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3. The contribution of

negative-energy states

The pp amplitude constructed with the T-matrix that is found from the Bethe-
Salpeter equation, or the BSLT approximation to that equation, contains nega-
tive-energy states in a dynamical way. Since the intermediate nucleon in the
bremsstrahlung process is o�-shell, these negative-energy states in principle
should be included. As we have argued in a recent publication [30], the ef-
fects of including these intermediate states are of the same order of magnitude
as contributions from the � and meson-exchange currents. Furthermore the
energy transfer in the NN interaction is non-zero, giving rise to retardation
e�ects.

In this chapter the inuence of negative-energy states in the bremsstrahlung
process will be discussed. Retardation e�ects will be ignored in this discussion,
using an equal-time approximation for the NN interaction. The lowest-order
approximation is to include only the contributions from negative-energy states
in the single-scattering diagram. It will be shown that for an accurate descrip-
tion of the bremsstrahlung amplitude it is essential to include also the terms
arising from the rescattering contributions.

3.1 The contribution from negative-energy

states

Both the single-scattering and rescattering diagrams contain contributions from
negative-energy states. In a calculation including only positive-energy states
the contributions from the rescattering diagram are of the order of 20%. There-
fore it seems reasonable to expect that the Impulse Approximation gives the
main contribution from negative-energy states. In the top panel of Fig. 3.1
we show the cross section for the bremsstrahlung process at incoming proton
energy Elab = 280 MeV and �xed outgoing proton angles �1 = 12�, �2 = 12:4�

as a function of photon angle � using only the single-scattering diagrams. The
full line is a calculation including both positive- and negative-energy states,
while the dashed line is the result if we include only positive-energy states.
The intermediate negative-energy states give a large contribution over the en-
tire range of photon angles, which is more clearly seen when plotting the square
of the amplitude (i.e. the cross section without phase-space factor), as we have
done in the bottom panel of Fig. 3.1. At this kinematics the shape of the cross
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Figure 3.1: The cross section (top panel) and invariant matrix squared (bottom

panel) as a function of the photon angle � for Elab = 280 MeV, �1 = 12� and

�2 = 12:4�. The IA shows a large di�erence between a calculation including negative-

energy states (dashed line) and without (dot-dashed line), of the order of factors 2. If

we include the rescattering contribution in the calculation, the di�erence between a

calculation with (full line) and without (dotted line) negative-energy states is smaller,

though still appreciable (� 20%) at low and high photon angles.
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section is dominated strongly by phase space characteristics.

Inclusion of the rescattering contributions from negative-energy states gives
rise to a reduction of the net inuence of negative-energy states. This is also
shown in Fig. 3.1, where the dashed line is a calculation including only inter-
mediate positive-energy states, and the dot-dashed line is the result for the
full calculation, including also the contributions from negative-energy states.
We see that there is a large cancellation between the contributions of negative-
energy states from the single-scattering and the rescattering diagrams. The net
result is that the contribution of negative-energy states is in general smaller,
but overall an e�ect of the order of 20% remains. Con�ning ourselves to only
the positive-energy state contributions, it is interesting to note that the single-
scattering contribution is close to the full calculation, except again at the ex-
treme photon angles, where the (positive-energy) rescattering contributes sig-
ni�cantly.

The negative-energy states are of relativistic origin, and therefore one would
expect that the e�ects depend strongly on the energies of the protons and
the photon. To illustrate this dependence on the photon momentum q, in
Fig. 3.2 we show the square of the amplitude as a function of the photon
momentum for �xed proton angles and varying incoming proton energy Elab.
We compare a calculation in IA with negative-energy states (the full line) and
without negative-energy states (the dashed line), and a calculation including
the rescattering contribution, again with (the dot-dashed line) and without
(the dotted line) negative-energy states. In the left panel we show the behavior
over the photon momentum range from 40 MeV/c to 190 MeV/c, whereas the
right panel is a blow-up of the high-momentum region. For the IA the negative-
energy states give a considerable contribution over the whole momentum range,
whereas for the full calculation the contributions from negative-energy states
in the rescattering diagrams tend to cancel those from the single-scattering
diagrams, e�ectively giving only a sizable contribution in the high momentum
region.

