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The quantum electrodynamical (QED) process of Compton scattering in strong magnetic fields is
commonly invoked in atmospheric and inner magnetospheric models of x-ray and soft gamma-ray
emission in high-field pulsars and magnetars. A major influence of the field is to introduce resonances at
the cyclotron frequency and its harmonics, where the incoming photon accesses thresholds for the creation
of virtual electrons or positrons in intermediate states with excited Landau levels. At these resonances, the
effective cross section typically exceeds the classical Thomson value by over 2 orders of magnitude. Near
and above the quantum critical magnetic field of 44.13 TeraGauss, relativistic corrections must be
incorporated when computing this cross section. This profound enhancement underpins the anticipation
that resonant Compton scattering is a very efficient process in the environs of highly magnetized neutron
stars. This paper presents formalism for the QED magnetic Compton differential cross section valid for
both subcritical and supercritical fields, yet restricted to scattered photons that are below pair creation
threshold. Calculations are developed for the particular case of photons initially propagating along the field,
and in the limit of zero vacuum dispersion, mathematically simple specializations that are germane to
interactions involving relativistic electrons frequently found in neutron star magnetospheres. This
exposition of relativistic, quantum, magnetic Compton cross sections treats electron spin dependence
fully, since this is a critical feature for describing the finite decay lifetimes of the intermediate states. Such
lifetimes are introduced to truncate the resonant cyclotronic divergences via standard Lorentz profiles. The
formalism employs both the traditional Johnson and Lippmann (JL) wave functions and the Sokolov and
Ternov (ST) electron eigenfunctions of the magnetic Dirac equation. The ST states are formally correct for
self-consistently treating spin-dependent effects that are so important in the resonances. It is found that the
values of the polarization-dependent differential cross section depend significantly on the choice of ST or
JL eigenstates when in the fundamental resonance but not outside of it, a characteristic that is naturally
expected. Relatively compact analytic forms for the cross sections are presented that will prove useful for

astrophysical modelers.
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I. INTRODUCTION

The physics of Compton scattering ey — ey in strong
magnetic fields has been studied fairly extensively over
the last four decades, motivated at first by the discovery
of cyclotron lines in accreting x-ray binary pulsars (see [1]
for Her X-1, [2] for 4U 0115 + 634, [3] for X0331 + 53,
and [4] for A0535 + 26), a genre of neutron stars. More
recently, constraints on stellar magnetic dipole moments
obtained from pulse timing observations have led to the
identification of the exotic and highly magnetized class of
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neutron stars now known as magnetars [e.g., see [5] for the
Anomalous X-ray Pulsar (AXP) 1E 1841-045, [6] for Soft
Gamma-Ray Repeater (SGR) 1806-20, [7] and references
therein for AXP 4U 0142+ 61, and [8] for SGR
1900 + 14]—this topical development has promoted a
resurgence in the interest of this intriguing physical
process. In classical electrodynamics, Thomson scattering
in an external field evinces a pronounced resonance for
incoming photons at the cyclotron frequency in the electron
rest frame (ERF), within the confines of Larmor radiation
formalism [9-11]. This feature also appears in quantum
formulations of magnetic Thomson scattering [9,12,13]
appropriate for fields B < 10'* Gauss. For neutron star
applications it is often necessary to employ forms for the
magnetic Compton scattering cross section that are com-
puted in the relativistic domain. This is dictated by the
atmospheric or magnetospheric fields of such compact
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objects possessing strengths either approaching or exceed-
ing (in the case of magnetars) the quantum critical field
B, = 4.414 x 103 Gauss, i.e., that for which the electron
cyclotron and electron rest mass energies are equal.
Such results from quantum electrodynamics (QED) have
been offered in various papers [12—15] at various levels
of analytic and numerical development. In particular,
Refs. [14,15] highlight the essential contributions provided
by relativistic quantum mechanics, namely, the appearance
of multiple resonances at various ‘“harmonics” of the
cyclotron fundamental and strong Klein-Nishina reductions
that are coincident with electron recoil when the incident
photon has an energy exceeding around m,c’> in the
electron’s initial rest frame. For photons incident at nonzero
angles to the magnetic field, the harmonic resonances are
not equally spaced in frequency [14], and they correspond
to kinematic arrangements that permit excitation of the
intermediate virtual electron to various Landau levels—the
discrete eigenvalues of energy transverse to the field.
Extant QED calculations of the magnetic Compton
process in the literature [14,15] emphasize frequency
domains either away from the resonances or in the wings
of the resonances; they presume infinitely long-lived
intermediate states and therefore possess divergent reso-
nances at the cyclotron harmonics. This suffices for several
astrophysical applications, for example, the consideration
of Compton scattering contributions to opacity in forging
atmospheric or photospheric structure in magnetars
[16-18]. However, for other applications that sample the
resonances preferentially, such as the resonant Compton
upscattering models of magnetar spectra and associated
electron cooling in [19-21], a refined treatment of the cross
section in the resonances is necessary. The divergences
appear in resonant denominators that emerge from Fourier
transforms of the spatial and temporal complex exponen-
tials in the wave functions: these denominators capture
the essence of precise energy conservation at the peak of
the resonance. Since the intermediate state is not infinitely
long-lived, its energy specification is not exact, and
consequently the divergences are unphysical and must
be suitably truncated. The appropriate approach is to
introduce a finite lifetime or decay width to the virtual
electrons for cyclotronic transitions to lower excited
Landau levels, most commonly to the ground state. This
introduces a Breit-Wigner prescription and forms a Lorentz
profile in energy to express the finiteness of the cross
section through any resonance [15,22-25]. Historically,
when this approach has been adopted, spin-averaged
widths I" (i.e., inverse decay times) for the virtual electrons
have been inserted into the scattering formalism. While
expedient, this is not precise in that a self-consistent
treatment of the widths does not amount to a linear
characterization of the overall spin dependence. In other
words, averaging the spins in forming I" does not correctly
account for the coupling of the spin dependence of the
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temporal decay of the intermediate electron with the spin
dependence of the spatial portion of its wave functions, i.e.,
the spinors. Rectifying this oversight in prior work is a
principal objective of this paper.

Another technical issue with calculating QED inter-
actions in strong magnetic fields is the choice of the
eigenstate solutions to the magnetic Dirac equation.
Historically, several choices of wave functions have been
employed in the determinations of the Compton scattering
cross section and cyclotron decay rates. The two most
widely used wave functions are those of Johnson and
Lippmann (JL) [26] and Sokolov and Ternov (ST) [27]. The
JL wave functions are derived in Cartesian coordinates
and are eigenstates of the kinetic momentum operator
m=p—eA(x)/c. The ST wave functions, specifically
their “transverse polarization” states, are derived in cylin-
drical coordinates and are eigenfunctions of the magnetic
moment (or spin) operator u, (with g = mco + ysfe x
[p — eA(x)/c]) in Cartesian coordinates within the con-
fines of the Landau gauge A(x) = (0, Bx,0).

Given the different spin dependence of the ST and JL
eigenstates, one must use caution in making the appropriate
choice when treating spin-dependent processes. Herold,
Ruder, and Wunner [28] and Melrose and Parle [29] have
noted that the ST eigenstates have desirable properties that
the JL states do not possess, such as being eigenfunctions
of the Hamiltonian, including radiation corrections, having
symmetry between positron and electron states, and diag-
onalization of the self-energy shift operator. Graziani [24]
and Baring, Gonthier, and Harding [30] noted that spin
states in the ST formalism for cyclotron transitions are
preserved under Lorentz boosts along B, a convenient
property. In contrast, the JL wave functions mix the spin
states under such a Lorentz transformation and therefore
are not appropriate for a spin-dependent formulation of the
cyclotron process. In [24] it was observed that the ST wave
functions are the physically correct choices for spin-
dependent treatments and for incorporating widths in the
scattering cross section. Although the spin-averaged ST and
JL cyclotron decay rates are equal, their spin-dependent
decay rates are not, except in the special case in which the
initial component of momentum of the electron parallel to
the magnetic field vanishes.

The differential cross sections for both ST and JL
formalisms of magnetic Compton scattering are developed
in parallel in this paper, for all initial and final configu-
rations of photon polarization. They apply for kinematic
domains below pair creation threshold. These are imple-
mented for both spin-average cyclotronic decay rates and
spin-dependent widths for the intermediate state, which are
employed in a Breit-Wigner prescription to render the
cyclotron resonances finite. This element of the analysis
mirrors closely that in [23]. The ST formulation uses the
general formalism presented by [31], while the JL case is an
adaptation of the work of [14] and [32]. The developments
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are specialized early on to the particular case of photons
propagating along B in the ERF. This is actually quite an
important case in astrophysical settings, since it corre-
sponds to interactions where relativistic electrons are
speeding along magnetic field lines above the stellar
surface. In such cases, Lorentz boosting parallel to B
collimates the interacting photon angles in the ERF almost
along the local field line. The analysis spans a wide range
of field strengths, focusing particularly on the regime
around 10° Gauss <B < 10" Gauss, and thereby magnetic
domains pertinent to millisecond pulsars, young radio and
gamma-ray pulsars, and magnetars. In particular, focus on
the resonance regime is germane to Compton upscattering
models [19,21,33,34] of the hard x-ray tails observed in
quiescent emission above 10 keV from several magnetars
[35-38]. The inverse Compton process, where ultrarela-
tivistic electrons scatter seed x-ray photons from the surface
of a neutron star, has gained popularity as the preferred
mechanism for generating these powerful pulsed signals,
primarily due to the efficiency of scattering in the cyclotron
resonances for strong magnetic fields [19-21,34,39]. The
cross section calculations presented in this paper will also
be pertinent to future computations of Compton opacity in
dynamic plasma outflows that are postulated [40,41] to be
responsible for hard x-ray flaring activity seen in magnetars
(e.g., see [42] for SGR JO501 4 4516 and [43] for AXP 1E
1841-045 and SGR J1550-5418).

After developing the general formalism for the scattering
differential cross section in Sec. II, the exposition narrows
the focus to the incoming photons beamed along the local
field direction in the ERF, denoted by 6; ~ 0. This culmi-
nates in the relatively compact formulas for the polariza-
tion-dependent cross sections in Eq. (39) for ST, JL, and
spin-averaged analyses. The 0; ~ 0 specialization simplifies
the mathematical development dramatically, since the
associated Laguerre functions that appear as the transverse
dependence (with respect to B) of the eigenfunctions of the
magnetic Dirac equation reduce to comparatively simple
exponentials. Furthermore, only the single resonance at
the cyclotron fundamental #Aw;/m,c> = B/B, appears.
Various elements of the numerical character of the differ-
ential and total cross sections are presented in Sec. III.
Outside the resonance, spin influences are purely linear in
their contributions, and so both ST and JL formulations
collapse to the spin-averaged case, as expected. In the
resonance, appreciable differences between the ST, JL, and
spin-averaged formulations arise, at the level of around
50% when B ~ 10'* Gauss, and rising to a factor of 3 for
one polarization scattering mode in fields B < 10'* Gauss.
The origin of this difference is in the fact that the coupling
between the intermediate electron’s momentum parallel to
the field and its spin in defining its decay width is
dependent on the choice of eigenfunction solutions of
the magnetic Dirac equation. It is in this resonant regime
that the physically self-consistent, spin-dependent Sokolov
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and Ternov cross sections presented in this paper provide
an important new contribution to the physics of magnetic
Compton scattering.

