteron
tion (in the present case, the charge-independent part of thmagnetic moment and B-structure functi@]. Finally it is
AV18 mode) following a prescription originally proposed in worth emphasizing that, while the construction in R22] is
Ref.[17], and a model-dependeti¥lD) one, associated with not unique, it has nevertheless been shown to provide, at low
the pmy and wmry electromagnetic couplings. Explicit ex- and moderate values of momentum transfer, a satisfactory
pressions for all these currents have been most recently givetescription of most observables where the isovector two-
in Ref.[18]. body currents play a largéf not dominanj role, such as the
The pry andwmy MD currents are purely transverse and deuteron threshold electrodisintegratj@4], the neutron and
therefore unconstrained by the nucleon-nucleon interactiorproton radiative captures on protons and deuterons at low
The values of the transition form factoepw(qi) and energieqg18,24, and the magnetic moments and form fac-
Gumy(Qi) at the photon point are known to b@,,.,(0) tors of the trinucleongas shown beloy
=0,-,=0.56, Ref.[19], andG,,,(0)=0,,,=0.68, Ref.
[20], from the measured widths of the— 7y and w— 7y 2. Two-body charge operators
decays, while theig,,-dependence is modeled using vector-  While the MI two-body currents are linked to the form of
meson dominance. Monopole form factors at the pion angucleon-nucleon interaction via the continuity equation, the
vector-meson strong interaction vertices are introduced tenost important two-body charge operators are model depen-
take into account the composite nature of nucleons and metent and may be viewed as relativistic corrections. They falll
sons. The cutoff parameters,, A,, andA, in these form into two classes. The first class includes those effective op-
factors are not known. Here we use the valugds  erators that represent non-nucleonic degrees of freedom,
=0.75 GeV andA ,= A ,=1.25 GeV obtained from studies such as nucleon-antinucleon pairs or nucleon-resonances,
of the B-structure function of the deuterf?il]. and which arise when these degrees of freedom are elimi-
The leading MI two-body currents, denoted as pseudonated from the state vector. To the second class belong those
scalar(P9 or 7-like and vector(V) or p-like, are the isovec- dynamical exchange charge effects that would appear even in
tor ones associated with the isospin-dependent central, spia- description explicitly including non-nucleonic excitations
spin, and tensor components of the interaction. Theiin the state vector, such as tpey and w7y transition cou-
derivation has been given in a number of refereride®2],  plings. The proper forms of the former operators depend on
and will not be repeated here. We only note tliathe PS  the method of eliminating the non-nucleonic degrees of free-
and V two-body currents have no free parameters and, bglom[25-27. There are nevertheless rather clear indications
construction, satisfy the continuity equation with the givenfor the relevance of two-body charge operators from the fail-
realistic interaction(here the charge-independent part of ure of calculations based on the one-body operator in Eq.
AV18 mode); (ii) the continuity equation requires the same (2.12) in predicting the charge form factors of the three- and
form factor be used to describe the electromagnetic structum@ur-nucleon systemks], and deuteron A-structure function
of the hadrons in the longitudinal part of the current operatomnd tensor polarization observalp4,28.
and in the charge operator, while it places no restrictions on The two-body model used in the present work consists of
the electromagnetic form factors which may be used in thehe 7-, p- and w-meson exchange charge operators, as well
transverse parts of the current. Ignoring this ambiguity, theas of thepmy and wmy charge transition couplings. The
form factorG\E’(qi) is used in the PS and V currents opera-former are derived by considering the low-energy limit of the
tors, in line with the “minimal” requirements of current relativistic Born diagrams associated with the virtual meson
conservation. photoproduction amplitude. Thery and w7y operators are
There are additional two-body currents associated withihe leading corrections obtained in a nonrelativistic reduction
the momentum dependence of the interaction, but their coref the corresponding Feynman diagrams with transition cou-
struction is less straightforward. A procedure similar to thatplings, for example(q-ra(k)“M(O)|pb(p,e)>= —[Gp,,y(qi)/
used to derive the PS and V currents has been generalized t0,]5,,¢,,,,,p"k’€’, € being the polarization vector of the

1. The two-body current operator
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p-meson. Coupling constants and cutoff parameters are given D;=k?+m?. (2.20
in the previous subsection. Explicit expression for all these
operators can be found in R¢€]. Here we only note tha(f) The derivative couplings in the Lagrangiat&16 and

the - andp-meson exchange charge operators, the former 0f2.18 lead to electromagnetic contact terms. These may be
which gives by far the dominant contribution, are con-constructed by minimal substitution, and are found to have
structed using the P$r-like) and V (p-like) components the expressions

projected out of the isospin-dependent spin-spin and tensor 1

terms of the interactiof6], thus reducing their model depen- _ - 2

dence. The resulting two-body operators are denoted as PS Lamnn= Hi Py AL b7 b= TN (22D

and V, and are here obtained from the charge-independent

part of the AV18.(ii) In the pion(as well as vector mespn f NN — 5

charge operators there are additional contributions due to the Laynn=— m Py Y ALUTX )2, (222
energy dependence of the pion propagator and direct cou- i

pling of the photon to the exchanged pigmeson. How-  respectively. When complemented with the electromagnetic
ever, these operators give rise to nonlocal isovector contrieoupling of the pion,

butions which are expected to provide only small corrections

to the leading local terms. For example these operators Lrry=—Au(PX D), (2.23
would only contribute to the isovector combination of the
He and®H charge form factors, which is anyway a factor of
three smaller than the isoscalar. Thus they are neglected
the present work.

these contact terms give rise to the following set of three-
ucleon exchange current operatdi&: a contact current at

the S-wave rescattering vertexp) two contact currents at

the two accompanying pseudovectoNN vertices and(c)

two pion current terms. The explicit expressions for these are

C. The three-body exchange current associated in the corresponding order:

with S-wave pion rescattering

The isospin odd “large” component of th®wave pion- ., (@)= 1 o
nucleon ¢rN) scattering amplitude at low energy and mo- Jik'@ = gm 21 m,
mentum transfer may be described by the effective interac-