As is well known, the dominant contributions to Compton scattering at
low photon momenta stem solely from the Z-graphs [31]. The corresponding
graphs for proton-proton bremsstrahlung are shown in Fig. 3.3. In this con-
nection the cancellation in the bremsstrahlung case between the contributions
of negative-energy states from the rescattering diagram and those from the
single-scattering diagrams at �rst seems rather puzzling, since the rescattering
diagram does not contribute in the lowest order of the strong coupling constant
g2. Hence a cancellation of Z-graphs should already take place in this order
in the single-scattering contributions. Let us replace the NN T-matrix by the
OBE kernel in the bremsstrahlung calculation. The calculated results for the
single-scattering diagram in this approximation is shown in the left panel in
Fig. 3.4, where the invariant amplitude squared is plotted as a function of the
photon momentum q. To obtain this dependence the proton angles �1 = �2
have to be varied simultaneously. From this �gure we see that in contrast to
the Compton scattering case the negative-energy states here indeed lead to
vanishing contribution at low photon momentum, while the e�ects are of the
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Figure 3.2: The square of the pp amplitude as a function of the photon momentum

q for �xed center-of-mass angles �1 = 36�; �2 = 69� and � = 124�. The photon

momentum was varied by varying the energy of the incoming proton, Elab. Shown

are the amplitudes including the rescattering contribution with (full line) and without

(dotted line) negative-energy states coupling to the photon. Also shown are the

amplitudes calculated with only the single-scattering contributions with (dashed line)

and without (dot-dashed line) negative-energy states coupling to the photon. The

right panel shows the high-momentum region on an expanded scale.

order of 20% at the higher photon momenta, similarly as found in the full
calculation.

Considering the diagrams one order higher in the strong coupling constant
(the box diagrams) we may explicitly verify that the internal radiation diagram
is essential to achieve cancellation of the large Z-graph contribution of the
single-scattering diagram. This is shown in the right panel in Fig. 3.4: the sum
of the diagrams where the photon couples to the external proton give a large
contribution of negative-energy states. The addition of the diagram where the
photon couples to the internal proton eliminates most of the e�ect.

3.2 Negative-energy states and the

soft-photon theorem

The observed cancellation is a consequence of the soft-photon theorem for
bremsstrahlung [22]. This theorem states that for low photon momenta (as
compared to the internal excitation energy of the nucleon, the mass of the
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Figure 3.3: An example of a Z-graph in proton-proton bremsstrahlung. Within

the present framework, this is a contribution from negative-energy states.

pion), the NN bremsstrahlung amplitude can be expanded as

M� =
A

q
+B + Cq +O(q2): (3.1)

The constants A and B only depend on the static properties of the nucleon,
its charge and magnetic moment, and the on-shell NN interaction, whereas the
constant C and the other higher order terms can contain o�-shell contributions.
This is demonstrated in detail in Appendix C.

Derivatives of the T-matrix in the on-shell direction contribute to the con-
stant B. The contributions from negative-energy states are contained in these
derivatives. This is clearly seen in a description with only positive-energy
states, where they are replaced by contact terms. As is the case in Compton
scattering [32], these terms may contribute signi�cantly in the limit of small
photon energies (low-energy limit). In order to see whether (and if so, how) the
soft-photon theorem for bremsstrahlung indeed implies that negative-energy
states only contribute to the terms of order q and higher in the expansion in
the photon momentum, we �rst consider the case of bremsstrahlung from a
spin- 12 particle interaction through exchange of one boson with a second parti-
cle.

3.2.1 A charged and uncharged spin-1
2
particle and

Compton scattering

We �rst consider the case of bremsstrahlung from a spin- 12 particle with initial
momentum 1

2P + p and �nal momentum 1
2P

0 + p0 interacting through an in-
teraction V with a second spin- 12 particle with momenta 1

2P � p and
1
2P

0 � p0.
First consider the case that the second particle is uncharged. Conservation
of total momentum gives P 0 = P � 1

2q, whereas momentum conservation at
the photon vertex gives p0 = p � 1

2q. The leading-order contribution in the
expansion from intermediate negative-energy states due to the emission of the
photon prior to the interaction V is

M i
� = � (p0; P 0)V (p0; p�

1

2
q;P �

1

2
q)

�
(1)
�
(p+ q)

Ep +Ep+ q
(1)�  (p; P )