An interesting anomaly emerges from spin-dependent
influences at very low initial photon frequencies w;, i.e.,
well below the cyclotron fundamental, and is highlighted in
Sec. III C. In the domain w; < T, the finite lifetime of the
intermediate state is inferior to the inverse frequency, and
so the cross section saturates at a small constant value, ~T"2
times the Thomson value. This dominates the usual low-
frequency « @? behavior for the 6, =0 case [9,13]. In
Sec. III D, to facilitate broader utility of the new ST results
offered here for use in astrophysical applications, compact
analytic approximate expressions for the differential cross
section are derived in Eq. (81), together with Egs. (80), (83)
and (84). These integrate to yield the approximate total
cross sections in Eqgs. (91) and (92), fairly simple results
whose integrals can be efficiently computed when employ-
ing a convenient series expansion in terms of Legendre
polynomials. These approximate resonant cross section
results include both polarization-dependent and polariza-
tion-averaged forms, and are accurate to better than the
0.1% level. The net product is a suite of Compton scattering
physics developments that can be easily deployed in
neutron star radiation models.

The paper concludes with a discussion of the issue of
photon dispersion in the magnetized vacuum. It is indicated
that for astrophysically interesting field strengths, i.e., those
below around 4 x 10'> Gauss, vacuum dispersion is gen-
erally small: the refractive indices of the birefringent modes
deviate from unity by a few percent, at most, and generally
much less. Accordingly, the influence of such dispersion on
kinematic quantities pertaining to the photons is neglected
in the scattering developments offered here.

II. DEVELOPMENT OF THE CROSS SECTION

The Compton cross section can be developed along the
lines of the work of Daugherty and Harding [14] and the
more recent work of Sina [31]. In this section, we begin
with more general elements of the formalism and then
specialize to our specific developments that focus on
incident photons propagating along the magnetic field.

A. General formalism

The magnetic Compton scattering cross section can be
expressed as integrations of the square of the S-matrix
element Sy over the pertinent phase space factors for
produced electrons and photons. The protocols for its
development are standard in quantum electrodynamics
and, for unmagnetized systems, can be found in works
by Jauch and Rohrlich [44] (see Secs. 8-6 and 11-1, therein,
for nonmagnetic Compton formalism). When B # 0, the
formulation is modified somewhat to take into account the
quantization of momenta perpendicular to B (assumed to
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be in the z direction throughout) and, to a large extent, is
parallel to the two-photon magnetic pair annihilation expo-
sition in [45] [see Eq. (21) therein] because of crossing-
symmetry relations. The total cross section for magnetic
Compton scattering can be written by adapting Eq. (11-3)
of [44],

_/L3|Sﬁ|2L3d3ka3d3pf
N vl (27X) (2727)3

—>}(2/ L3 |Sﬁ‘2 L3d3kadprLdaf
1 = picosO; *cT (2xX)* 2zX 2xx

(1)

using standard notation, where A = i/m,c is the Compton
wavelength of the electron over 2z. In terms of the
formation of the S-matrix element, the time 7 denotes
the duration of the temporal integral, and the spatial
integrations are over a cube of side length L. Hereafter,
the magnetic field strength B will be expressed in units of the
quantum critical value (Schwinger limit) B, = m2c?/
eh ~4.414 x 1013 Gauss, the field at which the electron
cyclotron energy equals its rest mass energy. Also, through-
out this paper, all photon and electron energies and
momenta will be rendered dimensionless via scalings by
m,c* and m,c, respectively. The phase space correspon-
dence L*d®p; — AL*Bdpday for the scattered electrons,
due to the quantization of their transverse energy levels, is
routinely established: see Appendix E of [31] or Sec. 4(c)
of [46].

The incoming electron speed is f;c, parallel to the
magnetic field, and the initial photon makes an angle 6;
with respect to the magnetic field direction, so that v =
c(1—=p;cos0;) is the relative speed of the colliding
photons and electrons. Eventually, the main focus of this
paper will specialize to the particular case where the initial
electron is in the ground state (lowest Landau level), and
also possesses zero parallel momentum, p, = 0, so that
then f; — 0. Following common practice, this will be
referred to as the ERF, where it is understood that this
applies to the initial electron throughout. One can always
consider scattering in such a frame by performing a Lorentz
boost parallel to B to eliminate any component of
momentum of the initial electron parallel to the field.

Various definitions germane to Eq. (1) and kinematic
identities are now outlined. The two Feynman diagrams for
the scattering are depicted in Fig. 1. In general, the
incoming electron and photon four-momenta are p/ and
K, respectively, and a; represents the spatial location
(dimensionless, i.e., in units of A) of the guiding center
of the incoming electron. The corresponding quantities for
the outgoing electron are p?, k;, and ay. The energies of
the incoming and outgoing electrons in the quantizing field

are generally given by
E;=\/1+2jB+ p3, E, =/1+2¢B+p2 (2)
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for Landau level quantum numbers j and £, and dimen-
sionless momenta p; and p, parallel to the field, respec-
tively. The quantization of leptonic momenta transverse to
the field implies that the correspondences p! — (E Dy J)
and p? — (Ey, pg, ©) for their four-momenta are implicit
in the symbolic depiction of Fig. 1.

For most of the paper, considerations are restricted to the
ERF where the momentum component of the incoming
electron parallel to B is set to zero. Differential cross
sections for nonzero initial electron momenta along the
field can be quickly recovered via Lorentz transforma-
tion of the forms presented in this paper; the total cross
section is an invariant under such boosts. In this ERF
specialization, one has j = 0 and p; = 0. The energy of the
intermediate state assumes a similar form and is denoted by
E,. The kinematic relations between the four-momenta of
the incoming and outgoing species can be expressed via
[e.g., see Eq. (15) of [32]]

2(w; —¢B)r
0)f =
1+ \/ 1 = 2(w; — £B)r?sin0;
1

’

= 3

" 1 +w;(1—cosby) 3)
for the photon, which initially assumes an angle 8; =0
relative to B, and is scattered to an angle 0 relative to the
field direction. A simple rearrangement of this kinematic
relation yields the following convenient form:

(a)f)zsinzef - 2a),a)f(1 — COS Gf) —+ 2(0), — LﬂB — C()f) =0.

(4)

7 7 7 7

Ky Py Py ky

k;u péL két pét
(D 2

FIG. 1. The two traditional Feynman diagrams for Compton

scattering, with the left one labeled (1) and the right one labeled
(2) corresponding to the contributions to the first and second
lines in Eq. (7) for the S-matrix element. Solid lines represent
spin-dependent electron wave functions in a magnetic field, so the
four-momenta symbolically signify energy, the momentum com-
ponent parallel to B, and the transverse excitation quantum number
(see text). The wavy lines represent polarized photon states.
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The specialization to €; =0 cases is made throughout
this paper, following [32]; its astrophysical relevance is
discussed soon below. Relaxation of the 8; = 0 approxi-
mation will be developed in future work. The final
electron’s parallel momentum p, and energy E, are
given by

Py = @; — C()f COSQf,

Ey=1+w—-w;= \/1 + 2B + (w; — wpcos ). (5)

The equivalence of the forms for £, can be derived from
Eq. (3). In the appendixes, the quantities p, and E, are
labeled by py and E for the special case of # = 0 that
will be generally adopted here. Note that more general
kinematic identities for Eqgs. (3) and (5), applicable for
arbitrary incoming electron and photon momenta, can be
found in [14].

To facilitate the formation of the different cross section
do/dQ; in terms of the angles of the outgoing photon,
the identification d3kf - a)%da)fde is forged in Eq. (1),
where @/ = |k;|. The S-matrix element receives two
contributions,

S =Sy + S (6)

one for each of the two Feynman diagrams (e.g., see
Sec. 8-2 of [44])

Sg) = —47tiaf/d4x’/d4x1//;(x’)yﬂA_’;(x’)GF(x’,x)
X 7, A7 ()i (%)
Slgiz) = —4ﬂiaf/d4x’/d4xl//}(x’)y},A§‘(x’)Gp(x’,x)
X 7, A% (x)yi(x), ()

labeled (1) and (2) in Fig. 1, respectively. Here, w;(x) and
w¢(x") are the initial and final electron wave functions (see
Appendix A for more details), and they are solutions of the
magnetic Dirac equation:

7 (hed, —ieA,)w + m,c?y =0, (8)

for Dirac gamma matrices y, and y,. The electron propa-
gator or Green’s function, G(x', x), satisfies the inhomo-
geneous counterpart Dirac equation, where the right-hand
side of Eq. (8) is replaced by &*(x' — x); it is detailed at
greater length just below. In Eq. (7), A7 and A" are the
initial and final photon vector potential functions, and they
assume the generic form

Wé‘” exp{ik”xl,} X ei(k-x—(ut) (9)
w
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for photon polarization vector ¢* and four-momentum
(wave vector) k¥ = (w,Kk). These are identical to their
field-free forms: see Sec. 7-7 of [47] or Sec. 4-4 of [48] for
S-matrix construction of unmagnetized Compton scattering
in QED. Observe that due to the crossing symmetry, the
photons are interchanged between contributions from the
first and second Feynman diagrams.

The seminal papers of [14] and [15] both originally
derived QED formulations for Compton scattering in
strong magnetic fields using JL [26] particle basis states
for QED solutions to the Dirac wave equation. Later,
Ref. [31] employed ST [27] “transverse polarization” basis
states as solutions of the magnetic Dirac equation,
incorporating spin-dependent widths at the cyclotron
resonance. All of these works computed differential cross
sections for scattering in the ERF and encompassed
arbitrary angles of photon incidence relative to the
magnetic field direction. In this study, we follow closely
the development of Sina [31], specializing to the particular
case of photon incidence angles along B, ie., §; =0.
This special case is an astrophysically important one for
neutron star magnetospheres in that it applies to scatter-
ings of x rays by ultrarelativistic electrons, when the
laboratory angle of incidence of the incoming photons is
Lorentz contracted to 6; ~ 0 in the ERF. In particular, it is
germane to Compton upscattering models of energetic
x-ray production in magnetars [19,20]. The 6; = 0 spe-
cialization was explored by [32] in JL scattering formal-
ism, where it was highlighted that the single final Landau
ground state of # = 0 accounts for the entire cross section
up to the cyclotron resonance at w; = B, above which
¢ > 1 transverse quantum numbers (i.e., excitations) begin
to contribute. These connections provide ample motivation
for restricting this work, our incipient study of spin-
dependent resonant scattering, to ground-state—ground-
state transitions.

