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Topological-Exchange-Current Contribution to the Deuteron Magnetic Form Factor
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In the chiral soliton (Skyrme) model all isoscalar electromagnetic currents, including the exchange
currents in nuclei, are topological and uniquely determined by the current of the individual nucleons.
This allows us to obtain a madel-independent iso.K:alar exchange-current operator, vrhich is used to study
the magnetic form factor of the deuteron. The structure of the deuteron is incorporated by our evaluat-
ing the expectation value of the exchange-current operator ~ith respect to the ~ave function obtained
from the Paris potential. The magnetic form factor of the deuteron is dominated by the exchange-
current contribution and is in agreement ~ith experimental data in the range 0 & q & 33 fm .

PACS numbers: 21.10.Ky, 11.10.Lm, 25.30.8f, 27.10.+h

In the Skyrme model for the baryons, ' in which the
baryons are topological sohtons of meson fields, the
baryon number is carried by an anomalous current
operator, which is topological and not a Noether current.
In the nuclear case it is therefore not related to the
dynamics of the model, but rather to the Wess-Zumino
interaction, 23 which does not contribution to the energy
in the case of SU(2). At the time of writing it is not yet
clear exactly what interactions the Skyrme Lagrangean
should contain in order to represent the low-energy,
large-N, limit of QCD. Therefore, this current operator,
which depends only on the fields of the Lagrangean but
not on their interactions, has an exceptional value in the
establishment of the validity of the approach.

In this Letter we shall study the magnetic form factor
of the deuteron, which in the conventional model
represents a difficult problem, requiring mesonic
exchange-current mechanisms (perhaps with form fac-
tors of their own) that lack a solid theoretical founda-
tion. The realization that the exchange current is re-
lated to the topological baryon current, on the other
hand, makes it possible to calculate the form factors of
the deuteron solely from the isoscalar electric structure
of the nucleons themselves (by incorporation, of course,
of a deuteron wave function). We shall illustrate this by
a calculation of the magnetic form factor, which is the
only deuteron form factor that is separately known

experimentally.

The anomalous baryon current is expressed in terms of
an SU(2) field Uas'

@veP
a~ - Tr tvta~ U'a. U U'a, UI.

24sr

For the single nucleons the topological soliton field has
the hedgehog form

U(r) -expli~ r8(r)], (2)

where the function 8(r) satisfies an equation of motion
which, in principle, is derivable from the Lagrangean.
As the form of the current (1), on the other hand, does
not depend on the Lagrangean, the anomalous current is,
in fact, known as soon as 8 is, as long as the Lagrangean
contains only spinless fields and their first derivatives.
We may thus adopt the straightforward approach of the
determination of the chiral angle 8 from the electromag-
netic structure of the individual nucleon and use this
function to predict the isoscalar exchange current in the
two-nucleon case, i.e., the deuteron.

When quantizing the rotational motion of the solitons,
we introduce collective coordinates for rigid rotation in

the usual way. 6 Using our earlier results, 7 we may then
evaluate the rotational expectational value, which has
the effect of replacing the rotational variables by the
familiar Pauli cr and r matrices. The hedgehog Ansarz
(2) then gives the following isoscalar charge and current

I
densities for the nucleon (J"~—'8"):2

Jo-—(I/4' r z)sin28(r )8'(r ),

J —(I/4g r )sin 8(r)8'(r)P/m~ —(I/Bsr Xr )sin 8(r)8'(r)crxr.

(3a)

(3b)

Using the results of Oka, we have included the convection current, where P is the momentum operator. Further, A, is
the moment of inertia of a single sohton and o is the Pauli spin matrix. (Isospin does not enter, of course). The mo-
ment of inertia can be calculated from the chiral angle, provided the Lagrangean is known, or from the N-d, mass
difference [which gives X —,(m& —m~) ]. As we emphasize electromagnetic interactions in this Letter, we shall
choose X such that the isoscalar magnetic moment of the nucleon is correctly reproduced. This requires A, 0.0060
MeV ', corresponding to m& —M~ 250 MeV.

The isoscalar electric and magnetic form factors of the nucleon are obtained from a Fourier transform of the current
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operators (3) and are

(4a)

(4b)

where r~ and r2 are the coordinates of the centers of the
two solitons, and r will be the point of interaction with

the electromagnetic field. With this Ansatz the baryon
current splits into a one-body current for each nucleon

and an exchange-current operator:

8"(r i,rz', r )

8"(r —r i ) +8"(r —rz) +&,"„(ri,rz.,r).

The deuteron magnetic form factor is obtained by a
combination of the current (7) with a model for the
structure of the deuteron. As will be discussed in more
detail below, the structure of the deuteron is not yet un-

derstood in the Skyrme model. It is nevertheless clear
that any quantitative description of the deuteron must
account for the well established fact that it is a loosely
bound system of a neutron and a proton, the relative
motion of which is describable by a wave function. This
provides a justification for the product Ansatz and also
for a quantization of the rotational motion of the nu-

cleons as free particles, independent of each other. With
this approach, the single-nucleon currents in (7) are ap-
proximated by the free-space currents.