2
) [nX (X 7)+ X (X 7) ],

- . k) (o k
tion [29]: X(O'l i) (o k)[a-~><(q—ki—kk)—i(p-+p~’)],
1 DDy J J J
‘Cﬂ'ﬂ'NN: - P lﬁyMT lﬂ(ﬁx ap,¢ (216) (224)
2 . .
Here ¢ is the isovector pion field and, the pion decay i (q)= '__2 (fﬂﬂ [nX(mX 7)1, U'(‘r—k,kk)
constant 93 MeV). This effective Lagrangian implies the . Aam f2\ m; DyD;

“Weinberg-Tomozawa” relation for the isospin odd combi-

nation of thewrN Swave scattering lengthe,; ,a;: X1 Lo} (ki—a) X k] + Z[ki.[(piw()
1 m, T 2 ’ ’ /
No=g | 1+ (@1~ as) = 75— T (2.17 = (pj+pj) 1= ki [(Pxt PK) — (Pt Pj)]
which agrees well with the experimental scattering length —2mw+q.(pj+pj’)} +(i=k), (2.25

values. Combined with the pseudovecteX N interaction

: 2
foNN— ic :_I_i _f’TNN . .
Low=— 22y yraya,¢, (219 I @=7 7y f§,< m, | LA (XL
wheref .yy=1, this interaction gives rise to the three-body x(a'i'k[i))_(Dak'kk) Zkli;q [} (ki— ) XKy
Interaction: ik [
Ve -+ = (M)Z (77 ] +% ki- [P+ P)) = (PP 1=K [(Pit pi)
4mffT m; / ijk cyclic b
- Kioy -k i —(p.+n')1— (D +D0! j—
Xmol-—gkkk{"rki><kk+§[ki-[(pi+p{> By Bi)-2mo By | 41k
I
(2.26

—(Pj+ P ]k [(Pct+P) — (P + ;)]

]' (2.19 In these exchange current operators the fractions of the total

momentum transfeq imparted to the three nucleons are de-
The momentum vectors are defined so tkadenotes the notedk; respectively so thaj=k;+k,+ k3. The denomina-
fractional momentum transfer to nuclenrThe denominator tor factorsD; are defined in Eq(2.20, while the denomina-
factorsD; are defined as tor factorsD| are defined as
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D/ =(q—k)?+ms. (2.27) 10" =, S
r 1-N
The combined three-nucleon exchange current opejétor 107 ¢ e 3
+jP+j¢ satisfies the continuity equation with the three- - TOT-N(GK)

nucleon interactiolg (2.19, as may be verified by compar-
ing the productq-j with the commutator ofVg and the
single-nucleon charge operator. These two-pion exchange
three-nucleon currents will be labeled asrg below. 10° L 3
Note that the three-nucleon interacti@h19 is not con- H
tained in the Urbana IX modg¢H#], the main part of which ‘
takes into account exchanges that involve excitation of inter- 10 o 1 2 3 4 5 & 7
mediateA-isobar resonances, which are treated explicitly be- q.(fm™)
low. It should however be included in any complete three- '
nucleon interaction model, as it is implied by effective chiral ~ FIG. 1. The magnetic form factors 8H, obtained with single-
Lagrangian models for the pion-nucleon system. It is in-nucleon current§1-N), and with inclusion of two-nucleon current
cluded in three-nucleon interactions that are based on piof{1+2)-N] and wmg three-nucleof TOT-N(D)] current contribu-
exchange and rescattering described by current algebra ons, are compared with daighaded argafrom Amroun et al.
chiral Lagrangiangcf. in the “d” term of the three-nucleon [41]. Theoretical results correspond to the AV18/UIX PHH wave
interaction in Ref[30]). functions, and employ the dipole parametrizatigncluding the
Galster factor forGE(qi)] for the nucleon electromagnetic form
factors. Note that the Sachs form factGig(q?) is used in the
D. Elastic form factors of 3H and °He model-independent isovector two-body currents obtained from the
In this section we present results for the magnetic mo_charge-independent part of the AV18 interaction. Also shown are

ments, charge and magnetic form factorSiafandHe. The the_total results corresponding to the GariiK_lmeImann parametri-
nuclear ground states are described by the PHH wave fun _ago; [43] of the nucleon electromagnetic form factprOT-
tions obtained from the AV18/UIX Hamiltonian model. (GK]
A convenient expression to calculate the magnetic form
factors of aJ=1/2 nucleus, such as thfe=3 systems under
consideration here, is obtained by orienting the coordinate The current operator includes, in addition to the one-body
system so that the spin-quantization atibe z-axis) lies  current in Eq.(2.13, the MI two-body currents obtained

1. The magnetic form factors

along the momentum transfer It is then found that from the charge-independent part of the AV18 interaction
om 1 (denoted as PS ar-like, V or p-like, SO, LL and SO2, the
_<mi S MD pmy and oy two-body currents, and finally the local
Fula)= q<q}+“’((qz)|qj’>’ 2.28 terms of the three-body current associated with $heave

two-pion exchange three-nucleon interactid®.19 de-
scribed in the previous section.