In this presentation, the spin-dependent resonant width
is included in a similar fashion to that in [15,23,25]: it
represents the decay lifetime of the intermediate state,
and therefore appears as an imaginary contribution to the
energy E, — iI"*/2 of this virtual state. This modification
therefore appears in the complex exponentials for the
time dependence and, after integration, yields complex
corrections to the resonant denominators. Eventually,
after squaring of the S-matrix elements, its inclusion
generates a truncation of all cyclotronic resonances via
Lorentz profiles of width I'* that depends on the spin s of
the intermediate electron or positron. This is an important
inclusion in Compton scattering formalism that is
required for precise computations of resonant upscatter-
ing spectra and associated electron cooling rates in
models of x-ray and gamma-ray emission from neutron
star magnetospheres. Following the work of [25], we
can describe the bound state electron propagator [see
Eq. (15) of [45], which extends Eq. (6.48) of [47] to
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accommodate the quantization associated with the exter-
nal magnetic field], including the appropriate widths in
the expression

L \2
GF(X/’X) = (ﬁ) B/dan/dpn

x i{—ie(t’ — A, (¥, )
n=0

+i0(t = )A_(¥. x)}. (10)
for
AL (¥, x) = Zui(x Y (x) exp[—i(E, = iT*/2)(f = 1)]
_(¥.x) = Zv X ) v (x) exp[+i(E, — il*/2) (¢ —1)].

(11)

This form for the Green’s function can be applied to any
choice of electronic wave functions that satisfies the
magnetic Dirac equation [see Eq. (6.39) of [47]]; in the
absence of decay of the intermediate state, I — 0, and
this reduces to the result in [45]. The 6(f —1¢) in
Eq. (10) is the unit step function implemented in the
standard expansions of the Green’s functions, which is
zero for negative arguments and unity for positive ones.
The A, and A_ contributions correspond to the positive
and negative frequency portions of the Fourier transform
[47]. The u;, and v constitute the spatial parts of the
electron and positron wave functions, respectively. The
quantities a, and p, denote the x coordinate of the orbit
center and longitudinal momentum component, respec-
tively, of the intermediate state.

It is of crucial importance to understand that there is
a coupling between the wave functions u;, and v;, and the
excited state decay width I'* that is spin dependent: one
should not sum these spin dependences separately when
computing the electron propagator. Outside cyclotronic
resonances, the impact of this coupling virtually disap-
pears as one can then set [ — 0 in Eq. (11). More
particularly, for the scattering problem, the -electron
propagator captures motion parallel to B via the kin-
ematics of Compton scattering. It is the presence of this
parallel momentum of the intermediate state coupled
intimately with spin [deducible from Egs. (29) and
(32) and supporting text below] that breaks the degen-
eracy between JL and ST formulations and renders
the cross section in the resonance dependent on the
choice of basis states, but only when decay widths are
incorporated.
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Before proceeding, some remarks about gauge choices
are in order. As in Refs. [13,45], we use the standard
Landau gauge to represent the field B = BZ, where
A*(x) = (0,A) = (0,0,xB,0) [contrasting Johnson and
Lippmann [26] who adopted A = (B x x)/2]. This free-
dom exploits the fact that the total cross section is
independent of the choice of gauge for specifying
the electron wave functions. Changing gauge A — A+
VA(x) introduces a complex exponential factor with the
gauge modification A(x) as its argument. In other words,
the contact transformation

wix.t) = v/ (x.1) = p(x.) exp{%A(x)} (12)

yields y/ as a solution of the transformed Dirac equation
if y is a solution of Eq. (8) for the original gauge. This
phase change property is well known. We restrict con-
siderations to spatial gauge transformations here, assum-
ing time independence of the external field. Under this
contact transformation, it is easily seen that the Green’s
function defined by Eqgs. (10) and (11) transforms
according to

Gr(xX',x) = Gp(x',x)exp{ie[A(X') = A(x)]}, (13)

since the integrations over a, and p, do not impact the
spatial factors involving the As. Observe that here we
have reverted to our natural unit convention 2 = 1 = ¢. In
contrast, the wave-function products in the S-matrix
expressions in Eq. (7) transform via an exponential factor
that is precisely the complex conjugate of the one in
Eq. (13). The quantized fields A#(x) « exp{ik“x,} for the
external photon lines only couple to the ambient magnetic
field through vacuum dispersion and, therefore, gauge-
invariant absorptive processes (discussed in Sec. IV
below), and so are not influenced by such a gauge
transformation. Accordingly, the § matrices and the
scattering differential cross section are independent of
the choice of gauge.

Inserting the Green’s function into Eq. (7) for the first
diagram, one obtains

2 3 2
Sg) — _(2”) g i /d3x//d3xe—ikf‘x’eik[~x L
NCron L 2
<8 [ da, [ dpyfm, (¢.0) - o (¥.0).
(14)
where
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(¥, x)= ZZ[“K’

n=0s=

[ee]
x/ dteiEa=T* /20— 1)t
—00

[Se]
! ,i(E, —E,+I¥/2)¢
X/ At el(Ectop—E,+1"/2) ,

t

(¥, x)= ZZ[

n=0s=

Ml ()| )M )

T(s r
x)M 0 ()| |1 )M (x)|
X/oodt/ei(Ef+a)f+En—l“S/2)t’

X/oodtei(—En-ﬁ-l"‘/Z—w,-—l)t. (15)
t/

The contribution ng ) from the second Feynman diagram

can be similarly transcribed. The matrices M, ; express the
polarization states €/, = (0,€;) in terms of gamma
matrices, via the relations M; = —y%¢/ 7, for the incoming
photon and M = —yoe’;yﬂ for the scattered photon, adopt-
ing the definitions in [49] for the two orthogonal polari-
zation vectors L, || discussed in Appendix A. In this paper,
we adopt the standard convention for the labeling of the
photon linear polarizations: || refers to the state with the
photon’s electric field vector parallel to the plane contain-
ing the magnetic field and the photon’s momentum vector,
while L denotes the photon’s electric field vector being
normal to this plane.

This polarization convention is appropriate for domains
where one can neglect the dispersion of light propagation in
either plasma or the birefringent vacuum that is polarized
by a large-scale electromagnetic field. Such a convention is
commonplace in treatments of QED processes in strong
magnetic fields, but it is not absolutely accurate in that the
refractive index 7 is not precisely unity. It then becomes an
approximation, @ = |Kk|, to the true eigenmodes 1,2 of
propagation that are eigenvalues of the polarization tensor,
which satisfy |k;| # |k, | # w. Precise treatment of photon
eigenmodes [see Eq. (46) of [50] or Egs. (11) and (12) of
[51]] in the magnetized vacuum generally would entail
the addition of substantial or prohibitive mathematical
complexity to scattering cross sections, and also rates for
other processes, such as pair creation y — ete™ and
cyclotron transitions. Fortunately, such dispersive modifi-
cations are generally a small influence for astrophysically
interesting field strengths, even for magnetars. The char-
acter of vacuum dispersion and the small magnitude of
its impact for the scattering problem is discussed at length
in Sec. IV. There it becomes evident that the nondispersive
approximation is appropriate for fields B < 10> when the
scattered photon perpendicular energy is below pair cre-
ation threshold, w;sinf; < 2.

The development of the S-matrix element in Eq. (7)
mirrors that leading to Egs. (3) and (4) in [14].
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The temporal integrations are simply evaluated, leading
to the appearance of the energy conservation 6 function in
Eq. (16) and the resonant denominators in Eq. (17) below.
These steps culminate in the expression

iaf

X
Sii = —mza(l +w; = E; — wy)
= 1 2
>3 / da, / dpa TV + 7] (16)

after simple integration over the temporal dimensions.
Here the sum over the index n captures the Landau level
quantum numbers of the intermediate state, and the sum
over the s index accounts for the different spins of this state.
The spatial integrals are encapsulated in the terms

70 _ S . s\ a7)
" l4w,—E,+il*/2 14w +E,—il"/2
where
S;” _ [/d3xe—tkfx T()( )Mfuﬁ,)( >:|
x {/ d3xeiki"‘u1(s>(x)Miu§r>(x)}
s [/ e wex O (x)M ol (x )}
x {/ d3xeiki"‘vi(s)(X)M,-u;”(x)} (18)
and
0 st
Tn - peomp + s (19)
l—w;—E,+ilI"/2 1-w;+E,—il*/2
where
81(42) — {/cﬁxe’k X T()( )M Lt£,>( ):|
X [/ d3xe_ikf"‘uj,(s)(X)Mfu;r)(x)]
S(LZ) — {/d%c ik;x T()( )M 1))(1)( ):|
X [/ d3xe‘ikf"‘vj}(s)(X)Mfuy)(x)]. (20)

For the numerators S%), the index m = 1, 2 identifies the
corresponding Feynman diagram in Fig. 1, and the sub-
scripts mark the contributions from electron (x) and
() (i)

positron (v) propagators. Here, the u,’(x) and »;’(x) in
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Egs. (18) and (20) represent the electron and positron
spinor wave functions in the Landau state with energy
quantum number [ = (j, n,£). The indices r and ¢ therein
refer to the spin of the initial and final electron states, while
the s index refers to the spin of the intermediate lepton. The
integrals appearing in the products within the numerators

SE,'"L), termed vertex functions by [29,46], are further
developed in Appendix B, leading to the explicit appear-
ance of A, , functions familiar in S-matrix calculations of
QED processes in external magnetic fields [27-30], includ-
ing, specifically, expositions on Compton scattering
[13-15,25,32]. These A, functions include exponentials
and associated Laguerre functions in the photon variables
w; ;sin® 6; ;/2B that control the ensuing mathematical

character of the cross section. Observe that the crossing
symmetry relations
€; <> €¢ (21)

@; <> —(l)f, ki <> —kf,

identify the substitutions required to form the terms TE,Z)

1 .
from TS, ), and vice versa.

It is immediately apparent from Eqgs. (17) and (19) that
the incorporation of widths that are dependent on the spin
of the intermediate state imposes spin dependence on both
the numerator and the denominator, which must first be
developed separately and then summed. This is formally
the correct protocol, and as we shall demonstrate, it leads to
dependence of the resonant cross section on the spin of the
excited virtual electron. If on the other hand, one were to
implement the spin-averaged widths, then the I'* terms are
added within the denomlnator thereby leading to signifi-
cant simplification of the T( terms. This is the histor-
ically conventional approach that is employed for magnetic
Compton scattering calculations away from the cyclotron
resonances (i.e., when I — 0 can be presumed), but is
imprecise in such resonances. This is the crux of the
offering here, providing the mandate for our refinements of
the magnetic Compton cross section in the cyclotron
resonances.

Using standard squaring techniques, the norm of the
S-matrix element can be expressed in the form

1S5]? = M (%)7%5[]@[ —kys—B(a— b)}
(

a),»a)f

X 8(k;i—pr—k;)o(1 +w; — E; — wy)

ST S
X exp _—ZB E_

: (22)

with ap = €2 /hc the fine-structure constant, and the time 7
and length L are those of the spacetime box for the
perturbation calculation. Here standard F ,(,m> terms and

) 2
> [F ei® + F Slz,s)e‘iq’}
f
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the phase factor ® emerges from the integrals of the
products of the matrix elements in the numerators of the
S terms, which are similar to the ones in [14,15].
The specific form for the phase factor is provided in
Eq. (B14) in Appendix B. Again, the m = 1,2 labels for
the F terms correspond to the associated Feynman dia-
grams. The delta functions in Sy express four-momentum
conservation and emerge naturally from the Fourier trans-
form manipulations of the incoming and outgoing plane-
wave portions of the wave functions for the photons
and electrons. The parameters a and b constitute the
x-coordinate orbit center of the incoming and outgoing
electrons, respectively, and disappear from the S-matrix
after integration over x" and x.