= � (p0; P 0)V (p0; p;P )
�p� +Ep

(1)
� 0

2E2
p

 (p; P ) +O(q); (3.2)
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Figure 3.4: Invariant amplitude squared for �xedElab = 140MeV and photon angle

� = 170�. The left panel shows the Born result, the right panel shows a calculation

with the box diagram. In the Born case there is no noticeable di�erence between

a calculation including negative-energy state contributions (full line, IA +=�) and

without (dotted line, IA +). In the case of the external box diagrams the di�erence

between a calculation including negative-energy state contributions (full line, IA+=�)

and without (dotted line, IA +) is large and in lowest order independent of q. Only if

we include the internal diagrams (respectively dashed line, IA +=� and dot-dashed

line, IA +) the negative-energy state contributions cancel. On this scale, the di�erence

between the dot-dashed and dotted lines cannot be seen.

where  (p; P ) = u(1)( 12P + p)u(2)( 12P � p) is the initial two-particle state

and � (p0; P 0) = �u(1)( 12P
0 + p0)�u(2)( 12P

0
� p0) the �nal state for the spin- 12

particles, with u and �u free Dirac spinors. Thus negative-energy states at
lowest order contribute to the constant B, and since we are only interested
in the model-independent terms, the remaining q-dependence in Eq. (3.2) has
been ignored. We furthermore used that the projection operator acting on an
on-shell spinor gives

��(p)�u(p) =
Ep0 +  � p�M

2Ep

�u(p)

=
2Epg0� � 2pigi� + �(=p�m� 2Ep0)

2Ep

u(p)

=
�p� +Ep0�

Ep

u(p); (3.3)

since p� = (Ep;�p). The emission of the photon after the interaction V gives
rise to a similar term M f

�, and to �rst order the contribution from negative-
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energy states is M� =M i
� +M f

�,

M� = � (p0; P 0)

 
V (p0; p;P )

�p� +Ep
(1)
0 

(1)
�

2E2
p

!
 (p; P )

+ � (p0; P 0)

 
�p0� +E0

p
(1)
� 

(1)
0

2E2
p0

V (p0; p;P )

!
 (p; P ) +O(q)

=
1

2Ep

� (p0; P 0)
h
V (p0; p;P ); 

(1)
0 (1)�

i
 (p; P )

�
p0� + p�

E2
p

� (p0; P 0)V (p0; p;P ) (p; P ) +O(q); (3.4)

where 1=Ep0 = 1=Ep+O(q). The the interchange of � and 0 can be done since
the zeroth component of M� is zero, which is most easily seen from Eq. (3.3)
with p0 = Ep. Thus it is clear that for a system of two non-identical spin- 12
particles the contributions from intermediate negative-energy states in general
do not vanish. For example, in the case that the interaction V is given by a
one-boson exchange with scalar, pseudo-vector and vector particles, the �rst
term in Eq. (3.4) vanishes for the scalar and pseudo-vector parts (the last of
which reduces to a simple pseudo-scalar in the lowest order in q), while for a
vector interaction a �nite contribution remains. The propagator of a vector
meson with momentum k and mass mV is

��� = �g�� +
k�k�
2mV

�(k); (3.5)

with �(k) is the scalar part of the meson propagator. The term proportional to
k� vanishes for on-shell states for particle 2, since this gives a term =p2f � =p2i =
M2 �M2 = 0. The remainder is of the form

MV
� = � (p0; P 0)

h
V V ; 

(1)
0 (1)�

i
 (p; P )

= � (p0; P 0)
h
(1)� �(k)(2);� ; 0�

i
 (p; P )

= � (p0; P 0) (2g�0� � 2g��0)
(1)

�(k)(2)�  (p; P )

= � (p0; P 0)2
�
(1)� 

(2)
0 � 

(1)
0 (2)�

�
�(k) (p; P ): (3.6)

The situation is very similar to the case of Compton scattering [32, 33]. There
the vector particle is a real photon and the coupling to particle 2 as well as the
propagator (3.5) are absent. In fact, the results obtained above can be used if
the coupling to the second particle and the propagator of the vector particle
are left out. Hence the contribution from negative-energy states in Compton
scattering is

MCompton
�� = �u(p0)

1

2Ep

�
2g�0� � 2g��0 �

�
p0� + p�

Ep

�
�

�
u(p): (3.7)