Because of destructive interference in the matrix element
for the magnetic dipole transition between teandD-state
components of the wave function, the one-body predictions
for the ®H and *He magnetic form factoréMFF) have dis-
tinct minima at around~3.5 fm* and ~2.5 fm™?, respec-
tively, in disagreement with the experimental dg32—41],

whereu is the nuclear magnetic moment in termsuqf (the
nuclear magneton ¥, ,_ are the normalized ground-state
wave functions withl,= +1/2, respectively, ang,(q2) is
the x-component of the current operator. Note tig}(0)
=1. The charge form factor is easily obtained from

1 as shown in Figs. 1 and 2. The situation is closely related to
Fc(g)= Z(\If+ lp(q2)|V.), (2.29 that of the backward cross section for electrodisintegration of
10°
with Fc(0)=1.
The matrix element§2.28 and(2.29 are evaluated with 1 1N
Monte Carlo methods. The wave function is written as a 107 .
vector in the spin-isospin space of the three nucleons for any T TOTNER
given spatial configuratioR=(r,,r,,r3). For the givenR, ?10-2
the state vectorg,(q2)|W _) andp(q2)|V¥ ) are calculated =
by performing exactly the spin-isospin algebra with the tech- =
nigues described in Reff5, 6]. The spatial integrations are 10°
carried out by sampling th&-configurations according to
the Metropoliset al. algorithm[31]. Typically, 400 000 con- .

figurations are enough, in the form factor calculations re- 10
ported here, to achieve a relative error of few % at low and

moderate values of momentum transéefq<5 fm™Y), in-

creasing to~30% at the highesf-values. FIG. 2. Same as in Fig. 1, but féHe.
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the deuteron, which is in fact dominated by two-body current ,
contributions for values of momentum transfer above 10 : ]
~2.5fm1[42].

Inclusion of the contributions from the two- andwg .
three-body currents shifts the zeros in the calculated MFF ti 10
higherg-values. While the experimentdH MFF is in good
agreement with theory over a wide range of momenturr = -
transfers, there is a significant discrepancy between the me & 10
sured and calculated values of tfiée MFF in the region of
the diffraction minimum. This discrepancy persists even
when different parametrizations of the nucleon electromag
netic form factors are used. This is evident from Figs. 1 anc
2 where the total results obtained with the Gari-
Krimpelmann (GK) parametrization[43] of the nucleon
electromagnetic form factors are shown.

It is useful to define the quantities

ay!

Contributions to

-1

1 g,(fm )
Fia’(@)= 5[ (CHe)Fu(a;*He) + n(®H)Fu(a:°H)]. . - s o
FIG. 3. Individual contributions to thEy,(q,) combination, Eq.

(2.30 (2.30, of the ®*H and®He magnetic form factors, obtained with the
dipole parametrization of the nucleon electromagnetic form factors.

If the 3H and3He ground states were pufe= 1/2 states, then The sign of each contribution is given in parenthesis. Note that,
' because of isospin-symmetry breaking components present in the

S V . . . _
the Fy, and Fy, linear combinations of the three-nucleon 34 and *He wave functions, the purely isovector PS, V anths

MFF would be only influenced by, respectively, the |soscalarCurrelnts give nonvanishing contributions to i (q,) combina-

(S) and Iso_vecto_r ) p(_:lrts of th_e Current operator. How- tion. However as therarg contribution is very small, is not shown.
ever, small isospin admixtures wiif>>1/2, induced by elec-

tromagnetic, CSB and CIB terms present in the AV18 inter-
action, are included in the present wave functions. As a
consequence, purely isoscal@ovectoj current operators The charge operator includes, in addition to the one-body
give small, otherwise vanishing, contributions to thg  term of Eq.(2.12, the PS orr-like, V or p-like, », pmy and
(F%) MFF. wmy two-body operators, discussed previously. The calcu-
The contributions of the individual components of theated °H and *He charge form factoréCFF) are compared

two- and three-nucleofwr g term) currents to theFf’,I and

Fyw combinations are shown in Figs. 3 and 4. In the diffrac- 4

2. The charge form factors

tion region the PS#-like) isovector current gives the domi-
nant contribution toFy,, while the contributions from re- 100 L
maining currents are significantly smaller, about one order o
magnitude or more. The three-nucleon curremtrg) asso- Zer L
ciated with theS-wave =N coupling is found to give a very E’é
small correction. ETH
Among the two-body contributions t63,, the most im- E 1o+
portant is that due to the currents from the spin-orbit inter- &
actions(S0O), the remaining operators producing a very small -2 0
correction. Note that the isovector PS and V currents con 3 \
tribute to Ff,l because of the small isospin-symmetry break- £107 ¢
ing components present in thel and *He wave functions 8 ;
induced by the AV18 model, as mentioned earlier. 107° ¢ S02+LL(-) K \*/
Finally, the cumulative contributions to tHey, and Fy, v
combinations are compared with the experimental §éta 10° * . * * * \
- . ! 0 1 2 3 4 5 6 7
in Figs. 5 and 6, respectively. The zero in the calculeftép qp(fm_l)

is found to occur at loweg-value than experimentally ob-
served. As shown in the next section, this discrepancy be- g 4. |ndividual contributions to thEy (q,) combination, Eq.
tween theory and experiment remains unresolved even Whep 30, of the ®H and®He magnetic form factors, obtained with the
A-isobar degrees of freedom are included in both the nucleajipole parametrization of the nucleon electromagnetic form factors.

wave functions and currents. We will return to this point in The sign of each contribution is given in parenthesis. Note that,
the conclusions. Predictions for the magnetic moments argecause of isospin-symmetry breaking components present in the
given in Tables Il and Ill, while those for the magnetic radii 3H and *He wave functions, the purely isoscajs#y current gives

are listed in Table IV. These results are discussed in Se@onvanishing contributions to thé‘,(,,(q#) combination. However,