Observe that the exponential portion of the cross section
that depends on the photon momenta perpendicular to the
field, k;; = w;sin®; and k,; = w;sinfy, is explicitly
isolated in this construction. The initial electron has a
parallel momentum p; = 0, a quantity that does not appear
explicitly in the second ¢ function in Eq. (22) that describes
momentum conservation parallel to the magnetic field.
In contrast, p, (the parallel momentum of the scattered
electron) appears in this § function. This form for the square
of the S-matrix is just that in Eq. (6) of [14], but specialized
to the ERF case where the initial electron is in the ground
state and possesses a zero component of momentum along
B. Due to the azimuthal symmetry of the scattering,
without loss of generality one can orient the coordinate
system so that the initial photon momentum is along the x
axis by selecting ¢; = 0 such that k,; =0 and k,; = k,;.
On the other hand, ¢ / is nonzero in general, and k 1 has both
x and y components.

Inserting Eq. (22) into Eq. (1), the differential cross
section in the rest frame of the electron can be readily
obtained:

do _ 3or @y
dQ; 8z oK

ZZ

n=0 s=

e—(w% sin’6; +a}sin®dy) /2B

2
e® + FRe | (23)

for general photon incidence angles 6;, where

K =E;— pscosty

=14 w;,—w;— (w;cos0; —wpcosf)cosby.  (24)

Here o1 = 8n(e?/m,c?)?/3 = 8na?x*/3 is the Thomson
cross section, with # = fi/m,c being the Compton wave-
length of the electron. Whenever the initial and final
electrons are in the ground state and the initial photon is
parallel to the field such that k,; =0, then Eq. (B14)
implies that ® = n¢;. This expression for the cross section
is of a form similar to that in Eq. (11) of [14], with the
denominator term later corrected [23]. Upon integration the
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resulting matrix elements represented by the integrals in
Egs. (18) and (20) are contained in the F' terms within the
summations, which depend on the Landau level n and
spin s quantum numbers of the intermediate states. At this
juncture, a choice of electron basis states is required in
order to evaluate the F' terms. The papers by [14,23] used
JL spin states to evaluate the matrix elements following the
work of [45]. On the other hand, Sina [31] performed
the requisite spatial integrals preserving the electron wave-
function coefficients in general form, thereby allowing for
the expedient development in either JL or ST basis states.
However, Sina chose to focus on the resulting cross section
within the context of the ST spin states, the preferred
protocol. We take advantage of the manipulations in [31]
in order to develop the differential cross section for both
basis states in parallel.

For the remainder of the paper, the focus is on the
development of Compton scattering in strong fields in the
specific case where the laboratory incident photon angles
are parallel (6; = 0) to the external B field in the electron
rest frame, as was previously performed by Gonthier et al.
[32]. In that study, the role of the resonance was only
considered in limited fashion, resulting in analytic descrip-
tions of the cross section below and above the resonance.
The bare resonance is divergent because an infinite lifetime
for the intermediate state is thereby presumed. However,
introducing a finite lifetime associated with the propagators
truncates the resonance according to the prescription in
Egs. (17) and (19), with the width of the resonance being
necessarily dependent on the spin of the intermediate state.
Spin-dependent widths were incorporated into the differ-
ential cross section in the work of [23], developing F terms
dependent on the spin of the intermediate state using ST
eigenfunctions for determining the widths, but employing a
JL formulation for the wave functions of the incoming and
outgoing electrons. In our previous study [30], we showed
the inherent difficulties with the JL basis states in that the
spin states are not preserved under a Lorentz transformation
along B. In contrast, we demonstrated that the ST electron
wave functions, being eigenfunctions of the magnetic
moment operator, behave correctly by preserving the spin
states under Lorentz transformation, and form the appro-
priate set of states to describe the spin dependence of the
resonance width. Accordingly, a greater emphasis is placed
on the ST formulation below, presenting results that have
not appeared before in the literature on magnetic Compton
scattering.

B. Compton scattering for photons incident
along the magnetic field

Motivated by the important astrophysical application of
inverse Compton scattering in neutron stars, the focus
narrows now to 6; = 0 cases. In addition, our ensuing
analysis will concentrate on the development of the main
contribution to the resonant scattering, which is the £ = 0
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final state, i.e., ground-state—ground-state transitions.
Excited final electron states # > 1 only become accessible
when the incident photon energy exceeds the threshold
w; > B [14,32]. The majority of the cross section is
dominated by the £ =0 contribution, even somewhat
above w; =B, as can be seen in Fig. 4 of [32].
Moreover, [20] highlights how cooling of relativistic
electrons in neutron stars is dominated by interactions
near the fundamental resonance. Accordingly, domains
w; $1.2B where £ =0 contributions dominate are of
the greatest interest to astrophysical applications. We note
also that the nonresonant JL formalism for # > 0O cases has
already been presented in [32], and that away from
resonances, the ST formulation will generate identical
results.

For £ = 0, only the first excited n = | intermediate state
contributes, collapsing the sum over n in Eq. (23) to one
term. The spin dependence of the resonance width (rate)
is strongly dependent on the strength of the magnetic field
(see Fig. 1 in our previous study [30]). With the 8, =0
restriction, the differential cross section possesses a simple
dependence on ¢y, namely, just complex phase factors

e*"9s from the exp{+i®, , } factors in Eq. (23). Since then

the F SL"? terms do not depend on ¢, the integration over the
final ¢, is almost trivial, with cross terms proportional to
{F ELIQF 222* +F 5,22F ,(112*} cos 2¢p, that integrate to zero over
the interval 0 < ¢, <2z [see Eq. (4) in [I5] for the
analogous inference for JL scattering formalism].
Performing this first then leads to a sum of squares of
complex moduli of the matrix elements for the correspond-
ing Feynman diagrams 1 and 2 appearing in the resulting
form for the differential cross section:

2 —w’sin’0;/2B

do 301 wye n 2 @ 2
dcosf, 4 w[(Zw[—wf—é’)SZ;D sl ”:"“‘w
(25)
where
¢ = wwp(1 —cosby). (26)

Observe that in developing Eq. (25), the identity o/ =
2w; — wy — ¢ derived from the scattering kinematics [see
Eq. (4) using £ = 0] has been employed in the factor in
front, with K given by Eq. (24). As indicated in
Appendix B, the specialization k, ; = O restricts the sum
over n, selecting only the n = 1 level of the intermediate
state as contributing to the cross section. This is the leading
order contribution, with a Kronecker delta evaluation of
the Laguerre functions, A;,(k, ; = 0) = §;,, forcing the
restriction. This simplifies the cross section dramatically,
as in [13,32]. The matrix element terms F §m> comprise
standard  “energy-conservation”  denominators, and
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numerators with S ,%)’S terms, as listed in Egs. (18) and (20),
are given by

sl s
0y —Ep+ T2 w, +E,—i)2°
m=1,2. (27)

Note that these S,({m> terms defining the F" in Eq. (27) differ

from the calligraphic S,((m) used to define the 7 terms in
Egs. (17) and (19) in that the calligraphic S terms contain
factors and ¢ functions arising out of the spatial integrals,
while these S terms here are only the products of the
wave-function coefficients and the associated A functions
discussed in Appendix B. The two S and S terms here
correspond to contributions from the electron u and
positron » spinors of the intermediate state, with positive
and negative energies, respectively. Observe that the
numerators S,%) depend on s, the spin quantum number
of the virtual pairs. We have introduced some kinematic
variables that depend on the Feynman diagram number m,
namely, total “incoming” energies

W, =1+ w;, Oy = 1 =y, (28)

and energies E,, of the intermediate electron/positron state

Emet =\ 07 + €5, Em—r = yJwjc08’0; + €7 (29)

for
e, =V1+2B (30)

as the threshold energy of the first Landau level. Using the
identity &2, = p2, + €3,

Pm=1 = @, Pm=2 = —@yCOS Hf (31)
define the components of momenta parallel to B that
correspond to the &£,,.

The spin-dependent widths I* = £I" of the cyclotron
resonance truncate the divergences at £,, = w,, that would
appear in Eq. (27) without their inclusion. In practice,
because of the kinematics of scattering, only the m = 1
diagram elicits such a divergence, as is evident from the
inequality ,,_, < &,,—, that is simply deduced from
Egs. (28) and (29). Here I' is the spin-averaged width in
the frame of reference where the electron possesses no
component of momentum along B. It is independent of
the eigenfunction solutions of the Dirac equation, and its
analytic form is given in Eqs. (43) and (44) below. The
spin-correction factor £; does depend on the basis states
being employed to describe the virtual particle; using the
forms for I'* found in [30] [Eq. (1) therein for the ST case,
and Eq. (53) for the JL states], one has
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Entér

L — 1
TR

S (32)
€1
for the ST and JL basis states. Note that the Lorentz boost
y = &, /€. that would transform the intermediate electron
from the zero parallel momentum (p, = 0) frame to the
p, = p,, frame is employed to cast Eq. (53) of [30] into
the JL version for the spin-correction factor in Eq. (32).
In the Lorentz profiles that will emerge when the squares of
the Gs are taken, it will become apparent that the cross
section at the peak of the truncated cyclotron resonance
will scale as 1/(I™*)2, so that the relative strengths of the
resonant interaction for the two eigenfunction choices will
scale with (&5T/£L)2, and thereby be substantially spin-
dependent when B is not too much greater than unity.
The modulus squared of the matrix element F terms can
be evaluated in a similar manner as in [23], keeping only
terms that are of the highest order in I'¥, a small quantity.
Specifically, combining the terms in Eq. (27) leads to the

forms F" o (A + i)/ {wﬁl — &2 i€, ¥ /2 — (I°)2/4]
for A that can routinely be determined from Eq. (27).
Eliminating the term proportional to I'* in the numerators
and setting (I"*)?/4 — 0 in the denominators permits the

squares of the F terms to be cast in a compact form, with
numerators that employ the functions

N = 0, (S + S5) + Eu(SE = ST)
N™ =, (S; 4+ S7) +E,(S7 = S7). (33)

where m is the Feynman diagram number. The error
incurred with this approximation is of the order of I'*/B
in the cyclotron resonance, which is always small (e.g., see
Fig. 1 of [30] for n =1 values of I'*, or Fig. 3 of [52]),
being less than around 0.2«; for all field strengths, where
a; = e*/hc is the fine-structure constant. With these N
terms defined, the spin-dependent factors can be isolated
and the cross section in Eq. (25) can be expressed as
do 3ot w]%e_wisngf /2B
deosO; 4 ;2w —w;—{)

X 22: Ngrm>(N5rm) + §+N<—m))
—| et

m=1

NO(Nm) 4 <§_N(+’">)]

2+ 28T (34)

where I" is the spin-averaged width, and &, and £_ are
spin-dependent factors given in Eq. (32) that depend on
the choice of basis states. It is instructive to isolate the
contribution of the spin dependence of the intermediate
state by using these N terms to define new T terms that
represent the complex modulus of the matrix element F
terms for the spin-averaged contribution
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T = (N 4 N (35)

and the spin-dependent contribution

T = (NU) 4 Ny (N — N

spin -
+ (&, — e )NUING, (36)

The algebraic development for generic matrix element S
terms is outlined in Appendix A, and then applied to the
ST basis states in Appendix C and to the JL states in
Appendix D, so as to generate the specific expressions for
the N, The spin-dependent differential cross section can
then be divided into two contributions:

dot"  3op w%e‘w§5i"29.f/23 2 L4 Tépu)l

8 w;(2w; —w;—) €2 + 82172

(37)

dcos a

m=1

where + and — correspond to the spin-up (parallel to B)
and spin-down (antiparallel to B) of the virtual particle
contributions; these must be summed for each photon
polarization. The cross section is necessarily dependent
on the photon polarization of the final state. With the initial
photon having an angle of incidence of zero degrees, the
cross section is independent of the linear polarization of the
initial state (circular polarizations then form the preferred
photon basis states). Accordingly, the L, || designations in
Eq. (37) apply to the polarizations of the scattered (final)
photon. Also observe that here we have introduced some
kinematic variables that depend on the Feynman diagram
m, namely,

- & = ¢ =2(w; - B),
i+B=0), (38)

which enable the expression of the denominators in a more
compact fashion. Again, { is defined in Eq. (26).