The pole term in the soft-photon expansion is absent and the �rst term in
Eq. (3.7), corresponding to Eq. (3.6), gives the low-energy limit for forward
Compton scattering (the Thomson limit).
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3.2.2 Two identical charged spin-1
2
particles

For the case of two identical charged spin- 12 particles the emission of the photon
by particle 1 again gives Eq. (3.4). However, particle 2 gives rise to a similar
contribution. Thus for the sum of contributions from both particles the second
term in Eq. (3.4) vanishes in lowest order in q, which is most readily seen in
the c.m. system where the spatial momenta of particle 1 and 2 are equal in size
but in opposite direction. Again for the �rst term the contributions from scalar
and pseudo-vector mesons vanish. However, in this case the contribution from
the vector meson is zero, since a similar term as in Eq. (3.5) arises from the
emission from particle 2, except that the �rst and second term are interchanged.
Since they have opposite sign, the result is that for a one-boson exchange with
scalar, pseudo-vector and vector mesons the contribution from negative-energy
states vanishes. Aside from the cancellation between emission from initial and
�nal states of a charged particle, apparent from the commutator in Eq. (3.4),
there is a cancellation between emission from particle 1 and particle 2, which
is clearly a result of the Pauli symmetry of the two spin- 12 particles.

So far we have focused on a one-boson interaction. The conclusion with
respect to the non-vanishing contributions in the case of one charged particle
also holds for a general interaction, since there is no additional constraint that
would cause the contributions to vanish. For the case of two identical spin- 12
particles the derivation of the soft-photon theorem is given in Appendix C. If
we write the NN interaction as a function of the Lorentz invariants p01

2
, p1

2

and a parameter � which for emission from the initial proton 1 is de�ned as
� = (p1 � q) � p2 + p01 � p

0

2 and similar for the emission from the other legs, the
result is that the amplitude in the low-energy limit is given by

M� = e � (p0; ~p0)

�
((1)� �

i�

2M
�(1)�� q

�)
=p0 + =q +M

2p0 � q
T0

�T0
=p� =q +M

2p � q
(� �

i�

2M
���q

�)

+
�!
D

(1)

� (p0)T0 + T0
 �
D

(1)

� (p)
�
 (p; ~p) + (1$ 2) +O(q): (3.8)

With the exchange of the indices of particle 1 and 2 also the momenta in the
propagators and projection operators are replaced by those of particle 2. We
have de�ned a di�erential operator

D(i)
� (p) =

p�
p � q

q�
@

@p�
�

@

@p�
: (3.9)

The basic ingredient in the calculation of the amplitude is the sum of all terms
contributing to the pole-term A in Eq. (3.1), the external diagrams where a
photon is emitted by one of the initial or �nal state protons. In our case
this is the sum of all single-scattering contributions. The resulting amplitude
violates current conservation, and the term @=@p� has to be introduced in
the di�erential operator to ensure that the current is conserved. As a result
derivatives of the T -matrix in the o�-shell direction vanish. The added term
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e�ectively is a combination of the rescattering contribution and contact term,
where the photon couples to the NN interaction directly. Since the relativistic
calculation can be shown to conserve the current if negative-energy states are
included (see Sec. 2.6), the only contribution in this case is the rescattering
diagram.

For the di�erential operator as de�ned in Eq. (3.9) the contributions from
negative-energy states to the amplitude cancel. This can be seen by writing the
T-matrix in Eq. (3.8) as a sum of positive- and negative-energy contributions

T (p0; p; �) = 0�+T
+ + 0��T

�: (3.10)

The di�erential operator then either acts on the T-matrix, which for the nega-
tive-energy states gives no contribution (since �u+0�� = 0), or on the pro-
jection operators. Consider the contribution where the proton is emitted from
the �nal proton 1. The contribution that arose from expanding the o�-shell
T-matrix around the on-shell point is proportional to

q�
@0��

@p0�
=

1

2
q�
@1=E0

@p0�
0E

0�� +
1

2E0
q�

@

@p0�
(=p0 �m+ (E0

� p0)0) 0

= �
q � p

2E02
0�� +

1

2E0

�
=q �

q � p

E0
0

�
0: (3.11)

The �rst term in this expression does not give a contribution, since the pro-
jection operator acts on the external spinor �u(p0), which gives zero. From
Eq. (3.11) it follows immediately that the contribution added to enforce cur-
rent conservation gives a similar expression, and the net contribution from the
di�erential operator acting on the negative-energy state projection operator is

