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Electromagnetic structure of trinucleons
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The electromagnetic form factors of the trinucleons3H and3He are calculated with wave functions obtained
with the Argonnev18 two-nucleon and Urbana IX three-nucleon interactions. Full account is taken of the
two-body currents required by current conservation with thev18 interaction as well as those associated with
ND transition currents and the currents ofD resonance components in the wave functions. Explicit three-
nucleon current operators associated with the two-pion exchange three-nucleon interaction arising from irre-
ducibleS-wave pion-nucleon scattering are constructed and shown to have very little effect on the calculated
magnetic form factors. The calculated magnetic form factor of3H, and charge form factors of both3H and3He
are in satisfactory agreement with the experimental data. However, the position of the zero in the magnetic
form factor of 3He is slightly underpredicted.
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I. INTRODUCTION

The electromagnetic form factors of the few-body nucl
along with the deuteron structure functions and cross sec
for threshold electrodisintegration at backward angles,
the observables of choice for testing the quality of mod
for the nuclear interaction and the associated current op
tor, including its exchange current components. Such tes
has become possible by the development of practical c
putational methods for numerical calculation of the wa
functions of the few nucleon systems, which correspond
realistic phenomenological interaction models@1#. Employ-
ing such wave functions along with the two-nucleon e
change current operators, which are required by the cont
ity equation and/or consistency with the interaction mode
e.g., by Poincare´ invariance, it has become possible to pr
dict the experimental electron scattering observables of
few nucleon systems up to momentum transfers of ab
2 GeV/c in an at least qualitatively satisfactory way.

Among the remaining open issues are the need for qu
titative understanding of the form factors of the trinucleo
in the region around and above their first zeros. While
long standing, unsettled issue of the behavior of the ten
polarization of the deuteron for momentum transfers ab
3 fm21 appears close to settlement by high quality expe
mental work at the Thomas Jefferson National Accelera
Facility, there remains a need for potential model devel
ment in the case of the trinucleon systems. This is pa
because of the remaining problem in quantitative understa
ing of the trinucleon form factors at high momentum trans
PRC 580556-2813/98/58~6!/3069~16!/$15.00
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and partly because of the resilient open issues concerning
form of the three-nucleon interaction, which appears to
required for the understanding of the binding energies of
light-nuclei (A<7) ground states@2#.

Here this question is investigated in several differe
ways. First, a numerically extensive calculation of the el
tromagnetic form factors of the trinucleons is presented w
high precision variational wave functions, which correspo
to the Argonnev18 two-nucleon@3# and the Urbana IX three
nucleon@4# interactions. In this calculation the two-nucleo
exchange current operators are constructed by the s
method as used in the earlier calculations in Refs.@5, 6#, that
employed the Argonnev14 interaction@7#. Second, the irre-
ducible three-nucleon exchange current operator, which
responds to the best understood part of the two-pion
change three-nucleon interaction associated withS-wave
pion nucleon scattering on the intermediate nucleon is c
structed, and its matrix elements for the trinucleon bou
states are shown to be very small for momentum tran
values below 1 GeV/c. Third, a systematic treatment o
D-isobar configurations in the trinucleon ground states
made, and their effect on the trinucleon form factors a
calculated with inclusion of all the associated and requi
exchange current operators.

The calculated magnetic form factor of3H is in fairly
good agreement with the present experimental data once
exchange current contributions are included. That of3He
agrees less well with the corresponding data at high value
momentum transfer, which is a consequence of the under
dicted position of the first zero in the form factor~it falls at
3069 ©1998 The American Physical Society
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3.75 fm21, which is below the experimental rang
4.2– 4.4 fm21!. This result is independent of the presence
absence of theD-isobar configurations in the wave functio
model. The problem is likely to have its origin in a som
what too weak overall strength of the model for the isovec
part of the exchange current operator at large momen
transfer. As this is constructed so as to be consistent with
v18 two-nucleon interaction, the ultimate origin of the pro
lem with the high momentum behavior of the calculated
ovector magnetic form factor of the trinucleons may res
with the potential model if not with some purely transver
exchange current mechanism that has not been consid
The effect of the irreducible three-nucleon exchange cur
operator on this form factor is very small. The finding th
the D-isobar configurations have a very small effect on
trinucleon form factors conforms to earlier results obtain
with other potential models@8#.

The calculated charge form factor of3He agrees very wel
with the experimental values over the measured range
momentum transfer, with an exception for its highest end
the case of3H quantitative agreement with the experimen
form factor is achieved only up to the position of the seco
ary maximum, above which region the calculated values
too large by factors 2–3. The exchange current contributi
are essential for agreement with the experimental cha
form factors.

This paper is divided into four main sections. Section
contains a description of the calculation of the electrom
netic form factors of the trinucleons using a purely nucleo
variational wave function constructed for thev18 model aug-
mented by the Urbana IX three-nucleon interaction. The
tails of the hyperspherical variational model wave functi
are given in Sec. II A. Section II B contains the descripti
of the model for the electromagnetic current operator incl
ing the exchange current operators. In Sec. II C the irred
ible three-nucleon exchange current operator, which co
sponds to the main nonresonant two-pion exchange th
nucleon interaction, is derived. Finally Sec. II D contains t
form factor results obtained with this restricted model.
Sec. III the description of the extended model wave funct
and current operators that include theD-isobar configurations
in the wave function is given. The model for theND transi-
tion potential is described in Sec. III A and the correspon
ing current operators are described in Sec. III B. The ca
lation of the form factors in the extended model is outlined
Secs. III C and III D. Finally Sec. IV contains a concludin
discussion.

II. TRINUCLEON FORM FACTORS WITH NUCLEONIC
WAVE FUNCTIONS

In this section the calculation of the elastic form factors
the A53 nuclei with wave functions for a realistic Hami
tonian model formed of the Argonnev18 ~AV18! two-
nucleon@3# and Urbana IX~UIX ! three-nucleon@4# interac-
tions is described. The calculation employs charge
current operators that besides the standard single-nuc
components also contain two-nucleon components, the l
ing terms of which are constructed consistently with t
AV18 model. The three-nucleon exchange current opera
which corresponds to the two-pion exchange three-nucl
r
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interaction associated with isospin oddS-wave pion rescat-
tering is also derived and is shown to have only a min
effect on the trinucleon form factors.

A. The AV18/UIX Hamiltonian and trinucleon wave functions

The AV18 model@3# is a recent high-quality nucleon
nucleon interaction containing explicit charge-symmet
breaking ~CSB! and charge-independence-breaking~CIB!
terms, as well as a complete treatment of the electromagn
interaction up to ordera2, a being the fine structure con
stant. It is constructed to fit the Nijmegenpp and np scat-
tering database, low-energynn scattering parameters, an
the deuteron binding energy with ax2 per datum close to 1

The UIX three-nucleon interaction@4# consists of a long-
range term due to excitation of an intermediateD-isobar via
two-pion exchange and a short-range repulsive phenom
logical term, which simulates the dispersive effects wh
arise upon integrating outD-degrees of freedom. The
strength of this repulsive term is determined by fitting t
triton binding energy in ‘‘exact’’ Green’s function Monte
Carlo ~GFMC! calculations@2# and the equilibrium density
of nuclear matter in variational calculations based
operator-chain summation techniques@9#.

Recent GFMC calculations based on the AV18/U
Hamiltonian model have been shown to provide a good
scription of the low-energy spectra and charge radii of nuc
with A<7 @2#. In particular, the calculated binding energi
of 3H and 3He are within a few keV of the experimenta
values~see Table I!.

In the present work we use trinucleon wave functions o
tained by Kievskyet al. @10–12# with the pair-correlated hy-
perspherical harmonics~PHH! method. Although variational
this method has been refined in the last few years so m
that it yields results with an accuracy comparable to t
achieved in recent Faddeev and GFMC calculations, as
be seen in Table I. The PHH method is briefly reviewed he
for completeness; however, a more thorough discussion
as well as its extensions to describe both theA53 low en-
ergy continuum andA54 ground state can be found in Ref
@11–13#.