The spins of the intermediate state in Eq. (37) can be
summed over, and the result depends on how the width of
the decaying cyclotron transition is accounted for. There are
three cases that are highlighted here: (i) ST basis states
with spin-dependent cyclotron widths, (ii) JL eigenfunc-
tions, also with spin-dependent widths in the resonance,
and (iii) the formulation where the spin-averaged width is
employed in the decay of the intermediate state. This third
case is the one most commonly adopted in past expositions
on resonant, magnetic Compton scattering in the literature.
Since spin is thereby omitted from the resonant denomi-
nators, the overall differential cross section is then inde-
pendent of the choice of basis states; i.e., it does not matter
whether do/dcos@; is computed using JL (historically
popular) or ST (formally more correct for approaches
treating spin). These three cases are encapsulated in the
forms

€m_(1)

€y = —2((U
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ST,(m),L,]|
spin

( )Ll
d L 2
(o) [
dcosOr) o — s + & ol

Tave +T
(m). LIl TST,(m),J_,II‘|

ave spin

€m + 53 STCC/?nF2

Ty I L

spin

do LI 2
deosOyr) g €+ E &Nl
(

T l;vc.,lyll _ TJL;(m)sJ-,Ill

spin

e + & T
do L 2 ave> L
, 39
<a’cosﬁf>ave Z 2+ & (39)

where

2 —mzsinzé'f/ZB
30'T wfe 4

(40)

Observe that if £, — 1, both the ST and JL spin-dependent
forms in Eq. (39) reduce to the third, spin-averaged form.
For both JL and ST basis states, the resulting T, values
appearing in these forms are identical for m = 1, 2, being
given by the expressions

Toe = 0j(0; =)
The = 2+ o) (0; - ) — 20, (41)

for perpendicular and parallel photon polarizations. The
same expressions apply to both Feynman diagrams. These
T terms are identical to those that appear in Eq. (13) of [19].
The differences that arise between the JL and ST states are
contained in the Ti 131 terms and in the £ terms in the
differential cross section in Eq. (39), which are described
for each basis state in Appendixes C and D.

It is instructive to compare these developments with
previous work in the nonresonant domain. Then I' — 0 can
be set, and the three forms in Eq. (39) coalesce to the
spin-averaged one:

do L f Ll 1 1
TﬂVe + .
deosf;) . 2 (w; —B)*  (w; +B—=¢)?

(42)

This can quickly be shown to be equivalent to Eq. (22) of
Gonthier et al. [32], which was directly derived from
the JL formulation of [14]. Our presentation here is an
independent derivation, based on the developments of [31].
A further independent check is provided by the exposition
of Herold [13]. In the special case of 8, = 0, Egs. (8) and
(9) in [13] can be routinely demonstrated to be identical to
Eq. (22) of [32] after a modicum of algebra, and therefore
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also to our result in Eq. (42). Total cross sections resulting
from Eq. (42) are explored in Sec. III B.

The remaining ingredient that needs to be posited is the
mathematical form for the spin-averaged cyclotron width I".
This is taken from Eqs. (13) and (14) of [30] and can also be
found in [52-54]. The average rates for 1 — 0 cyclotron
transitions at nonzero p, for electrons are scaled (by
h/m,c?) into dimensionless form:

P =Tpe(p.) = %II(B), € =/1+2B+ pl.
(43)
with
o dke™™ K 1
Il(B)_A V(@ =x)(1/® —«) [l‘i<q’+6>]’
_V1+2B-1 (44)
- V1+2B+1

expressing the integration over the angles 6 of radiated
cyclotron photons. Note that x represents the product
w” sin” /2B precisely at the resonance condition @ = B,
so that k = Bsin®> /2. The integral for I;(B) can alter-
natively be expressed as an infinite series of Legendre
functions of the second kind; see [30] for details. This
width is mostly needed for the m = 1 diagram, for which
p, = w; for the intermediate state so that £; reduces to the
specific value listed in Eq. (29). The presence of the &,
factor in Eq. (43) essentially accounts for time dilation
when boosting along B from the electron rest (p, = 0)
frame; the Lorentz factor for this boost is simply
y=E&/V1+2B. When Bk 1, ie.,® <1 in Eq. (44)
and £, — 1 in Eq. (43), the width reduces to I" ~ 2a;B2/3,
the form widely invoked for nonrelativistic astrophysical
applications of magnetic Compton scattering. In the oppo-
site asymptotic extreme, namely, B > 1, appropriate to the
inner magnetospheric regions of magnetars, the ® — 1
limit of Eq. (44) quickly reveals that T ~ a;B(1 — 1/e)/&;.
In the fundamental resonance (for m = 1), p, = w; = B so
that this limit of the width reduces to I'~ a;(1 —1/e),
independent of B. As remarked above, spanning these two
regimes, ['/B < a; < 1 is always realized, underpinning,
from the outset, the self-consistent incorporation of the
width decay formalism in the complex exponentials for the
intermediate electron state.

As a concluding discursive offering, it must be empha-
sized that the calculations offered here do not include
channels for pair production in the final state and therefore
are strictly valid only below pair creation threshold, i.e.,
ws = wpsin@p <2, characterizing a Lorentz invariant
under boosts along B. For much (but not all) of the
parameter space considered here, this domain is realized.
Since we are restricting considerations to £ = 0 transitions,
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the kinematic relation for scattering in Eq. (3) can be
used to demonstrate that w;sinf; is maximized when
cosf; = w;/(1 + w;), realizing a well-defined value:

0
—(wssin@;) =0 = cosf, =
f f f

:>0)fsln9f: \/1+2CU1—1 (45)

Clearly, when w; > 4, this opens up a portion of 6, space
for which the scattered photon is above pair creation
threshold, i.e., w;sin@ > 2, specifically for the || polari-
zation state of this final photon. For resonant scattering at
w; =~ B, this applies to supercritical fields. This availability
of pair creation channels for the scattering process was
summarized in Fig. 7 of [32]. For the £ = 0 case considered
here, it is generally relevant only to scatterings into the ||
polarization, since the threshold for pair creation by L
mode photons is v/1+ 2B + 1 (in units of m,c?), which
usually exceeds the maximum of w sin 6, just derived if
w; % B. Hence, in summary, when the incident photon
possesses an energy in excess of around 2 MeV in the ERF,
care must be taken to apply the calculations presented here
in scattered angle 6, domains where w;sin6; remains
below 2. Fortunately, as will become apparent in the next
section (see Fig. 3 and associated discussion), this generally
corresponds to domains where the peak contribution to the
total cross section is realized. In other words, the largest
values of w;sin®@, that might precipitate pair creation
simultaneously reduce the exponential in the factor F in
Eq. (40), and therefore the differential cross section. A
more complete formalism incorporating pair creation
channels (e.g., see [55]), where accessible, is beyond the
scope of the present work.

This concludes the general elements leading to the
assembly of scattering differential cross sections in strong
fields; the exposition now turns to specific illustrations of
the results of these calculations, for both differential and
total cross sections.

III. RESULTS: CHARACTERISTICS OF THE
CROSS SECTION

The focus now turns to the core properties of the
differential and total cross sections, a comparison of the
three #; =0 forms, and to obtaining a comparatively
compact analytic approximation to the full ST form in
the resonance.

A. Angular distributions

Traditionally, it is the third of these differential forms in
Eq. (39) that has been used in the literature to take into
account the relativistic modifications to the width of the
resonance, but not the spin dependence of the width, which
emerges because the lifetime of the intermediate (n = 1)
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state depends on its spin. Away from the resonance, this
dependence becomes effectively immaterial as sums over
the intermediate spins generate results that are independent
of the choice of electron wave functions: this assertion
becomes apparent by simply setting ¢,, > E,,I" in all the
forms in Eq. (39). In contrast, averaging over the inter-
mediate state spins behaves more like a harmonic mean
near the peak of the resonance, and that is where the
differences in the cross sections are most profound, as shall
become evident. As argued in the Introduction, this is a
domain of importance for computations of Compton
scattering in astrophysical models of neutron star magneto-
spheres. While the differential cross section developed
within the ST basis states is formally the correct one, in
the following figures, we compare the ST differential cross
section to the one using the JL basis states and the
traditional one that we refer to as the average cross section.

We display in Fig. 2 the angular distributions of the three
separate differential cross sections from Eq. (39) for a
magnetic field of B = 3 at which the intermediate state spin
influences precipitate the largest differences. The incoming
photon energies w; in the ERF are chosen to be in the left
wing, at the peak, and in the right wing of the resonance.
The red dashed curves correspond to the perpendicular
polarization of the final photon and show similar shapes in
all three cross sections, while the blue dotted curves
corresponding to the parallel polarization display some

10%+ ~ U ‘\,,_
or _~ N\ s&T
oF "0/ B =0.998

i ©/B=1000 | ]

Angular Distribution, do/d6 ( o1/ radians)
o am a
N
\
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\
g
: w
‘ Il
=
o
L1

|
4 3 2 414 0 1 -3 2 -1 0
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FIG. 2 (color online). The differential cross sections from
Eq. (39) as a function of the final scattering angle 6 for a
magnetic field of B = 3. The upper, middle, and bottom sections
display the cross section for ST and JL basis states, and the spin-
independent cross section using the average width, respectively.
The left, middle, and right sections display the cross sections right
below the resonance at ®;/B = 0.998, at the resonance
w;/B = 1. and right above the resonance at w;/B = 1.002,
respectively. The red dashed curves and the blue dotted curves
correspond to perpendicular and parallel polarizations of the
scattered photon, respectively. All cross sections are scaled in
units of the Thomson cross section.
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small differences in their shapes, especially in the dip near
0y = 1. The dip can be understood by considering where

the Té’v”e)’” of Eq. (41) actually goes to zero under the
condition

W;
2+(l),'.

cos 9f =

(46)

Note that Tgf',’e)’” remains positive on either side of this zero.
The JL cross section also displays a minimum in the
parallel polarization at a slightly larger angle than in the
case of the average cross section. A small minimum is
observed in the case of the ST basis states, but the cross

section there does not go to zero. In the case of Tfl'V”)’l, there
is no minimum. One striking feature of the ST angular
distributions is that at the peak of the resonance, both
perpendicular and parallel differential cross sections
become identical: there is then no dependence on the
polarization states of either incoming or outgoing photons.
A derivation of the origin of this property is given in
Sec. IIID. However, even very slightly removed from
resonance peak, the perpendicular polarization clearly
dominates over the parallel polarization. Observe that the
differential cross section for both forward scattering
(0, ~0) and backscattering (6, > x/2) is considerably
lower than the peak value at €y~ 1/wy, for all three
formulations. The backscattering case corresponds to large
values @7 sin® 6/ (2B) of the argument for the exponential.