I D. being very small, it is not shown.
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10° : TABLE II. Individual contributions from the different compo-
nents of the nuclear electromagnetic current operator tGHhend
®He magnetic moments and theits and w, combinations, in
107 nuclear magneton§.m,). Note that, because of isospin-symmetry
breaking components present in the PE#H and *He wave func-
tions, purely isoscalafisovectoj currents give nonvanishing con-
102 tributions to theuy (u1s) combination. The contributions {@s due
=, to the worg and 2A currents and those tay due to the SO2LL
ke currents are very small and are not listed.
w
-3
TRlLR: p(CH)  w(®He) Ks iy
1-N 2.571 -1.757 0.407 2.164
107 PS 0.274 —0.269 0.002 0.271
\Y 0.046 —0.044 0.001 0.045
SO 0.057 0.010 0.033 0.023
0 p 5 s 4 5 6 7 SO2+LL —0.005 —0.006 —0.005
q,(fm") pmy+towmy 0.016 —0.009 0.003 0.012
" g 0.002  —0.002 0.002
FIG. 5. TheFy,(q,) combinations of théH and*He magnetic 1-A 0.084  —0.064 0.010  0.074
form factors, obtained with single-nucleon currefitsN), and with 2-A 0.024  —-0.024 0.024

inclusion of two-nucleon currenf(1+2)-N] and wmg three-
nucleon current(TOT-N) contributions, are compared with data
(shaded areéarom Amrounet al.[41]. The dipole parametrization [25,26,44. Yet, the excellent agreement between the calcu-
is used for the nucleon e|ectr0magnetic form factors. lated and measured CFF SUggeStS that these corrections may

be negligible in theg-range explored so far.
with the experimental daf@2-41 in Figs. 7 and 8. Thereis  For completeness, we show in Figs. 9 and 10 the contri-
excellent agreement between theory and experiment, as Ritions from the individual components of the charge opera-
clear from these figures. The important role of the two-bodytor to the linear combinations
contributions above 3 fm' is also evident. The remarkable
success of the present picture b.ased on nonrelati.vistic wave F%V(q)z E[ZFC(q;3He)i Fo(q:3H)]. (2.31)
functions and a charge operator including the leading relativ- 2

istic corrections should be stressed. It suggests, in particular , , , )
that the present model for the two-body charge operator iNote that again, because of isospin-symmetry breaking com-

better than ona priori should expect. These operators, suchPOnents present in thitte and®H wave functions, the purely

as the PS charge operator, fall into the class of relativistidSOVector (isoscalay wmy (pmy) charge operator gives a
corrections. Thus, evaluating their matrix elements with nonSmall, otherwise vanishing, correction to thg (F¢) CFF.
relativistic wave functions represents only the first approxi-  Finally, values for the charge radii 0H and *He are
mation to a systematic reduction. A consistent treatment ofisted in Table V. The results including the contributions
these relativistic effects would require, for example, inclu-associated with the two-body charge operators are found to
sion of the boost corrections on the nuclear wave function®€ in good agreement with experimental data.

10' , ; , IIl. BEYOND NUCLEONS ONLY

The simplest nuclear description views the nucleus as be-

| e 11—"; N ) ing made up of nucleons, and assumes that all other sub-
(TST)_',\, nucleonic degrees of freedom may be eliminated in favor of

effective many-body operators acting on the nucleons’ coor-
dinates. The validity of such a description is based on the

= success it has achieved in the quantitative prediction of many
o
:_210—2 | TABLE lll. Cumulative and normalized contributions to tfid
= and®He magnetic moments and theirs and u,, combinations, in
nuclear magneton@.m,, compared with the experimental data.
107 ¢ 3 3
w(°H) w("He) Hs My
N : 1-N 2.571 —1.757 0.407 2.164
10, y 2 s 4 5 6 TOT-N 2961  —2.077 0442 2519
qu(fm ) TOT-N+1-A 2971 —2.089 0.441 2.530
TOT-(N+A) 2.994 —2.112 0.441 2.553
FIG. 6. Same as in Fig. 5, but for th‘e‘hﬁl(qu) combination of EXPT. 2.979 —-2.127 0.426 2.553

the ®H and ®*He magnetic form factors.
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TABLE IV. Cumulative and normalized contributions to tfie

and®He r.m.s. magnetic radii, in fm, compared with the experimen-
tal data.
*H *He

1-N 1.895 2.040

TOT-N 1.810 1.925

TOT-N+1-A 1.804 1.916

TOT-(N+A) 1.800 1.909

EXPT. 1.84G:0.181 1.965%0.153
nuclear observabld4]. However, it is interesting to consider q,(fm™)
corrections to this picture by including the degrees of free- o
dom associated with nuclear resonances as additional con- FIG. 8. Same as in Fig. 7, but fdHe.

stituents of the nucleus. When treating phenomena which do N _
not involve explicitly meson production, it is reasonable tostrained by fitting NN scattering data at lab energy
expect that the lowest excitation of the nucleon, shisobar, <400 MeV and deuteron properti€s].

plays a leading role. Once theNN, NA and AA interactions have been deter-
In such an approach, th&=3 nuclear wave function is mined, the problem is reduced to solving tReA coupled-
written as channel Schidinger equation. In principle, for theé=3 sys-
tems Faddeev and hyperspherical-harmonics techniques can
Wy a=P(NNN)+PD(NNA)+ P Z(NAA) be used(and, indeed, Faddeev methods have been used in

the past[45,46) to this end, although the large number of
(3) , :
FPE(AAL), 3.1 N-A channels involved makes the practical implementation
where ¥ is that part of the total wave function consisting Of these methods difficult. A'somewhat simpler approach
only of nucleons; the ter#(®) is the component in which a  CONSIStS of a generalization of the correlation operator tech-
single nucleon has been converted intb-&obar, and so on. nigue[47], which has proven very useful in the variational

The nuclear two-body interaction is taken as theory of light nuclei, particularly in the context of varia-
tional Monte Carlo calculation2,48]. In such an approach,

known as the transition-correlation-operat@iCO) method

vij= 2 > v(BiBj—B/B])), (32  [49] the nuclear wave function is written as
Bi Bj=N.A B/ B/=N,A

where transition interactions such as;;(NN—NA),
vij(NN—AA), etc. are responsible for generatingsobar
admixtures in the wave function. The long-range part 9f
is due to pion-exchange, while its short- and intermediatewhere W is the purely nucleonic componer&, is the sym-
range parts, influenced by more complex dynamics, are cormetrizer and the transition operatclldgjR convertNN pairs