The wave functionC of a three-nucleon system with tota
angular momentumJJz and total isospinTTz can be decom-
posed as

TABLE I. Binding energies corresponding to the AV14 an
AV18/UIX Hamiltonian models. The AV14 results obtained wit
the PHH expansion are compared with those calculated by sol
the Faddeev equations in configuration~F/R! and in momentum
~F/P! space. The statistical errors associated with the GFMC ca
lations are shown in parentheses.

Model Method B~3H! ~MeV! B~3He! ~MeV!

PHH 7.683 7.032
AV14 F/R 7.670 7.014

F/P 7.680
AV18/UIX PHH 8.49 7.75

GFMC 8.47~1! 7.71~1!

EXPT. 8.48 7.72
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C5(
i 51

3

c~xi ,yi !, ~2.1!

where the amplitudec(xi ,yi) is a function of the Jacob
coordinatesxi5r j2r k andyi5(r j1r k22r i)/), i , j ,k being
a cyclic permutation of 1,2,3. To ensure the overall antisy
metry of C, the amplitudec(xi ,yi) is antisymmetric with
respect to exchange of nucleonsj andk. In the PHH method,
it is expressed as@11,12#

c~xi ,yi !5(
a

f a~xi !Fa~xi ,yi !Ya~ j ,k; i !, ~2.2!

Ya~ j ,k; i !5$@Yl a
~ x̂i ! ^ YLa

~ ŷi !#La

^ @Sa
jk

^ si #Sa
%JJz

@Ta
jk

^ t i #TTz
, ~2.3!

where each channela is specified by the orbital angular mo
mental a , La andLa , the spin~isospin! Sa

jk (Ta
jk) of pair jk

and the total spinSa . Orbital and spin angular momenta a
coupled, in the LS-scheme, to give total angular mome
JJz . The ~channel-dependent! correlation functionsf a(xi)
are obtained from solutions of two-body Schro¨dinger-like
equations in channelj bl bSb

jkTb
jk @10,11#, and take into ac-

count the strong state-dependent correlations induced by
nucleon-nucleon interaction. They improve the behavior
the wave function at small interparticle distances. Were it
for their presence, the decomposition in Eq.~2.2! would be
identical to that in the Faddeev scheme@14#.

Next, the hyperspherical coordinatesr andf i , defined as

r5Axi
21yi

2, cosf i5xi /r ~2.4!

are introduced, and the dependence ofFa(xi ,yi) on r and
f i is made explicit by writing

Fa~xi ,yi !5 (
n50

Ma

un
a~r!Zn

a~f i !, ~2.5!

Zn
a~f i !5Nn

l a ,La~cosf i !
l a~sin f i !

La

3Pn
l a1 1/2 ,La1 1/2

~cos 2f i !, ~2.6!

where Nn
l a ,La are normalization factors,Pn

a,b are Jacobi
polynomials andn is a non-negative integer,n50,...,Ma ,
whereMa is the selected number of basis functions in ch
nel a. The complete wave function is then written as

C5 (
i jk cyclic

(
a

f a~xi !Ya~ j ,k; i ! (
n50

Ma

un
a~r!Zn

a~f i !.

~2.7!

The Rayleigh-Ritz variational principle,

^duCuH2EuC&50 , ~2.8!

is used to determine the hyper-radial functionsun
a(r) in Eq.

~2.7!. Carrying out the variationduC with respect to the
functionsun

a(r), the following equation is easily derived:

(
i jk cyclic

^ f a~xi !Ya~ j ,k; i !Zn
a~f i !uH2EuC&uV50 ,

~2.9!
-

ta

he
f
t

-

whereV denotes the angular variablesf i , x̂i and ŷi . Per-
forming the integration overV and spin-isospin sums~as
implicitly understood by the notation̂̄ &uV) leads to a set
of coupled second order differential equations for theun

a(r),
which is then solved by standard numerical techniqu
@10,11#.

The binding energy of theA53 nuclei obtained with the
PHH method from the AV18/UIX Hamiltonian are listed i
Table I @12#. Also listed in Table I are results calculated wi
convergedr -space @15# and p-space @16# Faddeev wave
functions for an older model of the two-nucleon interactio
the Argonnev14 ~AV14! @7#. The binding energies obtaine
with the various methods are in excellent agreement w
each other, typically within 10 keV or less.

B. Nuclear charge and current operators

A fairly complete description of the model for the nucle
electromagnetic current has been most recently given in R
@1#. Here we only review its general structure. The nucle
charge and current operators are expanded into a sum of
and two-body terms:

r~q!5(
i

r i
~1!~q!1(

i , j
r i j

~2!~q!, ~2.10!

j ~q!5(
i

j i
~1!~q!1(

i , j
j i j
~2!~q!, ~2.11!

whereq is the momentum transfer. The one-body operat
r (1) and j (1) are given by

r i
~1!~q!5

1

A11qm
2 /4m2

1

2
@GE

S~qm
2 !1GE

V~qm
2 !tz,i #e

iq•r i

2
i

8m2 F2GM
S ~qm

2 !2GE
S~qm

2 !1@2GM
V ~qm

2 !

2GE
V~qm

2 !#tz,i Gq•~si3pi !e
iq•r i, ~2.12!

j i
~1!~q!5

1

4m
@GE

S~qm
2 !1GE

V~qm
2 !tz,i #$pi ,eiq•r i%

2
i

4m
@GM

S ~qm
2 !1GM

V ~qm
2 !tz,i #q3sie

iq•r i,

~2.13!

up to terms proportional to 1/m2, m being the nucleon mass
Equation~2.12! includes the leading relativistic correction
to the single-nucleon charge operator, namely the Darw
Foldy and spin-orbit terms. Here theGE/M

S/V (qm
2 ) are the

electric/magnetic (E/M ) isoscalar/isovector (S/V) form fac-
tors of the nucleon, taken as function of the four-moment
transfer

qm
2 5q22v2.0 , ~2.14!

where the energy transferv5Aq21mT
22mT for elastic scat-

tering on a target of massmT initially at rest in the lab. These
form factors are normalized as

GE
S~0!5GE

V~0!51,

GM
S ~0!50.880mN ,
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GM
V ~0!54.706mN , ~2.15!

mN being the nuclear magneton, and theirqm-dependence is
constrained by analyzing electron-proton and electr
deuteron scattering data. While the proton electric and m
netic form factors are experimentally fairly well known ov
a wide range of momentum transfers, there is significant
certainty in the neutron form factors, particularly the elect
one, which are obtained from model-dependent analyse
ed data. Until this uncertainty in the detailed behavior of t
electromagnetic form factors of the nucleon is narrow
quantitative predictions of electronuclear observables at h
momentum transfers will remain rather tentative. We w
reexamine this issue in Sec. II D 1 below.

1. The two-body current operator

The two-body current operator can be separated int
model-independent~MI ! term determined from the interac
tion ~in the present case, the charge-independent part o
AV18 model! following a prescription originally proposed i
Ref. @17#, and a model-dependent~MD! one, associated with
the rpg and vpg electromagnetic couplings. Explicit ex
pressions for all these currents have been most recently g
in Ref. @18#.