High above the resonance, the angular distributions
begin to manifest an additional minimum that is associated
with both polarization modes, and is due to the exponential
in the common factor in the cross section: see Eq. (40). In
Fig. 3, we exhibit the angular distribution at w;/B = 20 for
B =3 for each of the three cross sections. The photon
energy is now high enough to discern the appearance of a
prominent local minimum. This feature approximately
corresponds to the exponential achieving a minimum
(i.e., k is at a local maximum) at

Q)

cosf, = ——,
f 1—1—60,

(47)

as noted previously in Eq. (29) of [32]. Observe that this
local minimum is offset slightly from the zero for Tg’vng .
addressed in Eq. (46). Care must be exercised when
developing a numerical integration routine, for example,
for computing the total cross section, to properly take into
account these characteristics of the angular distributions.
The overall maximum of the differential cross sections
arises when the argument 7 sin® 6,/ (2B) of the exponen-
tial is as small as possible. Since this illustration is for deep
into the Klein-Nishina regime, this occurs when
0;~1/w; < 1. Straddling this peak, again the forward
scattering and backscattering values are greatly reduced in
comparison.
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FIG. 3 (color online). The differential cross sections from
Eq. (39) as a function of the final scattering angle 6, for a
magnetic field of B = 3. In this figure the photon energy is high
above the resonance at w;/B = 20. The upper, middle, and
bottom sections display the cross section for ST and JL basis
states, and the spin-independent cross section using the average
width, respectively. The red dashed curves and the blue dotted
curves correspond to perpendicular and parallel polarizations of
the scattered photon, respectively, as in Fig. 2. The profound dips
in the || cross sections are actually true zeros defined by Eq. (46),
and they are truncated in the plot for visual clarity.

The main differences displayed in the JL and average
cross sections relative to the ST angular distributions occur
at the resonance toward the end of the angular distribution
near ¢, = z or the backward scattered photons antiparallel
to the magnetic field, as seen in Fig. 4. We plot the ratios
of the JL and averaged cross sections to that of the ST
distribution for both perpendicular (red dashed curves) and
parallel (blue dotted curves) polarizations as a function of
the scattered angle 6;, highlighting the backscattering
region Oy > /2. As the scattered angle approaches
0y = m, these ratios become very large, implying that the
JL and spin-averaged cross sections dramatically overesti-
mate the cross section relative to the more correct ST result.
This is not as critical a failing as it could be, since near
0y = &, the values of the cross sections are significantly
diminished.

B. Total cross sections

For many physics and astrophysical considerations, the
angle-integrated total cross section is an informative
quantity. Here we perform numerical integrations over
the scattered photon angle ¢, taking into account the local
minima and maxima manifested by the JL and average
angular distributions, as encapsulated in Egs. (46) and (47)
and portrayed in Figs. 2 and 3. Analytic results for the total
cross section will be considered later in this subsection.
For a magnetic field of B = 3, in Fig. 5 we display the
angle-integrated cross sections in the upper panels, while
the ratios of the JL and averaged cross sections are in the
lower panels as a function of the incident photon energy in

PHYSICAL REVIEW D 90, 043014 (2014)
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FIG. 4 (color online). The ratio of the JL. and average differ-
ential cross sections from Eq. (39) to that of the ST cross section
as a function of the final scattering angle 0 for a magnetic field of
B = 3 at resonance. The upper and bottom sections display the
ratio for JL cross section to that of ST and the ratio of the average
cross section to that of ST, respectively. The red dashed and blue
dotted curves indicate the ratios for perpendicular and parallel
polarizations.

units of the cyclotron energy. The extremely narrow
resonance region in the left panel is expanded in the right
panel to highlight the structure near the peak of the
cyclotron resonance. Observe that the resonance shape is
symmetric about the peak, an artifact of the approximation
of taking only the leading order dependence in the widths
when squaring the resonant denominators, as discussed just
prior to Eq. (33). Relaxing this simplification would
introduce a very slight asymmetry of order I* /&, ~T'/(1 +
B) to the energy profile of the resonance. Another interest-
ing feature of the cross sections is the portion far below the
resonance where they flatten out to a constant for both
the ST and JL spin-dependent cases: the origin of this is
discussed in Sec. III C. The choice of the magnetic field
was made to illustrate the maximal difference at the peak of
the resonance between the ST and JL formulations, and it
corresponds to the case of fairly low altitudes in the
magnetospheres of magnetars.

The cumulative contribution of the aforementioned
excesses of the spin-dependent JL and average differ-
ential cross sections above that of the ST one becomes
evident near the resonance shown in Fig. 5. For this B = 3
example, the resonant cross section is overestimated by
40% and 20% by the JL and average cross sections,
respectively. The doubled-peaked curve for the average
cross section at the resonance exhibits a minimum at
the resonance due to fairly rapid swings with @ in the
contributions from the perpendicular and parallel polari-
zation scattering modes. This is illustrated in the blown-
up diagram in Fig. 6, which exhibits the dependence
through the resonance for the individual polarization
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The angle-integrated cross sections (in units of o), averaged over polarization, are displayed in the upper panels

with an exploded view near the resonance in the upper right panel. The spin-dependent JL (green solid curve), the ST (blue solid curve),
and the spin-averaged (red solid curve) cross sections are displayed in the upper panels. In the bottom panels, the ratios of the JL and
average cross sections to that of the ST cross section are displayed. The diagonal dashed black line is the familiar nonrelativistic result in
Eq. (58) that applies when @; < B. The horizontal dotted line is the low-frequency spin-dependent anomaly whose asymptotic form
o ~T?6r/[B*(1 + 2B)] is deducible from Eq. (64). The dots represent numerical evaluations of the integral expression for the total cross
section in Eq. (55) for the left panel, i.e., outside the resonance, and for the approximate cross section in the resonance in Eq. (91) for the

right-hand panel.

modes. As seen before in Fig. 4, the angular distribution
with the average widths generates a lower contribution
from the parallel polarization, thereby producing the
minimum at the resonance seen in Fig. 5. This is more
than compensated for by the excess seen at the peak of
the | resonance profile, so that the polarization-summed
cross section for the spin-averaged case generates the
excess over the ST case depicted in Fig. 5. In contrast, the
JL cross section that includes the spin-dependent widths
does not manifest such opposing polarization-dependent
variations near the resonance, but it still yields an
overestimate of the cross section near the resonance
relative to the correct ST form.

The largest differences between the cross sections
developed using the ST and the JL basis states in the
spin-dependent width formulations occur around B = 3. To
survey the magnetic field dependence of the cross sections,
examples for subcritical and highly supercritical fields are
depicted in Fig. 7. Outside the resonance, all formulations
for the cross section converge to the same result, as they
should, corresponding to setting I' = 0 in Eq. (39). An
exception to this is for the low-frequency regime, which
will be addressed in Sec. III C. The importance of spin-
dependent effects in the resonance begins to diminish
significantly above B = 10, since then the choice of spin

state for the cyclotron decay width becomes immaterial: all
cyclotron decay rates approach the spin-averaged one,
as previously noted in Fig. 2 of [30]. It is notable that
the average cross section also overpredicts the resonant
cross section at low magnetic fields, due primarily to an
overestimate of the perpendicular polarization, a nuance
that is discussed in Sec. III D below.

Away from the resonance, in general, the spin-dependent
influences are minimal, and spin-averaged formalism is
usually sufficient: in such domains, both the ST and JL
forms collapse to the spin-averaged form in Eq. (39), i.e., to
that in Eq. (42). A notable exception arises at very low
frequencies w; <T', and this is discussed in the following
subsection. The spin-averaged expression for the differ-
ential cross section in Eq. (42) can be integrated over 6
using the protocol developed in BWGI11. This method
changes the variables of the integration to conveniently
render the integrals more compact. The first step is to
convert the integration to one in terms of the variable
r=1/[1 4 w;(1 —cos@y)], defined in Eq. (3). This rep-
resents what would be the ratio of the final to initial ERF
photon energies in conventional, nonmagnetic Compton
scattering. The integration limits become 1/(1 + 2w;) <
r < 1. The kinematic relation in Eq. (3) can be rearranged
to generate the identity
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FIG. 6 (color online). The ratios of JL (green curves) and spin-
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panel) polarizations.
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2w;r%sin’0; = Q(r, w;) = 3(1 = n)[2o; + )r—1].

1

(48)

It turns out that a more convenient variable for expressing
the angular integration is

w}sin®6y _1- VIi=0
2601‘ 1 —+ +/ 1- Q ’
This then encapsulates the angular dependence of the

argument x of the exponential in the F factor. This change
of variables amounts to the integration mapping

4= (49)

1 ) —w;/B
2/ deost,F - 200 [T AP
-1 4w; Jo /1 =2¢pz + ¢?
1

l

The r dependence of the integrand is contained in the
factors in square brackets in Eq. (39), and it must be
remembered that the factor of 2 appearing here accounts for
the two terms present in each of these factors in Eq. (39).
One subtlety is that there are two branches of r that map

0.6 - —

—JL/ST
0.4 — Ave/ST| T

00 L | L L | L L | L L
10° 10°  10°
o/B

The angle-integrated cross sections (in units of o), averaged over polarization, are displayed in the upper panels

with a zoomed-in view near the resonance in the upper right panel. The spin-dependent JL (green curves), the ST (blue curves), and the
spin-averaged (red curves) cross sections are displayed in the upper panels. In the bottom panels, the ratios of the JL and spin-averaged
cross sections to that of the ST cross section are displayed. The nonrelativistic limit (w; < B < 1) in Eq. (58) is shown in the left panel
as a black dashed line. As in Fig. 5, the horizontal dotted line is the low-frequency spin-dependent anomaly with
o6 ~T%01/[B*(1 + 2B)]: see Eq. (64). The dots represent numerical evaluations of the integral expression for the total cross section
in Eq. (55) outside the resonance.
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over to the same interval for the ¢ integration. Being
obtained by inverting Eq. (49) for Q, and solving the
resulting quadratic for r, these are described by

(14 ) £\/1-2¢z + ¢ b
e (1+¢)(1+2) ’ Z_1+a)i’

(51)

These two branches are summed over, simplifying the

algebraic complexity of the Tx. and Tl in Eq. 41)

somewhat, and the resulting integrals span the range

0§¢§®Eﬁm:z— -1 (52)
W;

Since the I' terms in the resonant denominators can be
neglected, these manipulations lead to the compact forms
for the total cross section:

307 [® e @itBdg

o, — | —m—
T8 o 1-24z+ 42

1 1 1
ATy alr ey
—(i’;zu—zaﬁzw%}

307 [® e “iBdg

I1~-g ) 4%1_2@%1)2
v FEL S L T
T4 20 (A2 8,7

3 2(B 4+ 2¢) a 5
) (1-2¢z+ ¢ )}

for the polarized results away from the cyclotron funda-
mental. Here A =1—(z—1)B = (0w; — B)/w; for the
m =1 diagram, A, = (> —=1)B>+2B(z—¢) + 1 cap-
tures the denominator of the second Feynman diagram,
and

o

(53)

The polarization-summed result is

307 [® e—w;¢/8d¢

F o it i

Alrmayralses

_2(B+¢) _ 2
7@2)2 (1 2¢z+¢)}.