As we have recently described the steps necessary to
compute the expectation values of operators such as (7),

(6) we shall only give the resulting formula here for the spa-
tial part of the exchange-current operator:

Gg(q ) - —(2/n) dr jii(qr )sin'8(r )8'(r ),

G~(q ) —(4rnjv/3'�)„r dr fjo(qr)+ jz(qr)]sin 8(r)8'(r).

Here, the electric form factor has been normalized to
unity at zero momentum transfer, while the magnetic
form factor is normalized to the isoscalar magnetic mo-
ment. The chiral angle 8(r) is obtained, e.g., by inver-
sion of the Fourier transform in (4a), with use of the
electric form factor as input. The well-known dipole
form, Gg(q) (1+q /A ) with A 0.71 GeVz, gives
the following equation for 8(r ):

8(r) ——,' sin28(r) xe ™(I+Ar+z A r ). (5)
It is not difficult to modify (5) to represent other, more
ambitious fits to the nucleon form factors, ' although in

the general case a numerical Fourier transform may
necessary. In Fig. 1 we show two such functions 8(r )
well as the result of a Lagrangean calculation of
same function. " The results are in fair agreement
each other, but as a result of effects which will be
cussed below, the curves are not expected to be the sa
Because of the large uncertainty in the empirical isos
ar form factor, we shall use that 8 which correspond
the simple dipole fit, given in (5). The large-dista
behavior in our case is related to the nearest singula
of the form factor and it is therefore exponenti
damped with a mass corresponding to 3 A (equal to
MeV) rather than the pion mass.

It remains to compute the magnetic form factor of
deuteron. We folio~ the treatment of our earlier wo
and use the product Ansatz'

U(ri, r2.,r) -U(r —ri)U(r —rz),

J„— zi zzexp( & iq r)qx' d R exp(iq R)sin [8(~ R+r
~ )]

72n'A,
2 J

'I

sin28(R)
( i+g)+ ~(~) sin28(R)

( i+~) RR
2R 2R

(8)

where r is the internucleon separation and zi, zz (cr', tt )
represent the isospins (spins) of the nucleons.

In the absence of a realistic description of the deuteron
within the Skyrme model we shall be content to evaluate
the matrix element of the currents (7) with deuteron
wave functions that correspond to the parametrized Paris
potential' for the nucleon-nucleon interaction. The
single-nucleon-current contributions to the magnetic
form factor, i.e., the impulse approximation, then lead to
the conventional expressions for the magnetic form fac-
tor, ' with the single-nucleon form factors (4a) and (4b).
The complete expressions for the exchange contribution
to the magnetic form factor will be published separately.

In Fig. 2 we show the calculated magnetic form factor
of the deuteron as obtained when the chiral angle is

determined by the dipole fit to the isoscalar electric form
factor of the nucleon, Eq. (5). At large momentum
transfers the exchange-current contribution dominates
the form factor. The agreement with the empirical
form™factor values' ' is good. When the chiral angle of
the Skyrme model" is used, the magnetic form factor is
overpredicted by roughly a factor of 2 at the larger
momentum transfers in the figure.

We note that the impulse-approximation value for the
magnetic moment of the deuteron is 0.8468@tv (where
ttN is the nuclear magneton), when the wave function
corresponding to Ref. 12 is used. The exchange current
contributes an additional 0.04@~. As the experimental
value is 0.8S7p~ the exchange current might appear
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FIG. 1. Chiral angle 8 vs distance r, as determined from the
isoscalar electric form factor of the nucleon, using the dipole
approximation and the fit of Ref. 10 (0). Also shown is the
Skyrme model result (Ref. 11).

large at small qz. This is probably in order, however, as
the nucleon-nucleon interaction in the Skyrme model is

velocity dependent's' and this leads to further exchange
currents. While this problem has not yet been studied
with use of the Skyrme model, estimates based on the
phenomenological interaction'z give a contribution of ap-

proximately —0.02@~, which brings the prediction of
the present approach very close to the empirical value.

In this Letter we have deliberately avoided all dynami-
cal aspects of the Skyrme model and focused on what we

consider the most important aspect, the topological
current. Although it would, in principle, have been
preferable to treat the deuteron as a 8 2 soliton of the
Skyrme model, 's such a description is not yet sufficiently
accurate for our purposes. A less ambitious approach
would be to compute only the nucleon-nucleon interac-
tion in the Skyrme model, and then use it to generate a
wave function, but so far nuclear forces obtained by this
method have not been sufficiently realistic. We have
therefore regarded the problem of the deuteron binding
as separate from the evaluation of the form factors.

Within the approach adopted it would be possible to
include effects due to changes in shape and size of the
nucleons. ' This would lead to changes in the single-
nucleon contributions in (7) in addition to the explicit
exchange current (8). As the form factor is dominated

by the exchange current, such changes in the sing1e-
nucleon contributions are probably not numerically sig-
nificant for the present purposes.

It is interesting to compare the present calculations of
the magnetic form factor to earlier calculations that are
based on explicit meson-exchange mechanisms. ' '

Predictions based on such calculations are too large un-

less vector-meson dominance is incorporated into the
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FIG. 2. Magnetic form factor of the deuteron vs momentum
transfer. Shown is the contribution from the complete topolog-
ical current well as that of the impulse approximation, where
the exchange current contribution is neglected. The chiral an-

gle has been determined from the isoscalar electric form factor
of the single nucleon.
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