Therpg andvpg MD currents are purely transverse an
therefore unconstrained by the nucleon-nucleon interact
The values of the transition form factorsGrpg(qm

2 ) and
Gvpg(qm

2 ) at the photon point are known to beGrpg(0)
5grpg50.56, Ref.@19#, and Gvpg(0)5gvpg50.68, Ref.
@20#, from the measured widths of ther→pg andv→pg
decays, while theirqm-dependence is modeled using vecto
meson dominance. Monopole form factors at the pion a
vector-meson strong interaction vertices are introduced
take into account the composite nature of nucleons and
sons. The cutoff parametersLp , Lr, andLv in these form
factors are not known. Here we use the valuesLp

50.75 GeV andLr5Lv51.25 GeV obtained from studie
of the B-structure function of the deuteron@21#.

The leading MI two-body currents, denoted as pseu
scalar~PS! or p-like and vector~V! or r-like, are the isovec-
tor ones associated with the isospin-dependent central, s
spin, and tensor components of the interaction. Th
derivation has been given in a number of references@1,22#,
and will not be repeated here. We only note that~i! the PS
and V two-body currents have no free parameters and
construction, satisfy the continuity equation with the giv
realistic interaction~here the charge-independent part
AV18 model!; ~ii ! the continuity equation requires the sam
form factor be used to describe the electromagnetic struc
of the hadrons in the longitudinal part of the current opera
and in the charge operator, while it places no restrictions
the electromagnetic form factors which may be used in
transverse parts of the current. Ignoring this ambiguity,
form factorGE

V(qm
2 ) is used in the PS and V currents oper

tors, in line with the ‘‘minimal’’ requirements of curren
conservation.

There are additional two-body currents associated w
the momentum dependence of the interaction, but their c
struction is less straightforward. A procedure similar to th
used to derive the PS and V currents has been generaliz
-
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the case of the currents from the spin-orbit components
the interaction@23#. It consists, in essence, of attributin
these to exchanges ofs-like and v-like mesons for the
isospin-independent terms, and tor-like mesons for the
isospin-dependent ones. The explicit form of the result
currents, denoted as SO, can be found in Refs.@18, 23#. The
two-body currents from the quadratic momentum dep
dence of the interaction are obtained by minimal substitut
pi→pi2

1
2 @GE

S(qm
2 )1GE

V(qm
2 )tz,i #A(r i), A(r i) being the

vector potential, into the corresponding components. In
case of the AV18 model, thep2-dependence is viaL2 and
(L•s1L•s21H.c.) terms, and the associated currents
denoted respectively as LL and SO2@5,18#.

We note that the SO, LL and SO2 currents are fai
short-ranged, and have both isoscalar and isovector te
Their contribution to isovector observables is found to
numerically much smaller than that due to the leading
~p-like! current. However, these currents give non-negligi
corrections to isoscalar observables, such as the deut
magnetic moment and B-structure function@24#. Finally it is
worth emphasizing that, while the construction in Ref.@22# is
not unique, it has nevertheless been shown to provide, at
and moderate values of momentum transfer, a satisfac
description of most observables where the isovector tw
body currents play a large~if not dominant! role, such as the
deuteron threshold electrodisintegration@24#, the neutron and
proton radiative captures on protons and deuterons at
energies@18,24#, and the magnetic moments and form fa
tors of the trinucleons~as shown below!.

2. Two-body charge operators

While the MI two-body currents are linked to the form o
nucleon-nucleon interaction via the continuity equation,
most important two-body charge operators are model dep
dent and may be viewed as relativistic corrections. They
into two classes. The first class includes those effective
erators that represent non-nucleonic degrees of freed
such as nucleon-antinucleon pairs or nucleon-resonan
and which arise when these degrees of freedom are el
nated from the state vector. To the second class belong t
dynamical exchange charge effects that would appear eve
a description explicitly including non-nucleonic excitation
in the state vector, such as therpg andvpg transition cou-
plings. The proper forms of the former operators depend
the method of eliminating the non-nucleonic degrees of fr
dom @25–27#. There are nevertheless rather clear indicatio
for the relevance of two-body charge operators from the f
ure of calculations based on the one-body operator in
~2.12! in predicting the charge form factors of the three- a
four-nucleon systems@6#, and deuteron A-structure functio
and tensor polarization observable@24,28#.

The two-body model used in the present work consists
the p-, r- andv-meson exchange charge operators, as w
as of therpg and vpg charge transition couplings. Th
former are derived by considering the low-energy limit of t
relativistic Born diagrams associated with the virtual mes
photoproduction amplitude. Therpg andvpg operators are
the leading corrections obtained in a nonrelativistic reduct
of the corresponding Feynman diagrams with transition c
plings, for examplê pa(k)u j m(0)urb(p,e)&52@Grpg(qm

2 )/
mr#dabemnstp

nkset, e being the polarization vector of th
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r-meson. Coupling constants and cutoff parameters are g
in the previous subsection. Explicit expression for all the
operators can be found in Ref.@6#. Here we only note that~i!
thep- andr-meson exchange charge operators, the forme
which gives by far the dominant contribution, are co
structed using the PS~p-like! and V ~r-like! components
projected out of the isospin-dependent spin-spin and te
terms of the interaction@6#, thus reducing their model depen
dence. The resulting two-body operators are denoted as
and V, and are here obtained from the charge-indepen
part of the AV18.~ii ! In the pion~as well as vector meson!
charge operators there are additional contributions due to
energy dependence of the pion propagator and direct
pling of the photon to the exchanged pion~r-meson!. How-
ever, these operators give rise to nonlocal isovector con
butions which are expected to provide only small correctio
to the leading local terms. For example these opera
would only contribute to the isovector combination of t
3He and3H charge form factors, which is anyway a factor
three smaller than the isoscalar. Thus they are neglecte
the present work.

C. The three-body exchange current associated
with S-wave pion rescattering

The isospin odd ‘‘large’’ component of theS-wave pion-
nucleon (pN) scattering amplitude at low energy and m
mentum transfer may be described by the effective inte
tion @29#:

LppNN52
1

4 f p
2 c̄gmt•cf3]mf . ~2.16!

Here f is the isovector pion field andf p the pion decay
constant (.93 MeV). This effective Lagrangian implies th
‘‘Weinberg-Tomozawa’’ relation for the isospin odd comb
nation of thepN S-wave scattering lengthsa1 ,a3 :

l25
1

6 S 11
mp

m D ~a12a3!5
1

16p S mp

f p
D 2

, ~2.17!

which agrees well with the experimental scattering len
values. Combined with the pseudovectorpNN interaction

LpNN52
f pNN

mp
c̄g5gmtc•]mf , ~2.18!

where f pNN.1, this interaction gives rise to the three-bo
interaction:

VS52
1

4m

1

f p
2 S f pNN

mp
D 2

(
i jk cyclic

@ti•tjtk #

3
si•k isk•kk

DiDk
H sj•k i3kk1

i

2 F k i•@~pi1pi8!

2~pj1pj8!#2kk•@~pk1pk8!2~pj1pj8!#G J . ~2.19!

The momentum vectors are defined so thatk i denotes the
fractional momentum transfer to nucleoni . The denominator
factorsDi are defined as
en
e

of
-

or

PS
nt

he
u-

ri-
s
rs

in

c-

h

Di5k i
21mp

2 . ~2.20!

The derivative couplings in the Lagrangians~2.16! and
~2.18! lead to electromagnetic contact terms. These may
constructed by minimal substitution, and are found to ha
the expressions

LppgNN52
1

4 f p
2 c̄gmAm@fz~t•f!2tzf

2#c, ~2.21!

LpgNN52
f pNN

mp
c̄g5gmAm~t3f!zc, ~2.22!

respectively. When complemented with the electromagn
coupling of the pion,

Lppg52Am~f3]mf!z , ~2.23!

these contact terms give rise to the following set of thr
nucleon exchange current operators:~a! a contact current a
the S-wave rescattering vertex,~b! two contact currents a
the two accompanying pseudovectorpNN vertices and~c!
two pion current terms. The explicit expressions for these
in the corresponding order:

j i jk
a ~q!5

i

8m

1

f p
2 S f pNN

mp
D 2

@tk3~tj3ti !1ti3~tj3tk!#z

3
~si•k i !~sk•kk!

DiDk
@sj3~q2k i2kk!2 i~pj1pj8!#,

~2.24!

j i jk
b ~q!5

i

4m

1

f p
2 S f pNN

mp
D 2

@ti3~tj3tk!#z

si~sk•kk!

DkDi8

3H @sj•~k i2q!3kk#1
i

2 Fk i•@~pi1pi8!

2~pj1pj8!#2kk•@~pk1pk8!2~pj1pj8!#

22mv1q•~pj1pj8!G J 1~ i
k!, ~2.25!

j i jk
c ~q!52

i

4m

1

f p
2 S f pNN

mp
D 2

@ti3~tj3tk!#z

3
~si•k i !~sk•kk!