=0 to~

(55)
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In the magnetic Thomson limit, B < 1, when w; <1
also and Klein-Nishina corrections are not sampled,
®~1/(2z) < 1, and the integrations simplify with the
exponential collapsing to unity. The (A,)~? terms are then
negligible, and A, ~ (w; + B)?/w? becomes independent
of ¢. The integrals are now almost trivial, yielding

2 2
o w; ;

— + , Bx1.
2 |(w;—B)* (w; +B)?

(56)

[

This matches the total cross section deduced from Eq. (16)
of [13], for either initial polarization state, when the latter is
specialized to the case of photons incident along the
magnetic field. Finally, note that the integrals for the cross
sections in Egs. (53) and (55) can be expressed analytically
in terms of an infinite series of Legendre functions Q,(z)
of the second kind. Such a development is outlined in
Appendix E.

To provide context for these £ = 0 results, it is instruc-
tive to illustrate the contribution of excited states £ > 1 for
the final electron at frequencies @w; > B. Since both ST and
JL formulations coalesce to the spin-averaged one, and the
cyclotron width at the fundamental can be set to zero, this
can be done by integrating Eqs. (11)—(14) in [32] over
the scattered photon angle 6. The resulting total cross
sections, summed over all Z values with £ < w/B, are
displayed for field strengths B = 1073,0.03, 1 in Fig. 8,
using the JL codes developed in [32]. Therein it becomes
evident that for highly subcritical fields, the # > 1 con-
tributions only become significant well above the cyclotron
fundamental. As the field rises, when B > 1, then the
¢ = 0 contribution still dominates in the resonance and a
bit above, but not at higher energies: see [32], Fig. 2, for
depictions of the cases B = 10, 100. Since the resonant
domain is so important for many neutron star applications,
this plot illustrates the motivation for confining our
resonant study here to just the £ = 0 channel.

We note that recently [55] has criticized the computa-
tions of [32] that are summed over all £ values, claiming
them to be erroneous and too large by a simple factor
@ /w;. If such an error had been present, then because of
the equivalence of Eq. (42) to independent analyses of
magnetic Compton scattering, the works of [13—15] would
thereby all be called into question. Such an issue is best
probed when @; > 1 and w; < w;, i.e., deep in the Klein-
Nishina regime. Then in the asymptotic limit of low field
strengths, B < 1, the correct magnetic Compton cross
section for a complete summation over all accessible £
values (i.e., excitation states of the final electron) should
approach the well-known field-free Klein-Nishina result,
for any value of 6;, and therefore for 8; = 0. This is in fact
borne out for the B = 0.1 case in Fig. 2 of [32], and for
B = 0.03 and B = 1072 in Fig. 8 here. These reproduce the
Klein-Nishina cross section with impressive precision
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FIG. 8 (color online). Total angle-integrated cross sections (in
units of o), averaged over initial photon polarizations, for the
case where the width in the resonance is set to zero, I' — 0, and
the ST and JL formulations are identical to the spin-averaged one.
The solid colored curves are computed using the JL. formulation
in [32] for all permitted electron excitation quantum numbers .
The black dashed curves constitute the £ = O contribution only,
i.e., integrations over Eq. (42) when summing L, | modes,
highlighting its dominance below and through the cyclotron
fundamental. The red long-dashed curve is the field-free Klein-
Nishina cross section. The B = 1073 and B = 0.03 cases very
closely approximate the Klein-Nishina result when w; > B, the
B =1 example less so.

when w; 2 10B. We thereby conclude that the formulation
in this paper and those of [13—15,32] are all correct, and in
agreement for the £ = 0 specialization. It should be noted
that in the supercritical field regime, the Landau level
energy separation is never vastly inferior to both ; and o
for w; > 1. Therefore, discretization influences are then
always prevalent in the magnetic Compton process, so the
magnetic cross section will not reduce exactly to the field-
free Klein-Nishina form even for large w;; such a property
is indeed evident for the B = 1 case in Fig. 8, and also at
higher field strengths in Fig. 2 of [32].

C. Scattering at low frequencies

One expects to recover the nonrelativistic, magnetic
Thomson cross section in the limit as B — 0. Here we
explore this regime, and also highlight the character far
below the resonance (i.e., for w; — 0) for arbitrary field
strengths. Consider the cross section using the spin-
averaged width, the third form in Eq. (39). For B <1
and far below the resonance, w; < B, we have €2, > £21?
and @y — w;, so that this cross section goes to the non-
relativistic form in [13]. Retaining the polarization depend-
ence, the differential forms for the cross section, valid for
w; < 1, can be expressed as

PHYSICAL REVIEW D 90, 043014 (2014)

do \* 3or[ of &
deos;) ... 16 |(w;—B)>  (w; +B)*]’

ave

do \I 3or o w? 0520
dcos®;).. 16 |(w;,—B)? ' (w; + B)? i

ave (57)

These results can be deduced with the aid of Eq. (60),
together with the fact that F — 307/8 when w; < 1.
Summing over polarizations, we then have the limiting
form

d 3 2
<76> o [1 4 cos?6]
ave

for w; < min{1, B}. (58)

This asymptotic expression for ¢ is indicated as a black
dashed line in both Figs. 5 and 7, and is nicely reproduced
by the full spin-averaged numerical evaluations. The w?
dependence at low frequencies appears explicitly in a
classical description of magnetic Thomson scattering
(e.g. [9,10]; see also Chapter 4 of Mészdros [56]), as does
the 1 + cos? 0y factor that is the hallmark of dipole
radiation mechanisms. Classically, its origin is in Larmor
formalism for accelerating charges, when the electron that
is constrained by the magnetic field is driven at the
frequency of the incoming photon that propagates along
B. The Fourier transform of the photon’s slowly oscillating
electric field generates the defining w? contribution to the
radiative power for circular polarization “eigenmodes” that
are appropriate for photons moving along the field lines.
The cyclotron frequency then scales the acceleration that
precipitates the ‘“emission” of a scattered photon: see
Sec. 4.1 of [56] for pedagogical details. In this description,
the effective duration (Z27/w;) of the interaction far
exceeds the gyroperiod, m,c/eB, of the electron, so that
the electron’s gyrational response is only an adiabatic
influence.

The same dependence on the incoming photon frequency
emerges in nonrelativistic quantum mechanical derivations
[9,13]. Therein it derives from the Fourier transforms
encapsulated in the S-matrix elements, but again only
for the “circular polarization” case of photons initially
moving along B. Specifically, the restrictions imposed by
the scattering kinematics in the elastic limit of w;~ w;
interplay with the complex exponential plane wave portions
of the various electron wave functions and photon states to
yield matrix elements proportional to w; when 6; = 0. The
low-frequency @? behavior extends to arbitrary incoming
photon angles for 1 — || and || — L scatterings [13], a
property that is evinced for nonmagnetic Thomson inter-
actions in quantum mechanics (e.g., see Chapter 11 of [44])
due to the orthogonality of the initial and final polarization
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vectors. This also applies to 1. — L transitions when the
field is present. However, more vector phase space is
available for || — || scatterings even when B # 0. This
generates a significant frequency-independent contribution
[13] for the || — || mode as w; — 0 that dominates all other
modes of scattering well below the cyclotron frequency.
The consequent disparity between the total cross section for
the | and || polarization states of the incoming photon
plays a crucial role in defining the spatial and spectral
structure of atmospheres [16—18] of neutron stars that are
permeated by outflowing x-ray emission.

Now consider spin-dependent ST and JL formulations.
If the same character applied to cross sections that
incorporate the spin-dependent widths, one would antici-
pate that the Ty, terms would simply cancel, and we
would recover the nonrelativistic form. However, it does
not: the denominators of the JL and ST cross sections do
not follow the same pattern due to the asymmetry of the
spin factors £, in the cyclotron decay widths for the
resonance. In the limit of B <« 1, the spin factors possess
the behavior

ST~ B, STx2,
L ~ B, Ll x2;

30’[‘
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see Eq. (32). This inherent spin asymmetry persists for
fields B ~ 1, albeit declining with increasing B, and
eventually it becomes very small in highly supercritical
fields. Regardless of the strength of the magnetic field, for
the Thomson regime where w; < 1, the low-frequency
behavior of the spin-averaged terms in the numerators for
both diagrams is described by

Tt ~ w?, T o 7cos?d;.

(60)
The derivation of equivalent results for the spin-dependent
terms is somewhat more involved, but the results condense
into forms of comparable simplicity:

T<m)'L ~ M

spin "~

poml (€1 = 1)?

3 ’ spin 3
2e] 2e]

cos*0;, (61)
for e, = /1 + 2B. These asymptotic forms apply to both
ST and JL formulations and can be derived using the various
results in Appendixes B and C; they do, however, require the
additional restriction that ; < B. Remembering that 7 —
3or/8 and £,, — €, when w; < 1, the low-frequency limits
of the polarization-dependent differential cross sections with

(59) either JL or ST spin-dependent widths possess the forms
|
)Ll
2 2T¢(1VC) o +( ) J_F2 spm (62)
1)? (et - 1)t '

do \LI
(dCOSef> N?; (€% -

Using Eq. (32), for either set of basis states, &2 — & ~
4/e, when w; < 1. Inserting Eqs. (60) and (61) and
summing over the polarization cases, the general result
for the low-frequency form of the scattering cross section is

do 30'T { 5 F2] 1 + cos?6;
w

dcos; 2| Te] @ - (63)

w; < min{1, B}.

This approximation applies for both subcritical and super-
critical fields. The cos? 0y contribution comes from the ||
scattering mode, while the .. mode constitutes the remain-
der. The total cross section is simply obtained:

2
o~ B§ [ 2 4 . +2B], w; <min{l,B}.  (64)
Observe that the I'? or T gpin portion results from a partial
cancellation between a positive spin-up contribution and a
slightly smaller negative term that comes from the spin-
down case for the virtual electron. As a result, the differ-
ential cross section involving the spin-dependent widths
will yield a constant term in the numerator that is propor-

tional to I'?/(e, B)?, and this becomes dominant as @; is

|
extremely small. This anomalous character arises when
w; ST/+/1+2B (i.e., when w; <2a;B*/3 for the mag-
netic Thomson case of B < 1), which is only relevant for
very small photon frequencies far below the resonance.
Such a domain, where ¢ ~ 4a?B*61/9 when B < 1 (or 6
a?or/B? for B> 1), is unlikely to play any significant
role in astrophysical models. In practice, at such low
frequencies, contributions 6”_)”zaTsin29i from the || — ||
scattering mode for small but finite photon incidence
angles 0; > max{w;, '} will yield cross sections [13,14,31]
that dominate the ones resulting from this 6; = 0 speciali-
zation here.