N v, 3.3

SIT (a+uf®
i<j

S

Contributions to [F~(q,)l
>

10
107
107°
q,(fm ™)
FIG. 7. The charge form factors 8H, obtained with a single- FIG. 9. Individual contributions to thEé(q#) combination, Eq.

nucleon charge operatdt-N) and with inclusion of two-nucleon (2.31), of the ®H and ®He charge form factors, obtained with the
charge operator contributiondOT-N), are compared with data dipole parametrization of the nucleon electromagnetic form factors.
(shaded areafrom Amrounet al. [41]. Note that the 1-N results The sign of each contribution is given in parenthesis. Note that,
also include the Darwin-Foldy and spin-orbit corrections. Theoret-because of isospin-symmetry breaking components present in the
ical results correspond to the AV18/UIX PHH wave functions, and®H and ®He wave functions, the purely isovecterry charge op-
employ the dipole parametrization of the nucleon electromagnetierator gives a nonvanishing contribution to ﬂﬁé(qﬂ) combina-

form factors. tion.
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FIG. 10. Individual contributions to thE\c’(qM) combination, —0.08 L E : ‘ .
Eq.(2.31), of the®H and®He charge form factors, obtained with the 0 1 2 s

. o . fi
dipole parametrization of the nucleon electromagnetic form factors. r(fm)

The sign of each contribution is given in parenthesis. Note that, F|G. 11. Transition correlation functions”™'(r), u'™'(r), etc.

because of isospin-symmetry breaking components present in thgstained for the AV28Q mode[50], and perturbation theory
®H and>He wave functions, the purely isoscafary charge opera- equivalentsu® PT(r), ut™"PT(r), etc.

tor gives a nonvanishing contribution to tﬁ%(q#) combination.

interaction of the form given in Eq3.2), that contains both
into NA and AA pairs. In the present study thi is taken N and A degrees of freedom, such as the Argomfh@Q
from PHH solutions of the AV18/UIX Hamiltonian with (Av28Q) model[7,50], and by minimizing the ground-state
nucleons only interactionf9], while the USi® is obtained  energy of each given nucleus. Instead, we use transition cor-
from two-body bound and low-energy scattering state solurelation functionsu®™'(r), etc. (shown in Fig. 11 that ap-
tions of the fullN-A coupled-channel problem. This aspect proximately reproduce two-body bound- and low-energy
of the present calculations is reviewed briefly in the nextscattering-state wave functions for the AV28Q model, and
subsection. take the PHH wave function obtained in Sec. Il A astha
Eqg. (3.3). The validity of such an approximation has been
A. Wave functions with A-admixtures discussed at length in the original refererid8]. Here, we
only note that(i) since the correlation functions’™'(r), etc.
are short-ranged, they are expected to have a rather weak
dependence o0A; (ii) it is important the¥ used in Eq(3.3),
obtained from a;;(NN—NN) interaction phase-equivalent
UTR= UNA 4 AN jAA (3.4) to the full v;; of Eq. (3.2), be proportional to that projected
g g 4 N out from theW ., wave function for thev;; interaction.
This has been explicitly verified by direct calculation in the
ULt =[u™(rp oy §+u™(rpSila - T;, (39 two-body problen{p49]. g g
" In the TCO scheme, the perturbation theory description of
i 1Ti-Tj. (3.6 A-admixtures is equivalent to the replacements:

The transition correlation operatdTCO) method[49]
consists in approximating th& ., » as in Eq.(3.3), with the
transition operator§) |~ defined as

UﬁA:[UUTHI(riJ‘)S'Sj+utﬂll(rij)

Here, S and T; are spin- and isospin-transition operators NAYPT_uij(NNHNA)
which convert nucleoni into a A-isobar; S and Sjj' are Ui = m—m, (3.7
tensor operators in which, respectively, the Pauli spin opera-
tors of either particla or j, and both particles andj are aa pr Vij(NN—AA)

d . " AAPT_ 2. 7 3.9
replaced by corresponding spin-transition operators. The ij 2(m—m,) (

U;i¥ vanishes in the limit of large interparticle separations,
since NOA components can exist asymptotically. where the kinetic energy contributions in the denominators
The transition operaterER and nucleonic wave function of Egs.(3.7) and(3.8) have been neglectddtaticA approxi-

W in Eq. (3.3) could be determined variationally by using an mation. The transition interactions;;(NN—NA) and
vij(NN—AA) have the same operator structureu#f and
TABLE V. Cumulative and normalized contributions to tfie UﬁA of Egs. (3.5 and (3.6), but with the u”™(r) and

and®He r.m.s. charge radii, in fm, compared with the experimentalyt7(r) functions replaced by, respectively,
data.

M. € C(x), 3.9

3 3 oTO r —
H He V=20 3 %
1-N 1.711 1.919 i
TOT 1.725 1.928 tragpy_ (Ff)a My 3. 31" L
v7(r) +-+ C4(x)
EXPT. 1.755-0.086 1.959-0.030 4r 3 X X2 “x
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Herea=1l, lll, x=m_r, (ff ),=f anfanas Fanafana fOr
a=1l, 1ll, respectively, and the cutoff functiorC(x)=1
—e ™ In the AV28Q mode[50] f na=(6vV2/5)f .an, @ 01771 [T e
obtained in the quark model, and=4.09. Note that in Fig. %
11 uPT(r)=p(r)/(m—m,) and ud" PT(r)=0p"(r)/ @) (b) ©
[2(m—m,)], withq=oT,tT.