DiDk

2k i2q

Di8
H @sj•~k i2q!3kk#

1
i

2 Fk i•@~pi1pi8!2~pj1pj8!#2kk•@~pk1pk8!

2~pj1pj8!#22mv1q•~pj1pj8!G J 1~ i
k!.

~2.26!

In these exchange current operators the fractions of the
momentum transferq imparted to the three nucleons are d
notedk i respectively so thatq5k11k21k3 . The denomina-
tor factorsDi are defined in Eq.~2.20!, while the denomina-
tor factorsDi8 are defined as
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Di85~q2k i !
21mp

2 . ~2.27!

The combined three-nucleon exchange current operatoja

1 jb1 j c satisfies the continuity equation with the thre
nucleon interactionVS ~2.19!, as may be verified by compar
ing the productq• j with the commutator ofVS and the
single-nucleon charge operator. These two-pion excha
three-nucleon currents will be labeled asppS below.

Note that the three-nucleon interaction~2.19! is not con-
tained in the Urbana IX model@4#, the main part of which
takes into account exchanges that involve excitation of in
mediateD-isobar resonances, which are treated explicitly
low. It should however be included in any complete thre
nucleon interaction model, as it is implied by effective chi
Lagrangian models for the pion-nucleon system. It is
cluded in three-nucleon interactions that are based on
exchange and rescattering described by current algebr
chiral Lagrangians~cf. in the ‘‘d’’ term of the three-nucleon
interaction in Ref.@30#!.

D. Elastic form factors of 3H and 3He

In this section we present results for the magnetic m
ments, charge and magnetic form factors of3H and3He. The
nuclear ground states are described by the PHH wave f
tions obtained from the AV18/UIX Hamiltonian model.

A convenient expression to calculate the magnetic fo
factors of aJ51/2 nucleus, such as theA53 systems unde
consideration here, is obtained by orienting the coordin
system so that the spin-quantization axis~the z-axis! lies
along the momentum transferq. It is then found that

FM~q!5
2m

m

1

q
^C1u j x~qẑ!uC2&, ~2.28!

wherem is the nuclear magnetic moment in terms ofmN ~the
nuclear magneton!, C1/2 are the normalized ground-sta
wave functions withJz561/2, respectively, andj x(qẑ) is
the x-component of the current operator. Note thatFM(0)
51. The charge form factor is easily obtained from

FC~q!5
1

Z
^C1ur~qẑ!uC1&, ~2.29!

with FC(0)51.
The matrix elements~2.28! and~2.29! are evaluated with

Monte Carlo methods. The wave function is written as
vector in the spin-isospin space of the three nucleons for
given spatial configurationR[(r1 ,r2 ,r3). For the givenR,
the state vectorsj x(qẑ)uC2& andr(qẑ)uC1& are calculated
by performing exactly the spin-isospin algebra with the te
niques described in Refs.@5, 6#. The spatial integrations ar
carried out by sampling theR-configurations according to
the Metropoliset al. algorithm@31#. Typically, 400 000 con-
figurations are enough, in the form factor calculations
ported here, to achieve a relative error of few % at low a
moderate values of momentum transferq (q<5 fm21), in-
creasing to;30% at the highestq-values.
ge
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1. The magnetic form factors

The current operator includes, in addition to the one-bo
current in Eq.~2.13!, the MI two-body currents obtained
from the charge-independent part of the AV18 interact
~denoted as PS orp-like, V or r-like, SO, LL and SO2!, the
MD rpg and vpg two-body currents, and finally the loca
terms of the three-body current associated with theS-wave
two-pion exchange three-nucleon interaction~2.19! de-
scribed in the previous section.

Because of destructive interference in the matrix elem
for the magnetic dipole transition between theS- andD-state
components of the wave function, the one-body predictio
for the 3H and 3He magnetic form factors~MFF! have dis-
tinct minima at around;3.5 fm21 and ;2.5 fm21, respec-
tively, in disagreement with the experimental data@32–41#,
as shown in Figs. 1 and 2. The situation is closely related
that of the backward cross section for electrodisintegration

FIG. 1. The magnetic form factors of3H, obtained with single-
nucleon currents~1-N!, and with inclusion of two-nucleon curren
@(112)-N# andppS three-nucleon@TOT-N~D!# current contribu-
tions, are compared with data~shaded area! from Amroun et al.
@41#. Theoretical results correspond to the AV18/UIX PHH wa
functions, and employ the dipole parametrization@including the
Galster factor forGE

n(qm
2 )# for the nucleon electromagnetic form

factors. Note that the Sachs form factorGE
V(qm

2 ) is used in the
model-independent isovector two-body currents obtained from
charge-independent part of the AV18 interaction. Also shown
the total results corresponding to the Gari-Kru¨mpelmann parametri-
zation @43# of the nucleon electromagnetic form factor@TOT-
N~GK!#.

FIG. 2. Same as in Fig. 1, but for3He.
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the deuteron, which is in fact dominated by two-body curr
contributions for values of momentum transfer abo
;2.5 fm21 @42#.

Inclusion of the contributions from the two- andppS
three-body currents shifts the zeros in the calculated MFF
higherq-values. While the experimental3H MFF is in good
agreement with theory over a wide range of moment
transfers, there is a significant discrepancy between the m
sured and calculated values of the3He MFF in the region of
the diffraction minimum. This discrepancy persists ev
when different parametrizations of the nucleon electrom
netic form factors are used. This is evident from Figs. 1 a
2 where the total results obtained with the Ga
Krümpelmann ~GK! parametrization@43# of the nucleon
electromagnetic form factors are shown.

It is useful to define the quantities

FM
S,V~q!5

1

2
@m~3He!FM~q;3He!6m~3H!FM~q;3H!# .

~2.30!

If the 3H and3He ground states were pureT51/2 states, then
the FM

S and FM
V linear combinations of the three-nucleo

MFF would be only influenced by, respectively, the isosca
(S) and isovector (V) parts of the current operator. How
ever, small isospin admixtures withT.1/2, induced by elec-
tromagnetic, CSB and CIB terms present in the AV18 int
action, are included in the present wave functions. As
consequence, purely isoscalar~isovector! current operators
give small, otherwise vanishing, contributions to theFM

V

(FM
S ) MFF.
The contributions of the individual components of t

two- and three-nucleon~ppS term! currents to theFM
S and

FM
V combinations are shown in Figs. 3 and 4. In the diffra

tion region the PS~p-like! isovector current gives the dom
nant contribution toFM

V , while the contributions from re-
maining currents are significantly smaller, about one orde
magnitude or more. The three-nucleon current (ppS) asso-
ciated with theS-wavepN coupling is found to give a very
small correction.

Among the two-body contributions toFM
S , the most im-

portant is that due to the currents from the spin-orbit int
actions~SO!, the remaining operators producing a very sm
correction. Note that the isovector PS and V currents c
tribute toFM

S because of the small isospin-symmetry brea
ing components present in the3H and 3He wave functions
induced by the AV18 model, as mentioned earlier.

Finally, the cumulative contributions to theFM
S and FM

V

combinations are compared with the experimental data@41#
in Figs. 5 and 6, respectively. The zero in the calculatedFM

V

is found to occur at lowerq-value than experimentally ob
served. As shown in the next section, this discrepancy
tween theory and experiment remains unresolved even w
D-isobar degrees of freedom are included in both the nuc
wave functions and currents. We will return to this point
the conclusions. Predictions for the magnetic moments
given in Tables II and III, while those for the magnetic rad
are listed in Table IV. These results are discussed in S
III D.
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2. The charge form factors

The charge operator includes, in addition to the one-bo
term of Eq.~2.12!, the PS orp-like, V or r-like, v, rpg and
vpg two-body operators, discussed previously. The calc
lated 3H and 3He charge form factors~CFF! are compared

FIG. 3. Individual contributions to theFM
S (qm) combination, Eq.