D�(p
0)0��(p

0) =

�
p0�
p0 � q

q�
@

@p0�
�

@

@p0�

�
=p0 �M

2E0
0

=

�
p0�=q

p0 � q
� �

�
0
2E0

: (3.12)

The other contributions from intermediate negative-energy states arise from
the term with =q in the propagator and is proportional to

�u(p0)�
=q

2p0� � q
0��(p

0) = �
=q(=p0 �M)

4E0(p0� � q)
0

= �u(p0)�

�
q�p0

�
(��� + 2g��)�M=q

�
4E0(p0� � q)

0

= �u(p0)

�
�
p0�=q

p0 � q
+ �

�
0
2E0

; (3.13)

where in the last line we have used that �u+(p)(=p+M) = 2p��u+(p). Comparing
the expressions in Eqs. (3.12) and (3.13) it is clear that the contributions from
negative-energy states cancel in the low-energy limit.

The result that negative-energy contributions to the bremsstrahlung am-
plitude vanish for a general NN interaction is clearly due to the inclusion of
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the second term in the di�erential operator D�. It implies that the brems-
strahlung process can be described in terms of positive-energy states only, pro-
vided that additional counter terms are included such that current conservation
is satis�ed. Some of these terms are the rescattering contribution, while the
others are contact terms. The contact terms are an e�ective way of including
the contributions from negative-energy states, and in principle contribute to
the non-singular term in the expansion of the amplitude (the constant B in
Eq. (3.1)). We again can compare to the case of Compton scattering, where
in a calculation with only positive-energy states a photon-photon-nucleon term
has to be included to �nd the correct low-energy limit.

3.3 Proton-proton bremsstrahlung

In the case of proton-proton bremsstrahlung the current calculated from the
single-scattering and rescattering diagrams is conserved when both positive-
and negative-energy states are included. Thus the addition of the second term
in the di�erential operator D� corresponds to the inclusion of the rescattering
contribution in a full calculation, and no contact terms are necessary. Further-
more, we have seen that for the OBE interaction the negative-energy states do
not contribute. In a calculation including only positive-energy states, contact
terms are needed to account for the contributions from negative-energy states.
Without these, the current in general is not conserved. However, for this par-
ticular process these contact terms are zero. Hence, for proton-proton brems-
strahlung negative-energy states do not contribute in the low-energy limit.

If we compare our results with other calculations we see that the calculations
including only positive-energy states are in agreement with non-relativistic
potential-model calculations that include relativistic spin corrections. The
comparison should be done with this type of calculation, since we use the
full 4-component spinor, and the small components are kept. In Fig. 3.5 we
illustrate this by comparing our results with the Bonn PQ T-matrix calcula-
tion [6] and a calculation using the Nijmegen potential at Elab = 280MeV,
�1 = 12�; �2 = 12:4�. The full line is our result when including only positive-
energy in the single-scattering and rescattering contributions. The result di�ers
only little from the calculations using the Bonn (the dotted line) or Nijmegen
(the dashed line) interactions. For this particular kinematics we observe some
deviations, in particular at forward and backward photon angles. These di�er-
ences are due to a somewhat di�erent on-shell behavior of the T-matrices.

The large contribution from the negative-energy states in the Impulse Ap-
proximation has also been reported by de Jong and Nakayama [34], who used
a T-matrix generated from the Gross equation [19]. However, if we compare
the results including rescattering contributions, we see that the contribution
of negative-energy states is substantially enhanced in our calculation, in par-
ticular for the cross section. On the other hand, for the analyzing power the
e�ects of negative-energy states are rather similar. The main di�erence in the
two calculations is the type of quasi-potential reduction that is used. Assum-
ing that retardation e�ects in the positive- and negative-energy states behave
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Figure 3.5: The cross section calculated in this work with the T-matrix includ-

ing only positive-energy states, but retaining the small components of the nucleon

spinor, compared to calculations using a potential model, including relativistic spin

corrections. The di�erences between the T-matrix calculation and the non-relativistic

calculations are of the same order as those between the non-relativistic calculations

themselves.

similar, we can approximate their calculation by including only the spectator
contribution to the rescattering diagram. The result is that for the cross sec-
tion the net contribution from negative-energy states is reduced whereas for
the analyzing power the contribution is somewhat enhanced, thus giving a re-
sult that is similar to that reported by de Jong and Nakayama. Concluding
we can say that the contributions from the non-spectator terms are essential
to give a full description at higher momenta. The suppression of the cross sec-
tion due to the inclusion of intermediate negative-energy states is of the same
order of magnitude as the e�ects reported by Eden and Gari [35], although
they �nd considerably higher values for the absolute value of the cross section.
This may primarily be due to the positive-energy contribution. For this case
their prediction di�ers substantially from ours and the non-relativistic model
calculations.