The perturbative treatment has been oftienfact, almost FIG. 12. NA-transition two-body currents due to pion exchange.

exclusively used in the literature to estimate the effectdof . . . . .
degrees of freedom on electroweak observables. However, {€ associated pion photoproduction amplitude is found to be

may lead to a substantial overprediction of their importancei)(perimen.tally small at resonanis]. Also neglected is the
[18,49, since it produceslA andAA wave functions which 2 €onvection current.

are too large at short distance; see Fig. 11. 2. NA-transition two-body currents

B. NA-transition and A currents The two-body term is written as
The nuclear electromagnetic current is expanded into a , ,
sum of many-body terms that operate on the nucleon andji(,-2>(Q)=EBi,Bj:N,A 25' o _n s Jii(4BiBj—B{B)),
A-isobar degrees of freedom. The nucleonic component of P (3.16
this current operator has been discussed in the previous sec- '
tion. Here, we only discuss it§ components. where the prime over the summation symbols indicates that
terms involving more than a single have been neglected in
1. NA-transition and A one-body currents the present study. ThEN— NN two-body terms have al-
The one-body current is written as ready been discussed. The two-body terms involving at most
a singleA are illustrated in Fig. 12, and are explicitly given
iO@=- ¥ je-8) @iy
B,B'=N,A

wherej;(g;N—N) is the nucleonic current component given Jij(@INN—=NA) = (7 XT)), | [0i(S;-T}})

in Eq. (2.13 and +(0-i,fij)sjeiQ'rj]h(rij)+eiq'Rij(0-i.Vi)
i .
JiaN=A) == 5 -G ,na(q) e IgX ST, X(S-Vjfi;h(rij)|, (3.17
(3.12
. whererj;=ri—r;, Rjj=(ri+r;)/2, and the functions(r)
ji(;A—A)=— ﬁGyM(qi)eiq"inEi(lJr 0,:). andh(r) are defined as, respectively,
13 h(r)z—(—f”N‘Tf”NA iz(l+x)e*X, (318
HereX (®) is the Pauli operator for thA spin 3/2(isospin ™ X
3/2), and the expression fgr(q;A—N) is obtained from - foof 1 [+
that forj;(g;N—A) by replacing the transition spin and isos- h(r)E<M) — f dze iz L@
pin operators by their hermitian conjugates. The 4m mz J-12
NA-transition andA electromagnetic form factors, respec- 319
tively G,na andG 4, are parametrized as with x=m_r and L(z)=[me+q2(1/4— 22)]Y2. Terms ex-
plicitly proportional toq in Eqg. (3.17 have been dropped,
GyNA(qi): — KyNA , (3.19 since in applications only the transverse componenjgcpf
(1+qMIANA]1)2\/1+qi/AﬁA,2 occur. The three terms in E(B.17) are associated with dia-
grams(a), (b) and (c) in Fig. 12, respectively, and can be
5 MyAn obtained from the well known expression of the two-body
GyaalAy)= m' (319 nycleonic currents due to pion-exchange by replaengnd
a 7 with S; and T}, respectively.
Here the NA-transition magnetic momenk ,, is taken To account for the hadron extended structure, form fac-

equal to 3uy, as obtained from an analysis ¢ data in  tors must be introduced at theNN and wNA vertices. In

the A-resonance regiofb1]; this analysis also givedy,; the case ofv;;(NN—NA) interaction, ther-space cutoff
=0.84 GeV andA, ,=1.2 GeV. The value used for the  C(m_r) has been used. However, for tHj¢NN—NA)
magnetic momeni,», is 4.35uy by averaging results of a above it has been found convenient to introduce monopole
soft-photon analysis of pion-proton bremsstrahlung data nedorm factors with A =900 MeV in its p-space expression.
the A** resonancg52], and A,,=0.84 GeV as in the di- This value forA is consistent with that obtained from the
pole parametrization of the nucleon form factor. In principle,tensor component af;;(NN—NA). Finally, the expression

N to A excitation can also occur via an electric quadrupolein Eq. (3.17 is multiplied by the isovector form factor
transition. Its contribution, however, has been ignored, sincG\E’(qi).
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FIG. 13. Diagrammatic representation of operators included in  F|G. 14. Diagrammatic representation of operators included in
j(A) due to one-body currentg®(N—A), jP(A—N) and j(A) due to two-body currentg@(NN—NA), j@(NN—AN),
jP(A—A), and transition correlationg™*, U*N, U*%, and cor-  etc., and transition correlations™®, U2N, and corresponding Her-
responding Hermitian conjugates. Wavy, thin, thick, dashed angnitian conjugates. Wavy, thin, thick, dashed and cross-dashed lines
cross-dashed lines denote photons, nuclearspbars and transi- denote photons, nucleongy-isobars and transition correlations
tion correlationsU®®" andUB®'T, respectively. UBB’ andUBB'T, respectively.

C. Calculation
in Figs. 13 and 14 involving transition correlations between

_B_B 1 _E_»B
tion of the transition matrix element in E(R.28, where the E[\(l)votr?:tm?rlg?no?rl]é otfh:gg E/c?c?” terLr#ic, i,nblij—'ti Conigarr?:\llien
wave functions and currents include both nucleonic And B’ y 9 9
isobar degrees of freedom. To evaluate such a matrix eldJi; ' . These have been found to be very small.

ment, it is convenient to expand the wave functiby The terms in Fig. 13 are expanded as operators acting on
M the nucleons’ coordinates. For example, the tefahsind(e)