~2.30!, of the 3H and 3He magnetic form factors, obtained with th
dipole parametrization of the nucleon electromagnetic form facto
The sign of each contribution is given in parenthesis. Note th
because of isospin-symmetry breaking components present in
3H and 3He wave functions, the purely isovector PS, V andppS

currents give nonvanishing contributions to theFM
S (qm) combina-

tion. However as theppS contribution is very small, is not shown.

FIG. 4. Individual contributions to theFM
V (qm) combination, Eq.

~2.30!, of the 3H and 3He magnetic form factors, obtained with th
dipole parametrization of the nucleon electromagnetic form facto
The sign of each contribution is given in parenthesis. Note th
because of isospin-symmetry breaking components present in
3H and 3He wave functions, the purely isoscalarrpg current gives
nonvanishing contributions to theFM

V (qm) combination. However,
being very small, it is not shown.
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with the experimental data@32–41# in Figs. 7 and 8. There is
excellent agreement between theory and experiment, a
clear from these figures. The important role of the two-bo
contributions above 3 fm21 is also evident. The remarkabl
success of the present picture based on nonrelativistic w
functions and a charge operator including the leading rela
istic corrections should be stressed. It suggests, in partic
that the present model for the two-body charge operato
better than onea priori should expect. These operators, su
as the PS charge operator, fall into the class of relativi
corrections. Thus, evaluating their matrix elements with n
relativistic wave functions represents only the first appro
mation to a systematic reduction. A consistent treatmen
these relativistic effects would require, for example, inc
sion of the boost corrections on the nuclear wave functi

FIG. 5. TheFM
S (qm) combinations of the3H and 3He magnetic

form factors, obtained with single-nucleon currents~1-N!, and with
inclusion of two-nucleon current@(112)-N# and ppS three-
nucleon current~TOT-N! contributions, are compared with da
~shaded area! from Amrounet al. @41#. The dipole parametrization
is used for the nucleon electromagnetic form factors.

FIG. 6. Same as in Fig. 5, but for theFM
V (qm) combination of

the 3H and 3He magnetic form factors.
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@25,26,44#. Yet, the excellent agreement between the cal
lated and measured CFF suggests that these corrections
be negligible in theq-range explored so far.

For completeness, we show in Figs. 9 and 10 the con
butions from the individual components of the charge ope
tor to the linear combinations

FC
S,V~q!5

1

2
@2FC~q;3He!6FC~q;3H!#. ~2.31!

Note that again, because of isospin-symmetry breaking c
ponents present in the3He and3H wave functions, the purely
isovector ~isoscalar! vpg ~rpg! charge operator gives
small, otherwise vanishing, correction to theFC

S (FC
V) CFF.

Finally, values for the charge radii of3H and 3He are
listed in Table V. The results including the contribution
associated with the two-body charge operators are foun
be in good agreement with experimental data.

III. BEYOND NUCLEONS ONLY

The simplest nuclear description views the nucleus as
ing made up of nucleons, and assumes that all other s
nucleonic degrees of freedom may be eliminated in favor
effective many-body operators acting on the nucleons’ co
dinates. The validity of such a description is based on
success it has achieved in the quantitative prediction of m

TABLE III. Cumulative and normalized contributions to the3H
and 3He magnetic moments and theirmS andmV combinations, in
nuclear magnetons~n.m.!, compared with the experimental data.

m(3H) m(3He) mS mV

1-N 2.571 21.757 0.407 2.164
TOT-N 2.961 22.077 0.442 2.519
TOT-N11-D 2.971 22.089 0.441 2.530
TOT-~N1D! 2.994 22.112 0.441 2.553
EXPT. 2.979 22.127 0.426 2.553

TABLE II. Individual contributions from the different compo
nents of the nuclear electromagnetic current operator to the3H and
3He magnetic moments and theirmS and mV combinations, in
nuclear magnetons~n.m.!. Note that, because of isospin-symmet
breaking components present in the PHH3H and 3He wave func-
tions, purely isoscalar~isovector! currents give nonvanishing con
tributions to themV (mS) combination. The contributions tomS due
to theppS and 2-D currents and those tomV due to the SO21LL
currents are very small and are not listed.

m(3H) m(3He) mS mV

1-N 2.571 21.757 0.407 2.164
PS 0.274 20.269 0.002 0.271
V 0.046 20.044 0.001 0.045
SO 0.057 0.010 0.033 0.023
SO21LL 20.005 20.006 20.005
rpg1vpg 0.016 20.009 0.003 0.012
ppS 0.002 20.002 0.002
1-D 0.084 20.064 0.010 0.074
2-D 0.024 20.024 0.024
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nuclear observables@1#. However, it is interesting to conside
corrections to this picture by including the degrees of fr
dom associated with nuclear resonances as additional
stituents of the nucleus. When treating phenomena which
not involve explicitly meson production, it is reasonable
expect that the lowest excitation of the nucleon, theD-isobar,
plays a leading role.

In such an approach, theA53 nuclear wave function is
written as

CN1D5C~NNN!1C~1!~NND!1C~2!~NDD!

1C~3!~DDD!, ~3.1!

where C is that part of the total wave function consistin
only of nucleons; the termC (1) is the component in which a
single nucleon has been converted into aD-isobar, and so on
The nuclear two-body interaction is taken as

v i j 5 (
Bi ,Bj 5N,D

(
Bi8 ,Bj85N,D

v i j ~BiBj→Bi8Bj8!, ~3.2!

where transition interactions such asv i j (NN→ND),
v i j (NN→DD), etc. are responsible for generatingD-isobar
admixtures in the wave function. The long-range part ofv i j
is due to pion-exchange, while its short- and intermedia
range parts, influenced by more complex dynamics, are c

FIG. 7. The charge form factors of3H, obtained with a single-
nucleon charge operator~1-N! and with inclusion of two-nucleon
charge operator contributions~TOT-N!, are compared with data
~shaded area! from Amroun et al. @41#. Note that the 1-N results
also include the Darwin-Foldy and spin-orbit corrections. Theo
ical results correspond to the AV18/UIX PHH wave functions, a
employ the dipole parametrization of the nucleon electromagn
form factors.

TABLE IV. Cumulative and normalized contributions to the3H
and3He r.m.s. magnetic radii, in fm, compared with the experime
tal data.

3H 3He

1-N 1.895 2.040
TOT-N 1.810 1.925
TOT-N11-D 1.804 1.916
TOT-~N1D! 1.800 1.909
EXPT. 1.84060.181 1.96560.153
-
n-
o

-
n-

strained by fitting NN scattering data at lab energ
<400 MeV and deuteron properties@7#.

Once theNN, ND andDD interactions have been dete
mined, the problem is reduced to solving theN-D coupled-
channel Schro¨dinger equation. In principle, for theA53 sys-
tems Faddeev and hyperspherical-harmonics techniques
be used~and, indeed, Faddeev methods have been use
the past@45,46#! to this end, although the large number
N-D channels involved makes the practical implementat
of these methods difficult. A somewhat simpler approa
consists of a generalization of the correlation operator te
nique @47#, which has proven very useful in the variation
theory of light nuclei, particularly in the context of varia
tional Monte Carlo calculations@2,48#. In such an approach
known as the transition-correlation-operator~TCO! method
@49#, the nuclear wave function is written as

CN1D5FS)
i , j

~11Ui j
TR!G C, ~3.3!

whereC is the purely nucleonic component,S is the sym-
metrizer and the transition operatorsUi j

TR convertNN pairs

t-

ic

FIG. 8. Same as in Fig. 7, but for3He.

FIG. 9. Individual contributions to theFC
S(qm) combination, Eq.

~2.31!, of the 3H and 3He charge form factors, obtained with th
dipole parametrization of the nucleon electromagnetic form fact
The sign of each contribution is given in parenthesis. Note th
because of isospin-symmetry breaking components present in
3H and 3He wave functions, the purely isovectorvpg charge op-
erator gives a nonvanishing contribution to theFC

S(qm) combina-
tion.