3.4 Comparison to experiment

Using the relativistic NN force, we have calculated bremsstrahlung for kine-
matics of the TRIUMF [4] experiment. In Fig. 3.6 our predictions are shown
together with the experimental data. The upper plots show the cross section
at proton angles �1 = 12�, �2 = 12:4� (left) and �1 = 28�, �2 = 12:4� (right)
for the cross section, while the lower plots are the results for the analyzing
power at �1 = 14�, �2 = 12:4� (left) and �1 = 28�, �2 = 12:4� (right). The the-
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Figure 3.6: Comparison of the calculated cross section (top) and analyzing power

(bottom) to the experimental data from the TRIUMF experiment (with Elab =

280MeV). Two di�erent kinematical situations are shown, left: �1 = 12�(14�); �2 =

12:4�, right: �1 = 28�; �2 = 12:4�. The full line is a calculation including negative-

energy states, the dotted line is with only intermediate positive-energy states.

oretical predictions for the complete calculation including both positive- and
negative-energy states are given by the solid lines, while the dotted line is a cal-
culation including only positive-energy states. All calculations include boost
e�ects. Retardation e�ects in the NN interaction are ignored. As discussed
above, including these may increase the calculated cross section by about 10%
for forward and backward angles. The normalization factor 2=3 is included
in the data, introduced in the TRIUMF data to facilitate a comparison with
theory.

The inclusion of negative-energy states tends to reduce the cross section
for this kinematics. Since the calculation with only positive-energy states is
in accordance with previous non-relativistic calculations, the discrepancy be-
tween the theoretical predictions and the data remains and is even somewhat
enhanced. Estimates [12, 36] have been given for the contributions from meson-
exchange currents. These were found to be small in the kinematical regions
under consideration. Thus including these contributions would not explain
the di�erence between theory and the TRIUMF experiment. In the following
Chapter these contributions will be discussed, together with the e�ects from
the �-isobar currents.

In Figures. 3.7 we show the predictions for the cross section (top panel) and
the analyzing power (bottom panel) at Elab = 500 MeV as a function of the
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Figure 3.7: The cross section (top) and analyzing power (bottom) at Elab = 500

MeV with �1 = �2 = 10� as a function of the photon angle. The full calculations

with (full line) and without (dotted line) negative-energy state contributions di�er

up to 30% for these photon momenta (125-300 MeV/c). Calculations in Impulse

Approximation with (dashed line) and without negative-energy state contributions

reveals that the e�ects of these states are grossly overestimated if the rescattering

contributions are not included. The e�ects of negative-energy states in the analyzing

power are substantially larger than for the calculation at Elab = 280 MeV.
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photon angle, with �1 = �2 = 10�. The solid (dotted) curve is the result for
the full calculation with (without) negative-energy states included, while the
dashed (dot-dashed) curve is the result for the IA calculation with (without)
negative-energy states. Note that for the Impulse Approximation the inclusion
of negative-energy states enhances the predicted cross section by a factor 2 as
compared to the result without negative-energy states, hugely overestimating
the net e�ect of negative-energy states. Furthermore, for the full calculation
the e�ects are of the order of 25-30%, but extend over a larger region of phase
space, and in general are more pronounced than the e�ects found at Elab = 280
MeV. Similar large e�ects are seen in the analyzing power. On the basis of the
soft-photon theorem one would expect the e�ects of negative-energy states to
be linear in the photon momentum as compared to the leading-order positive-
energy state contribution. This is clearly not the case, since the photon energy
at Elab = 500 MeV is approximately twice as large as at 280 MeV. However,
from the fact that negative-energy states contribute signi�cantly already at
Elab = 280MeV we can conclude that at these energies the soft-photon theorem
is no longer valid and the expansion of the invariant matrix elements breaks
down.