Calculation of the magnetic form factors requires evalua-,

as in Fig. 13 have the structure, respectively,
YNiaa =Y, +2 Uifw; +--0 (3.20 N
(@=jP(A—=N)UN, (3.22

and write the numerator of E¢2.28), in a schematic nota-
tion, as

(e=UiNjPa—a)upt, (3.23

(Wnsa i Pnea)=(Pslj(N only)|¥;)
(W] (A)[ W), (32D which can be reduced to operators involving only Pauli spin

and isospin matrices by using the identities
where j(N only) denotes all one- and two-body contribu- P y g

tions toj(q) which only involve nucleon degrees of freedom,

i.e.,j(N only)=j®(N—N)+j?(NN—NN). The operator 2 i

j(A) includes terms involving thé-isobar degrees of free- St.AS.B= §A B— o-(AXB), (3.29

dom, associated with the explicit currentsj®(N—A),

iDA-N), jD(A-A), [P(NN—NA), etc., and with the

transition operatorSJER. The operatorj(A) is illustrated

diagrammatically in Figs. 13 and 14. The teriga@—(g) in - VS X

Fig. 13 and@—(f) in Fig. 14 are two-body current operators. o0

The termdg)—(l) in Fig. 14 are three-body current operators,

while the terms(h)—(j) in Fig. 13 are to be interpreted as

renormalization corrections to the “nucleonic” matrix ele-

ments (¥¢|j(N only)|¥;), due to the presence oA-

admixtures in the wave functions. FIG. 15. Diagrams associated with connected three-body terms,
There are, however, additional, connected three-bodyhich are neglected in the present work. Wavy, thin, thick, dashed,

terms inj(A) that are neglected in the present work. A num-cross-dashed and dotted lines denote photons, nucldeisspars,

ber of these are illustrated in Fig. 15. Their contribution istransition correlationdJ®® and UB®'*, and the two-body current

expected to be significantly smaller than that from the termg®(NN—NN), respectively.

(a) (b) ©
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5 1 1 10 ‘
S A3.BS.C= 3 iA-(BXC)— 3 o-AB-C— §A~ BC. o
4 107 L ——- Jl'gzlr—N J
—— TOT—(N+A
+3A-(B-0)C, (3.29 e
?5110‘2 -
LLE
whereA, B andC are vector operators that commute with -
but not necessarily among themselves. 10° - 3
While the terms in Fig. 14 could have been reduced in H
precisely the same way, the resulting expressions in terms of _4 ‘ .

o and 7 Pauli matrices become too cumbersome. Thus, for o 1 > 3 4 5 6 7
these it was found to be more convenient to retain the ex- q,(fm™)
plicit representation o8 (S') as a 4<2(2x 4) matrix
FIG. 16. The magnetic form factors &fl, obtained with single-
nucleon currents(1-N), and with inclusion of two- and three-

—é_ 0 nucleon currenfTOT-N) andA [TOT-(N+A)] contributions.
\FA 1. FM
S= , 1
_i a \ﬁ A :Ujk(ANHNN)WU”(NNﬁNA)‘FH.C.,
0 -8, (3.27

where the transition potentials are defined in E§s9) and
whereé. = ¥ (R*i9)/vV2, &=2, andé::(_)ﬂéw and de-  (3.10 [here with the cutoff functiorC(x) set to ong Cur-
rive the result of terms such @a)+(c)+(e=UN*Tj@(NN  rent models of TNI[4] include the “long-range” Zr-
exchange component above. Indeed, the need of including

—NA) on the statdW) by first operating withj®) and then . . .
with UNAT The Monte Carlo evaluation of the matrix ele- the_ associated three_-body currents provided one of the moti-
vations for undertaking the present study.

ment is then performed with methods similar to those
sketched in Sec. Il D.
The normalization of the wave function is given by D. The magnetic moments and form factors

The *H and *He magnetic form factors obtained by in-

cluding nucleon andA-isobar degrees of freedom in the

(\PN+AVJZ|WN+AVJZ>=<\PJZ 1+ [2uiMuiM nuclear wave functions and currents are shown in Figs. 16
=] and 17; while individual contributions to the combinations
Fy, andF,, are displayed in Figs. 18 and 19. Finally, indi-

+UitTug ‘I’JZ> vidual and cumulative contributions to the magnetic mo-

ments and cumulative contributions to the magnetic radii of
+(three-body termis  (3.26  the trinucleons are listed in Tables II, 1ll, and IV, respec-
tively. Note that in Figs. 16 and 17 and Table Il the contri-
butions labelled 1A and 2A are associated with the dia-
and the three-body terms have been neglected consigrams in Figs. 13 and 14, respectively. Also note that the
tently with the approximation introduced in E.21), as
discussed above. The wave-function normalization ratio
(Wnia|Pnsa)/(P|W) is found to be 1.025.

Perturbation theoryPT) estimates of the importance of
A-isobar degrees of freedom in photo- and electronuclear
observables typically include only the contribution from
singleN=A transitiong namely diagramsga) and(b) in Fig.

13] and ignore the change in the wave function normaliza-
tion. In the TCO scheme, these PT estimates are obtained by

usingUB®"-PT transition correlation defined in Eq&.7) and
(3.8) [49]. In particular, the PT expressions for the three-
body terms in Fig. 14, diagramg)—(l) along with those in
which the first and third legs are exchanged, can easily be
shown to satisfy current conservation with the Fuijita- g,(m™)

Miyazawa two-pion exchange three-nucleon interaction

(TNI) [54] given by FIG. 17. Same as in Fig. 16, but férle.

1-N
——- TOT-N
—— TOT-(N+a)
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10" . . Wsal i (N A) [Py
R o T

(3.30

when, in addition, the\ terms are included.

The contributions associated with components are
found to be small in contrast to earlier studi65]. There are
a number of differences between the present calculation and
that reported in Ref{55], which partially account for these
conflicting results. We first note that the present calculation
retains one- and twa- components in the trinucleon wave
functions, in contrast to Ref55], where the nucleon and
A-isobar Hilbert space is truncated at the dnéevel. Addi-
tional differences are as follows.