-
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into ND and DD pairs. In the present study theC is taken
from PHH solutions of the AV18/UIX Hamiltonian with
nucleons only interactions@49#, while the Ui j

TR is obtained
from two-body bound and low-energy scattering state so
tions of the fullN-D coupled-channel problem. This aspe
of the present calculations is reviewed briefly in the n
subsection.

A. Wave functions with D-admixtures

The transition correlation operator~TCO! method @49#
consists in approximating theCN1D as in Eq.~3.3!, with the
transition operatorsUi j

TR defined as

Ui j
TR5Ui j

ND1Ui j
DN1Ui j

DD , ~3.4!

Ui j
ND5@ustII ~r i j !si•Sj1uttII ~r i j !Si j

II #ti•T j , ~3.5!

Ui j
DD5@ustIII ~r i j !Si•Sj1uttIII ~r i j !Si j

III #T i•T j . ~3.6!

Here, Si and T i are spin- and isospin-transition operato
which convert nucleoni into a D-isobar; Si j

II and Si j
III are

tensor operators in which, respectively, the Pauli spin op
tors of either particlei or j , and both particlesi and j are
replaced by corresponding spin-transition operators.
Ui j

TR vanishes in the limit of large interparticle separation
since noD components can exist asymptotically.

The transition operatorUi j
TR and nucleonic wave function

C in Eq. ~3.3! could be determined variationally by using a

FIG. 10. Individual contributions to theFC
V(qm) combination,

Eq. ~2.31!, of the3H and3He charge form factors, obtained with th
dipole parametrization of the nucleon electromagnetic form fact
The sign of each contribution is given in parenthesis. Note t
because of isospin-symmetry breaking components present in
3H and3He wave functions, the purely isoscalarrpg charge opera-
tor gives a nonvanishing contribution to theFC

V(qm) combination.

TABLE V. Cumulative and normalized contributions to the3H
and3He r.m.s. charge radii, in fm, compared with the experimen
data.

3H 3He

1-N 1.711 1.919
TOT 1.725 1.928
EXPT. 1.75560.086 1.95960.030
-
t
t

a-

e
,

interaction of the form given in Eq.~3.2!, that contains both
N and D degrees of freedom, such as the Argonnev28Q
~AV28Q! model @7,50#, and by minimizing the ground-stat
energy of each given nucleus. Instead, we use transition
relation functionsustII (r ), etc. ~shown in Fig. 11! that ap-
proximately reproduce two-body bound- and low-ener
scattering-state wave functions for the AV28Q model, a
take the PHH wave function obtained in Sec. II A as theC in
Eq. ~3.3!. The validity of such an approximation has be
discussed at length in the original reference@49#. Here, we
only note that~i! since the correlation functionsustII (r ), etc.
are short-ranged, they are expected to have a rather w
dependence onA; ~ii ! it is important theC used in Eq.~3.3!,
obtained from av i j (NN→NN) interaction phase-equivalen
to the full v i j of Eq. ~3.2!, be proportional to that projecte
out from theCN1D wave function for thev i j interaction.
This has been explicitly verified by direct calculation in th
two-body problem@49#.

In the TCO scheme, the perturbation theory description
D-admixtures is equivalent to the replacements:

Ui j
ND,PT5

v i j ~NN→ND!

m2mD
, ~3.7!

Ui j
DD,PT5

v i j ~NN→DD!

2~m2mD!
, ~3.8!

where the kinetic energy contributions in the denominat
of Eqs.~3.7! and~3.8! have been neglected~staticD approxi-
mation!. The transition interactionsv i j (NN→ND) and
v i j (NN→DD) have the same operator structure asUi j

ND and
Ui j

DD of Eqs. ~3.5! and ~3.6!, but with the usta(r ) and
utta(r ) functions replaced by, respectively,

vsta~r !5
~ f f !a

4p

mp

3

e2x

x
C~x!, ~3.9!

v tta~r !5
~ f f !a

4p

mp

3 S 11
3

x
1

3

x2D e2x

x
C2~x!.

~3.10!

s.
t,
he

l

FIG. 11. Transition correlation functionsustII (r ), uttII (r ), etc.
obtained for the AV28Q model@50#, and perturbation theory
equivalentsustII ,PT(r ), uttII ,PT(r ), etc.
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Herea5II, III, x[mpr , ( f f )a5 f pNNf pND , f pND f pND for
a5II, III, respectively, and the cutoff functionC(x)51
2e2lx2

. In the AV28Q model@50# f pND5(6&/5) f pNN , as
obtained in the quark model, andl54.09. Note that in Fig.
11 uqII, PT(r )5vqII(r )/(m2mD) and uqIII, PT(r )5vqIII (r )/
@2(m2mD)#, with q5st,tt.

The perturbative treatment has been often~in fact, almost
exclusively! used in the literature to estimate the effect ofD
degrees of freedom on electroweak observables. Howeve
may lead to a substantial overprediction of their importan
@18,49#, since it producesND andDD wave functions which
are too large at short distance; see Fig. 11.

B. ND-transition and D currents

The nuclear electromagnetic current is expanded int
sum of many-body terms that operate on the nucleon
D-isobar degrees of freedom. The nucleonic componen
this current operator has been discussed in the previous
tion. Here, we only discuss itsD components.

1. ND-transition and D one-body currents

The one-body current is written as

j i
~1!~q!5 (

B,B85N,D

j i~q;B→B8!, ~3.11!

wherej i(q;N→N) is the nucleonic current component give
in Eq. ~2.13! and

j i~q;N→D!52
i

2m
GgND~qm

2 !eiq•r iq3SiTz,i ,

~3.12!

j i~q;D→D!52
i

24m
GgDD~qm

2 !eiq•r iq3Si~11Qz,i !.

~3.13!

HereS ~Q! is the Pauli operator for theD spin 3/2~isospin
3/2!, and the expression forj i(q;D→N) is obtained from
that for j i(q;N→D) by replacing the transition spin and iso
pin operators by their hermitian conjugates. T
ND-transition andD electromagnetic form factors, respe
tively GgND andGgDD , are parametrized as

GgND~qm
2 !5

mgND

~11qm
2 /LND,1

2 !2A11qm
2 /LND,2

2
, ~3.14!

GgDD~qm
2 !5

mgDD

~11qm
2 /LDD

2 !2 . ~3.15!

Here the ND-transition magnetic momentmgND is taken
equal to 3mN , as obtained from an analysis ofgN data in
the D-resonance region@51#; this analysis also givesLND,1
50.84 GeV andLND,251.2 GeV. The value used for theD
magnetic momentmgDD is 4.35mN by averaging results of a
soft-photon analysis of pion-proton bremsstrahlung data n
the D11 resonance@52#, andLDD50.84 GeV as in the di-
pole parametrization of the nucleon form factor. In princip
N to D excitation can also occur via an electric quadrup
transition. Its contribution, however, has been ignored, si
, it
e

a
d

of
ec-

ar

,
e
e

the associated pion photoproduction amplitude is found to
experimentally small at resonance@53#. Also neglected is the
D convection current.

2. ND-transition two-body currents

The two-body term is written as

j i j
~2!~q!5(Bi ,Bj 5N,D

8 (B
i
8 ,B

j85N,D
8 j i j ~q;BiBj→Bi8Bj8!,

~3.16!

where the prime over the summation symbols indicates
terms involving more than a singleD have been neglected i
the present study. TheNN→NN two-body terms have al-
ready been discussed. The two-body terms involving at m
a singleD are illustrated in Fig. 12, and are explicitly give
by

j i j ~q;NN→ND!5~ti3T j !zF @si~Sj• r̂ i j !e
iq•r i

1~si• r̂ i j !Sje
iq•r j #h~r i j !1eiq•Ri j ~si•¹i !