In Fig. 3.8 we show the predictions for the cross section and analyzing power
for the KVI [8] kinematics, with Elab = 190 MeV incoming proton energy. A
comparison is made with the soft-photon calculation of Ref. [26]. If we compare
our calculation with only positive-energy states included (the dotted line) to the
soft-photon calculation (the dot-dashed line), we see that at low proton angles,
where the photon momentum is large, the predictions di�er substantially. This
indicates that the higher-order terms in the expansion of the matrix elements
give a signi�cant contribution. At larger proton angles the predictions converge
as expected, since there the photon momentum is smaller. The di�erences are
even more clear in the analyzing power, a feature already noted in the discussion
of the theoretical predictions for the TRIUMF experiment. Since the higher-
order terms in the soft-photon expansion are important, we have calculated
the e�ects of negative-energy state contributions at this energy. The solid
line gives the result of this calculation, and if we compare to the calculation
including only positive-energy states (the dotted curve), we see that the e�ects
of negative-energy states to both the cross section and the analyzing power is
very small, except for small proton angles. However, the accuracy of the KVI
experiment may be such that the e�ects predicted at smallest proton angles
(�1 = �2 = 8�) are signi�cant.

It should be noted that the phase shifts from our interaction are in rea-
sonable agreement with experiment, although the relativistic OBE interaction
parameters used in our study have not been obtained through a �2 �t [16, 21, 20]
to the NN data. In this connection we expect that a more re�ned relativistic
interaction might change the absolute predictions somewhat, but that quali-
tatively the conclusions about the changes due to negative-energy states and
retardation e�ects as studied in this thesis will remain the same. The variation
in the parameters as a result of a detailed �t is expected to be of the same
order-of-magnitude as the di�erence between �ts B and C. Hence, an indica-



Sec. 3.5 Conclusions 37

0

1

2

3

1=8
o
, 2=8

o

-0.2

0.0

0.2

0.4

1=8
o
, 2=8

o

0

1

2

3

1=8
o
, 2=16

o

-0.4

-0.2

0.0

0.2

1=8
o
, 2=16

o

0 60 120 180
[deg.]

0

1

2

3

1=16
o
, 2=16

o

0 60 120 180
[deg.]

-0.2

0.0

0.2

0.4

1=16
o
, 2=16

o

d
/d

1
2

[
b/

sr
2

ra
d]

A
y

Figure 3.8: The cross sections (left) and analyzing power (right) at the kinematics

of the KVI experiment, where Elab = 190MeV) at various proton angles as a function

of the photon angle � . The full line is the calculation including negative-energy

states, the dotted line is has only intermediate positive-energy states, the dot-dashed

line is the soft-photon approximation calculation of Ref. [26].

tion of the inuence of modifying T may be obtained using the parameters from
�t C [16]. The results di�er by at most 10% in the kinematical situation under
consideration for the calculation where only positive-energy states coupling to
the photon were taken into account. The relative magnitude of the e�ects of
negative-energy states remains unchanged.

3.5 Conclusions

We have presented the results of a study of the e�ects of negative-energy states
in the proton-proton bremsstrahlung process. The e�ects on the level of the
Impulse Approximation are found to be appreciable. The rescattering con-
tribution tends to cancel much of the e�ect which can be understood on the
basis of the soft-photon theorem for proton-proton bremsstrahlung. This is in
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contrast with the case of Compton scattering where the Z-graphs play an es-
sential role. The cancellation of the e�ects of negative-energy states was shown
to result from the antisymmetry of the proton-proton initial and �nal state.
Nevertheless, at higher photon momenta e�ects of the order of 20% were found
from these Z-graph contributions. This leads to noticeable e�ects only at very
particular kinematics for Elab = 190 MeV, whereas for 500 MeV the e�ects
show up clearly in the entire kinematical regime.

We have also made studied the limits of validity of the soft-photon approx-
imation by Liou et al., which should work well at low photon energies. In
particular, we �nd a signi�cant breakdown of that approximation at photon
energies of the order of 100 MeV. Comparing the predictions of the considered
model with existing experimental data, we �nd that the discrepancies between
the non-relativistic theoretical predictions and the TRIUMF experiment can-
not be attributed to the relativistic corrections. This is in accordance with
other theoretical estimates. Clearly new and more accurate experiments are
called for to settle this issue.