(i) ThewNA andyNA coupling constants in Ref55] are

0 1 2 3 4 5 6 7 taken as, respectively,f{,,/4m)=0.35, from the experi-
q,(fm ) mental A-decay width, and u.,y,=1.42(2#3)[2m,/

FIG. 18. The single-nucleon contribution to tAg(q,) combi- (m+my)] Vm/mAz’up_Ll'si n.m.. Thzese vaIEeS should be

nation of the®H and ®He magnetic form factors is compared with compared to {Zya/4m)=(72/25)({7n\/4m)=0.216 and

the 1A and 2A contributions, associated respectively with dia- #£yna=3N.m., used in the present wofkee discussion in
grams of Fig. 13 and 14. Secs. lllAand Il B. . .
(i) The normalization ratio{W . x| Vs a)/(¥|¥) is
individual nucleonic and\-isobar contributions in Figs. 18 found to be petwee_n 1.0233 and 1'(.)255 in RB%], depend-
. 4ng on the interaction model considered, and 1.025 in the
present work. However, note that, as mentioned before,

S

Contributions to IF"(q,)!

tion, two-A components are neglected in RES5]. Indeed, if we
(¥]jol¥) were to truncate our calculation to the ofidevel, we would
[O]= Ty (3.28  then find the ratio above to be 1.016, significantly smaller

than the range obtained in R¢&5].
(iii ) Lastly and perhaps more importantly, we find that the
However, the cumulative contributions in Figs. 16 and 17sign of the 2A contribution in Fig. 19 is opposite to that

and Table Ill and IV are normalized as reported in Ref[55], specifically the dotted curve in Fig. 8
of that work. The origin of this difference is unclear at this
(W[ji(N only)|¥) poipt. However, we do find that the sign of theAZeontri-
[TOT-N]= , (3.29 bution (see Fig. 19is the same as that of the nucleonic PS
(W) (7r-like) contribution, as one would expect. It is worth men-
tioning here that if we were to artificially change the sign of
when “nucleons On|y” terms are retained, and as our 2A Contribution, we would then obtain results for the

magnetic form factors of the trinucleons in agreement with

. those reported in Ref55], suggesting a more significant role
of A-isobar degrees of freedom than presently advocated.

The predicted magnetic moments of the trinucleons are
within less than 1% of the experimental values. The pre-
dominantly isovectorA-isobar contributions lead to an in-
crease(in magnitude of the ®H and *He magnetic moments
calculated with nucleons only degrees of freedom of, respec-
tively, 1.1% and 1.7% in relative terms. We note that pertur-
bation theory estimates of tha-isobar contributions are
found to be significantly larger than obtained here. The indi-
vidual contributions associated with the diagrams of Fig. 13
are in agreement with those reported in an earlier sfdéy
For example, we find that the contributions of diagraas-
(b), (c)—(d) and (g), (e)—(f) and (h)—(j) of Fig. 13 to the
isovector combinatiornu,, of the trinucleon magnetic mo-
3 n 5 o 7 ments .have all the same sign, and respectively account for
q,(fm™) approximately 60%, 16%, 0.5%, and 22% of the total 1-

" contribution towy,, listed in Table II. Finally, the contribu-
FIG. 19. The single-nucleon and leading PS two-nucleon contions of diagramga) and(b) in Fig. 13 are found to be 0.046
tributions to theF\,cl(qM) combination of theeH and3He magnetic n.m. in the present calculation, which is about 30% smaller
form factors are compared with theAland 2A contributions, as- than reported previousl{s]. The calculation in this older
sociated respectively with diagrams of Fig. 13 and 14. study was based on a perturbative treatment of diagfams

v

Contributions to IF"(q,)!
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and (b), which however included\-excitation via bothz- netic moments agrees very well with the experimental value
and p-exchange and used the quark model prediction for théTable Ill). The isoscalar combination of the trinucleon mag-
transition magnetic momeng s =(3v2/5)uy . The latter  netic moments exceeds the experimental value by about 5%,
value is about 30% larger than the experimental valuéut this small disagreement does not prevent a good repro-
myna=3 n.m. used here. However, thar andAp contribu-  duction of the isoscalar combination of the experimental
tions have opposite sign at low momentum transfer, and as magnetic form factors. As the calculated magnetic moments
result of this partial cancellation the dominakt contribu-  of *H and 3He differ by less than 0.015 n.m. from their
tion is reduced. experimental values, the results appear to be very satisfac-

The predicted magnetic radii 3H and ®He are, respec- tory. The calculated charge radii are smaller by only 2% than
tively, 2% and 3% smaller than the experimental values, buthe experimental values. The calculated magnetic radii are
still within experimental errors. Inclusion of the contribu- smaller than 3% than the experimental val(iEsbles IV and
tions due to two- and three-body exchange currents leads #4). To obtain these quite satisfactory calculated values for
a decrease of thiH and®He magnetic radii of, respectively, the charge and magnetic radii the exchange current contribu-
5% and 6%. tions have to be taken into account.

While the agreement between theory and experiment is We note finally that the three-nucleon exchange current
satisfactory for the magnetic moments, magnetic radii andperator(2.24—(2.26), which was constructed to satisfy the
low q form factors, the calculated form factors, particularly continuity equation with the three-nucleon interact{@riL9),
that of He, remain at variance with the experiment in thewas found to give only very small contributions to the mag-
diffraction region. The role played bg-isobar degrees of netic form factors of the trinucleons. It is worth noting that
freedom is found to be marginal over the whalerange the corresponding component of the “Tucson-Melbourne”
considered here. type three-nucleon interaction [80] is roughly an order of

magnitude stronger than the three-nucleon interadgat®),
IV. CONCLUSIONS and would therefore imply correspondingly much larger
three-nucleon exchange current contributions. Part of this

The present results for the electromagnetic form factors ofjifference is due to the inclusion df-isobar intermediate
the trinucleons may be summarized as followig:the tri-  state effects in the “d” term of that three-nucleon interac-
nucleon charge form factors agree well with the experimentafion. In the present world-isobar configurations are treated
values when calculated with wave functions obtained from axplicitly, and should therefore not be included in irreducible

Hamiltonian Consisting of the Argonnﬁlg two-nucleon and three-nucleon exchange current operators_
the Urbana IX three-nucleon interactiofiis) agreement with

the experimental charge form factors requires that the two- ACKNOWLEDGMENTS
nucleon exchange charge operators are taken into account;
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