3~Sj•¹j ! r̂ i j h̄~r i j !G , ~3.17!

where r i j 5r i2r j , Ri j 5(r i1r j )/2, and the functionsh(r )
and h̄(r ) are defined as, respectively,

h~r ![2S f pNNf pND

4p D 1

x2 ~11x!e2x, ~3.18!

h̄~r ![S f pNNf pND

4p D 1

mp
2 E

2 1/2

1 1/2

dze2 izq•re2rL ~z!,

~3.19!

with x[mpr and L(z)5@mp
2 1q2(1/42z2)#1/2. Terms ex-

plicitly proportional toq in Eq. ~3.17! have been dropped
since in applications only the transverse components ofj ~q!
occur. The three terms in Eq.~3.17! are associated with dia
grams~a!, ~b! and ~c! in Fig. 12, respectively, and can b
obtained from the well known expression of the two-bo
nucleonic currents due to pion-exchange by replacingsj and
tj with Sj andT j , respectively.

To account for the hadron extended structure, form f
tors must be introduced at thepNN and pND vertices. In
the case ofv i j (NN→ND) interaction, ther -space cutoff
C(mpr ) has been used. However, for thej (NN→ND)
above it has been found convenient to introduce monop
form factors withL5900 MeV in its p-space expression
This value forL is consistent with that obtained from th
tensor component ofv i j (NN→ND). Finally, the expression
in Eq. ~3.17! is multiplied by the isovector form facto
GE

V(qm
2 ).

FIG. 12. ND-transition two-body currents due to pion exchang
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C. Calculation

Calculation of the magnetic form factors requires eval
tion of the transition matrix element in Eq.~2.28!, where the
wave functions and currents include both nucleonic andD-
isobar degrees of freedom. To evaluate such a matrix
ment, it is convenient to expand the wave functionCN1D,Jz

as

CN1D,Jz
5CJz

1(
i , j

Ui j
TRCJz

1¯ , ~3.20!

and write the numerator of Eq.~2.28!, in a schematic nota
tion, as

^CN1D, f u j uCN1D,i&5^C f u j ~N only!uC i&

1^C f u j ~D!uC i&, ~3.21!

where j (N only) denotes all one- and two-body contrib
tions toj ~q! which only involve nucleon degrees of freedom
i.e., j (N only)5 j (1)(N→N)1 j (2)(NN→NN). The operator
j (D) includes terms involving theD-isobar degrees of free
dom, associated with the explicitD currents j (1)(N→D),
j (1)(D→N), j (1)(D→D), j (2)(NN→ND), etc., and with the
transition operatorsUi j

TR . The operatorj (D) is illustrated
diagrammatically in Figs. 13 and 14. The terms~a!–~g! in
Fig. 13 and~a!–~f! in Fig. 14 are two-body current operator
The terms~g!–~l! in Fig. 14 are three-body current operato
while the terms~h!–~j! in Fig. 13 are to be interpreted a
renormalization corrections to the ‘‘nucleonic’’ matrix ele
ments ^C f u j (N only)uC i&, due to the presence ofD-
admixtures in the wave functions.

There are, however, additional, connected three-b
terms inj (D) that are neglected in the present work. A nu
ber of these are illustrated in Fig. 15. Their contribution
expected to be significantly smaller than that from the ter

FIG. 13. Diagrammatic representation of operators included
j (D) due to one-body currentsj (1)(N→D), j (1)(D→N) and
j (1)(D→D), and transition correlationsUND, UDN, UDD, and cor-
responding Hermitian conjugates. Wavy, thin, thick, dashed
cross-dashed lines denote photons, nucleons,D-isobars and transi-

tion correlationsUBB8 andUBB8†, respectively.
-

e-

,

y
-

s

in Figs. 13 and 14 involving transition correlations betwe

two particles only, of the typeUi j
BB8†Ui j

BB8 , but comparable
to that from the three-body terms in Fig. 14 havin

Ui j
BB8†U jk

BB8 . These have been found to be very small.
The terms in Fig. 13 are expanded as operators acting

the nucleons’ coordinates. For example, the terms~a! and~e!
in Fig. 13 have the structure, respectively,

~a!5 j i
~1!~D→N!Ui j

DN , ~3.22!

~e!5Ui j
DN† j i

~1!~D→D!Ui j
DN , ~3.23!

which can be reduced to operators involving only Pauli s
and isospin matrices by using the identities

S†
•AS•B5

2

3
A•B2

i

3
s•~A3B!, ~3.24!

n

d

FIG. 14. Diagrammatic representation of operators included
j (D) due to two-body currentsj (2)(NN→ND), j (2)(NN→DN),
etc., and transition correlationsUND, UDN, and corresponding Her
mitian conjugates. Wavy, thin, thick, dashed and cross-dashed
denote photons, nucleons,D-isobars and transition correlation

UBB8 andUBB8†, respectively.

FIG. 15. Diagrams associated with connected three-body te
which are neglected in the present work. Wavy, thin, thick, dash
cross-dashed and dotted lines denote photons, nucleons,D-isobars,

transition correlationsUBB8 and UBB8†, and the two-body curren
j (2)(NN→NN), respectively.
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S†
•AS•BS•C5

5

3
iA•~B3C!2

1

3
s•AB•C2

1

3
A•BC•s

1
4

3
A•~B•s!C, ~3.25!

whereA, B andC are vector operators that commute withs,
but not necessarily among themselves.

While the terms in Fig. 14 could have been reduced
precisely the same way, the resulting expressions in term
s and t Pauli matrices become too cumbersome. Thus,
these it was found to be more convenient to retain the
plicit representation ofS (S†) as a 432(234) matrix

S5S 2ê2 0

A2

3
ê0 2

1

)
ê2

2
1

)
ê1 A2

3
ê0

0 2ê1

D ,

whereê657( x̂6 iŷ)/&, ê05 ẑ, andêm* 5(2)mê2m and de-
rive the result of terms such as~a!1~c!1~e!5Ui j

ND† j i j
(2)(NN

→ND) on the stateuC& by first operating withj (2) and then
with UND†. The Monte Carlo evaluation of the matrix ele
ment is then performed with methods similar to tho
sketched in Sec. II D.

The normalization of the wave function is given by

^CN1D,Jz
uCN1D,Jz

&5K CJzU11(
i , j

@2Ui j
DN†Ui j

DN

1Ui j
DD†Ui j

DD#UCJzL
1~ three-body terms! ~3.26!

and the three-body terms have been neglected con
tently with the approximation introduced in Eq.~3.21!, as
discussed above. The wave-function normalization ra
^CN1DuCN1D&/^CuC& is found to be 1.025.

Perturbation theory~PT! estimates of the importance o
D-isobar degrees of freedom in photo- and electronuc
observables typically include only the contribution fro
singleN
D transitions@namely diagrams~a! and~b! in Fig.
13# and ignore the change in the wave function normali
tion. In the TCO scheme, these PT estimates are obtaine
usingUBB8,PT transition correlation defined in Eqs.~3.7! and
~3.8! @49#. In particular, the PT expressions for the thre
body terms in Fig. 14, diagrams~g!–~l! along with those in
which the first and third legs are exchanged, can easily
shown to satisfy current conservation with the Fuji
Miyazawa two-pion exchange three-nucleon interact
~TNI! @54# given by
n
of
r

x-

is-

o

ar

-
by

-

e
-
n

Vi jk
FM~NNN→NNN!

5v jk~DN→NN!
1

m2mD
v i j ~NN→ND!1H.c.,

~3.27!

where the transition potentials are defined in Eqs.~3.9! and
~3.10! @here with the cutoff functionC(x) set to one#. Cur-
rent models of TNI @4# include the ‘‘long-range’’ 2p-
exchange component above. Indeed, the need of inclu
the associated three-body currents provided one of the m
vations for undertaking the present study.

D. The magnetic moments and form factors

The 3H and 3He magnetic form factors obtained by in
cluding nucleon andD-isobar degrees of freedom in th
nuclear wave functions and currents are shown in Figs.
and 17; while individual contributions to the combinatio
FM

S andFM
V are displayed in Figs. 18 and 19. Finally, ind

vidual and cumulative contributions to the magnetic m
ments and cumulative contributions to the magnetic radi
the trinucleons are listed in Tables II, III, and IV, respe
tively. Note that in Figs. 16 and 17 and Table II the cont
butions labelled 1-D and 2-D are associated with the dia
grams in Figs. 13 and 14, respectively. Also note that

FIG. 16. The magnetic form factors of3H, obtained with single-
nucleon currents~1-N!, and with inclusion of two- and three
nucleon current~TOT-N! andD @TOT-~N1D!# contributions.

FIG. 17. Same as in Fig. 16, but for3He.
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individual nucleonic andD-isobar contributions in Figs. 18
and 19 and Table II are normalized as, in a schematic n
tion,

@O#5
^Cu j OuC&

^CuC&
. ~3.28!

However, the cumulative contributions in Figs. 16 and
and Table III and IV are normalized as

@TOT-N#5
^Cu j ~N only!uC&

^CuC&
, ~3.29!

when ‘‘nucleons only’’ terms are retained, and as

FIG. 18. The single-nucleon contribution to theFM
S (qm) combi-

nation of the3H and 3He magnetic form factors is compared wi
the 1-D and 2-D contributions, associated respectively with di
grams of Fig. 13 and 14.

FIG. 19. The single-nucleon and leading PS two-nucleon c
tributions to theFM

V (qm) combination of the3H and 3He magnetic
form factors are compared with the 1-D and 2-D contributions, as-
sociated respectively with diagrams of Fig. 13 and 14.
a-

@TOT-~N1D!#5
^CN1Du j ~N1D!uCN1D&

^CN1DuCN1D&
, ~3.30!

when, in addition, theD terms are included.
The contributions associated withD components are

found to be small in contrast to earlier studies@55#. There are
a number of differences between the present calculation
that reported in Ref.@55#, which partially account for these
conflicting results. We first note that the present calculat
retains one- and two-D components in the trinucleon wav
functions, in contrast to Ref.@55#, where the nucleon and
D-isobar Hilbert space is truncated at the oneD level. Addi-
tional differences are as follows.

~i! ThepND andgND coupling constants in Ref.@55# are
taken as, respectively, (f pND

2 /4p)50.35, from the experi-
mental D-decay width, and mgND51.42(2/))@2mD /
(m1mD)#Am/mDmp54.54 n.m.. These values should b
compared to (f pND

2 /4p)5(72/25)(f pNN
2 /4p)50.216 and

mgND53 n.m., used in the present work~see discussion in
Secs. III A and III B!.

~ii ! The normalization ratiô CN1DuCN1D&/^CuC& is
found to be between 1.0233 and 1.0255 in Ref.@55#, depend-
ing on the interaction model considered, and 1.025 in
present work. However, note that, as mentioned befo
two-D components are neglected in Ref.@55#. Indeed, if we
were to truncate our calculation to the one-D level, we would
then find the ratio above to be 1.016, significantly sma
than the range obtained in Ref.@55#.

~iii ! Lastly and perhaps more importantly, we find that t
sign of the 2-D contribution in Fig. 19 is opposite to tha
reported in Ref.@55#, specifically the dotted curve in Fig.
of that work. The origin of this difference is unclear at th
point. However, we do find that the sign of the 2-D contri-
bution ~see Fig. 19! is the same as that of the nucleonic P
~p-like! contribution, as one would expect. It is worth me
tioning here that if we were to artificially change the sign
our 2-D contribution, we would then obtain results for th
magnetic form factors of the trinucleons in agreement w
those reported in Ref.@55#, suggesting a more significant rol
of D-isobar degrees of freedom than presently advocated

The predicted magnetic moments of the trinucleons
within less than 1% of the experimental values. The p
dominantly isovectorD-isobar contributions lead to an in
crease~in magnitude! of the 3H and 3He magnetic moments
calculated with nucleons only degrees of freedom of, resp
tively, 1.1% and 1.7% in relative terms. We note that pert
bation theory estimates of theD-isobar contributions are
found to be significantly larger than obtained here. The in
vidual contributions associated with the diagrams of Fig.
are in agreement with those reported in an earlier study@49#.
For example, we find that the contributions of diagrams~a!–
~b!, ~c!–~d! and ~g!, ~e!–~f! and ~h!–~j! of Fig. 13 to the
isovector combinationmV of the trinucleon magnetic mo
ments have all the same sign, and respectively accoun
approximately 60%, 16%, 0.5%, and 22% of the total 1D
contribution tomV , listed in Table II. Finally, the contribu-
tions of diagrams~a! and~b! in Fig. 13 are found to be 0.046
n.m. in the present calculation, which is about 30% sma
than reported previously@5#. The calculation in this older
study was based on a perturbative treatment of diagrams~a!

-
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and ~b!, which however includedD-excitation via bothp-
andr-exchange and used the quark model prediction for
transition magnetic moment,mgND5(3&/5)mV . The latter
value is about 30% larger than the experimental va
mgND53 n.m. used here. However, theDp andDr contribu-
tions have opposite sign at low momentum transfer, and
result of this partial cancellation the dominantDp contribu-
tion is reduced.

The predicted magnetic radii of3H and 3He are, respec-
tively, 2% and 3% smaller than the experimental values,
still within experimental errors. Inclusion of the contribu
tions due to two- and three-body exchange currents lead
a decrease of the3H and3He magnetic radii of, respectively
5% and 6%.

While the agreement between theory and experimen
satisfactory for the magnetic moments, magnetic radii a
low q form factors, the calculated form factors, particula
that of 3He, remain at variance with the experiment in t
diffraction region. The role played byD-isobar degrees o
freedom is found to be marginal over the wholeq-range
considered here.

IV. CONCLUSIONS

The present results for the electromagnetic form factor
the trinucleons may be summarized as follows:~i! the tri-
nucleon charge form factors agree well with the experime
values when calculated with wave functions obtained from
Hamiltonian consisting of the Argonnev18 two-nucleon and
the Urbana IX three-nucleon interactions;~ii ! agreement with
the experimental charge form factors requires that the t
nucleon exchange charge operators are taken into acc
~iii ! the calculated magnetic form factor of3H agrees well
with experiment, whereas that of3He agrees well with the
experimental values only for momentum transfers below
first zero in the form factor;~iv! the two-nucleon exchang
current contributions are essential for achieving agreem
with experiment whereas three-nucleon exchange curren
erators and theD-isobar configurations have only very sma
effects on the calculated magnetic form factors.

The result for the static observables are that the calcul
value for the isovector combination of the trinucleon ma
pe
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ys
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netic moments agrees very well with the experimental va
~Table III!. The isoscalar combination of the trinucleon ma
netic moments exceeds the experimental value by about
but this small disagreement does not prevent a good re
duction of the isoscalar combination of the experimen
magnetic form factors. As the calculated magnetic mome
of 3H and 3He differ by less than 0.015 n.m. from the
experimental values, the results appear to be very satis
tory. The calculated charge radii are smaller by only 2% th
the experimental values. The calculated magnetic radii
smaller than 3% than the experimental values~Tables IV and
V!. To obtain these quite satisfactory calculated values
the charge and magnetic radii the exchange current contr
tions have to be taken into account.

We note finally that the three-nucleon exchange curr
operator~2.24!–~2.26!, which was constructed to satisfy th
continuity equation with the three-nucleon interaction~2.19!,
was found to give only very small contributions to the ma
netic form factors of the trinucleons. It is worth noting th
the corresponding component of the ‘‘Tucson-Melbourn
type three-nucleon interaction in@30# is roughly an order of
magnitude stronger than the three-nucleon interaction~2.19!,
and would therefore imply correspondingly much larg
three-nucleon exchange current contributions. Part of
difference is due to the inclusion ofD-isobar intermediate
state effects in the ‘‘d’’ term of that three-nucleon intera
tion. In the present workD-isobar configurations are treate
explicitly, and should therefore not be included in irreducib
three-nucleon exchange current operators.
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