Note that quantum mechanically, the origin of this
do/dcos 0 I'> behavior is from the inclusion of the
spin-dependent widths in the complex exponentials
appearing in the wave function [see Eq. (A2) for general
forms] for the intermediate electron state. This propagates
through the Fourier transforms incorporated in the scat-
tering matrix elements, specifically the temporal integra-
tions that generate overall energy conservation, so that the
quantum “fuzziness” of energies of the excited virtual
electron modifies the overall kinematics from cases where
the finite lifetime of the intermediate state is not treated.
Moreover, this effect is not observed in the spin-averaged
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calculation, since there is exact cancellation of the
pertinent contributions for spin-up and spin-down cases
for the virtual electron.

D. Scattering at the peak of the resonance

It is instructive to focus on the scattering cross section at
the resonance, where the first Feynman diagram contribu-
tion dominates: we do so in this and the subsequent
subsection. This is a parameter regime that is obviously
of great import for resonant Compton scattering invoca-
tions in astrophysical models [19-21,33,34,39]. Right at
the peak of the cyclotron resonance, the following special
values are realized:

w; = B, e2_, =0, Eno1 =1+B. (65)
Summing over the spin states, the differential cross section
can then be expressed as

dowdl  3op wie OO 2 L 66
dcos6; 8 B(2B—w;—{) (1 + B)T?" (66)

Here, the factor that encapsulates the spin dependence of
the cross section is

2 2D Ll 2 _ 2y ()Ll
ZL" _ (§+ + 5—)Tave 2+2(§— §+)Tspm : (67)
S

this is applicable to all three forms captured in Eq. (39),

provided £, =1 is adopted for the spin-averaged case.

Remember that Téii*” = TaLv’l,l, with functional forms

given in Eq. (41). The presence of the 1/ factor implies
that the effective resonant cross section scales as 1/I", when
integrated over the resonance profile; i.e., it is of the order
of op/ap times factors that depend on the field strength.
It is this integral that dictates the approximate strength of
resonant scattering in determining how fast electrons and
photons exchange energy in this process. The scattering at
w; = B therefore masquerades as an effective cyclotron
decay; i.e., it is first order in the fine-structure constant.
Hence, the significance of resonant Compton interactions
for astrophysical settings can be approximately as probable
as cyclotron emission.

Specializing to the ST basis states, we find that the cross
section for perpendicular and parallel polarizations are
identical, and the Z factors assume the form

ZST,J_ — ZST,||
= B(1 +2B) —ws{1 +2B(1 + B)[1 —cosb]}.
(68)

The differential cross sections for both perpendicular and
parallel polarizations then are identical to the single form

PHYSICAL REVIEW D 90, 043014 (2014)

ST.L.|| 2 —w’sin’0;/2B
dores . 3ot wye /

dcosf; 8 B(l1+B)T2
B(1+2B) —w¢{1+42B(1+ B)[l1 —cosf,]}
2B —w¢{1+ B[l —cosd,]} )

(69)

Since, throughout the paper, the incident photons are
assumed to propagate along the magnetic field, the differ-
ential cross section is insensitive to the choice of initial
photon linear polarization. Yet, the ST cross section is
also independent of the linear polarization of the outgoing
photon right at the peak of the resonance (w; = B),
regardless of its angle of emergence. This exceptional
character does not extend to differential cross sections that
employ either the spin-averaged or the spin-dependent JL
widths: as seen in Fig. 2, the perpendicular mode contrib-
utes more to the cross section than the parallel mode in both
the spin-averaged and the spin-dependent JL cases.

Such contrasting behavior is highlighted more incisively
in Fig. 9, where the ratios of the JL and spin-averaged cases
to the ST one, evaluated exactly at the resonance peak (left
panel), are illustrated as a function of the field strength, and
for the two final polarization cases. This cross section ratio
plot captures the main idea of this paper: that treating the
resonant scattering interaction correctly using the Sokolov
and Ternov eigenstates of the Dirac equation introduces
modifications to ¢ in the range of around 10%-60% for a
wide domain of fields, 0.05 < B < 50, relative to the spin-
averaged formalism that has traditionally been employed in
the literature. Moreover, the substantial differences appear-
ing between the JL and ST cross sections at the resonance
peak clearly indicate that it is insufficient to merely
introduce spin-dependent formalism using JL basis states
for the intermediate electron; advancing to the ST formal-
ism that is the centerpiece of this paper is requisite for more
precise implementation in astrophysical models.

In the limit of B <« 1, the low w; behavior of Tglv)e’L’” is
characterized in Eq. (60). In contrast, the low ®; depend-
o
from the w; = B restriction. In addition, scattering kin-
ematics dictates w; ~ w; = B for B < 1, and the expo-
nential in Eq. (69) is approximately unity. Finally, the
spin factors £, possess limits as summarized in Eq. (59).
The upshot is that all cross section ratios approach unity
for highly subcritical fields, except for the JL L mode case,
which elicits a larger cross section because of the interplay

between the T3, and Ti;i)r’ll terms and the widths. The
behavior of w; at the resonance for B < 1 in Eq. (68)
requires retaining terms to second order in B, as given by

the expression

ence of T' differs from Eq. (61), due to contributions

BZ
cosz—?(l —cos6;)?. (70)
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FIG. 9 (color online). The ratios of JL (green curves) and average (red curves), angle-integrated cross sections to that of the ST cross
section, evaluated right at the peak of the cyclotron resonance, i.e., at ®; = B (left panel) and somewhat off peak (right panel), i.e., in the
wings of the resonance. These are displayed as functions of the magnetic field strength, and for the two outgoing photon polarizations:
perpendicular (solid curves) and parallel (dashed) modes. All ratios approach unity asymptotically as B — oo since the spin-dependent
widths satisfy £.I" < B in this regime. In the left panel only, at the peak of the resonance the ST cross section that forms the benchmark

for the ratios is independent of polarization.

In this limit for either JL or ST basis states, the Z terms in
Eq. (68) become, to lowest order in B,

2

B
Al :7(1 + cos 6;)%. (71)

The differential cross section in Eq. (69) then reduces to

1,
dO'reg” N 307 B>

Dot 2918 (1 4 cos6,)?
dcosd; ~ 167 | 080

(72)

neglecting terms of the order of B>, and this integrates
to give

N O'TB2 96’1‘
SR e

(73)

using I' ~ 2a;B? /3 from Eq. (43). On the other hand, in this
B <1 limit, the scattering cross sections with the spin-
averaged widths for perpendicular and parallel polariza-
tions are not equivalent, and the pertinent Z terms are

ZAvel —2p2 ZAve | — ZBZCOSZQf, (74)

instead of Eq. (71). Integrating the differential cross section
with these Z terms implemented yields the following total
Cross sections:

GAVC,J- _ 36’1‘32 _ 276’1‘
22 8a’B?
B? 90
Avel = 210" ZOT 75
° M2 8B (75)

Clearly, the total cross section for the spin-averaged case
for the parallel polarization mode is the same as for both the
ST and JL formalisms. Yet, the total spin-averaged cross
section for the perpendicular polarization is a factor of 3
larger than the ST/JL result in Eq. (73). The limiting forms
of these cross sections exactly at the resonance are
illustrated in the left panel in Fig. 9.

For fields B > 1, the spin factors & approach unity
for both ST and JL formalisms. It then follows that

7+ % 2T, and the cross section becomes approximately
the same for all three formulations. This behavior is evident
in Fig. 10, which provides a contour plot of the JL/ST
and average/ST ratios near the resonance, for arbitrary field
strengths. This graphic offers a comprehensive illustration
of the importance and scope of spin-dependent influences
in the resonance and its wings.

Finally, observe that this ST polarization symmetry is
broken when the scattering moves off the peak of the
resonance (@; # B), a domain illustrated in the right panel
of Fig. 9. Moreover, the most noticeable feature of moving
the incident frequency w; into the wings of the cyclotron
resonance is the dramatic reduction in differences between
the ST, JL, and average cross sections, concomitant with
the decline of the spin-dependent influences highlighted in
this exposition. Away from the resonance peak, all ratios
asymptotically approach unity in the limits B — 0 and
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FIG. 10 (color online).
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Continuous contour plots of the ratios (linear scale) of JL (left panels) and average (right panels) angle-

integrated cross sections to that of the ST cross section, evaluated over ranges of frequencies that span the cyclotron resonance, i.e.,
around w; = B. These are displayed as functions of the magnetic field strength, averaging over the two outgoing photon polarizations.
The upper and lower panels adopt different w; scales, the upper ones providing bracketing of the resonance pinned at the width I, which
depends on B, and the lower ones providing an absolute scale independent of I'(B). All ratios approach unity asymptotically as B — oo
since the spin-dependent widths satisfy £,I" <« B in this regime.

B — 0. Note also that polarization dependence reemerges
at the resonance peak when the incident photons do not
move parallel to B, a case not explicitly examined in this
paper, but that will form the focus of a future study.

E. Approximate cross section in the resonance

It is by now evident that outside the resonance, the
Compton cross section formalism is degenerate between
the JL and ST approaches when summed over electron spin
states, a domain that is well studied with forms presented
elsewhere and in this paper that are useful for various
applications. With the enhancement here of including spin-
dependent effects in the cyclotron resonance for scatterings,

|

do

it is desirable to put forward useful analytic expressions
that can readily be incorporated in astrophysical models.
In our recent study of the rates of resonant Compton
cooling of relativistic electrons in the neutron star mag-
netosphere [20], we briefly introduced just such an
approximate resonance cross section using the ST basis
states to describe the impact of spin-dependent resonance
widths. In this section, we develop, in fuller detail, an
approximate expression for the scattering cross section near
the resonance, using the ST spin-dependent width. The
starting point is Eq. (39). One need only consider the first
Feynman diagram that contributes to the resonance, which
is given by

TeJﬁ/e + T.Lllve +s TJ_ + T” :
"NJf ( d ) (zspm s2pm2) > (76)
dcosO;) = 4(w; —B)* + (e, —5)*(1 + B)"T*/e]
[
Tave = Tave + Thve = 2[(1 + @) (0; = ) —wy].  (77)

where the superscript (1) has been suppressed for the T
terms. Here, I' is the spin-average width, E; =
V1+®?+2B—-1+B and with s=+1 for spin-up
and s = —1 for spin-down, with the sum of the average
T terms equivalent to w37 /2 used in Eq. (14) of [20],
though in a slightly different form,

Adding together the Ty, terms for the perpendicular and
parallel polarizations in Egs. (C15) and (C16) for the first
Feynman diagram yields a moderately lengthy numerator.
This can be made more compact by eliminating terms that
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are of higher order in the parameter § = 2(w; — B); observe
that 6§ <2(1+ B)I' is small relative to w; within the
Lorentz profile of the resonance, for arbitrary field
strengths. There is no unique path for such a manipulation,
and the result cannot map over precisely to domains outside
the resonance. The manipulation path adopted in [20]
leads to

(e, — S)2
263l
—s(eL + ) (w; — wy)],

Tave + STspin ~ [(ZGJ_ + S)Tave
(78)

an expression contained in Eq. (16) of [20] that is routinely
established using the intermediate result

Tpin = Topin + Thhin
1 ) 5
~ 263 [_(3€J_ - 1)Tave - 2(€J_ - 1)60,(Ef - 1)]
L

(79)

Inserting Eq. (78) into Eq. (76) yields an approximation to
the exact differential cross section that is accurate to
considerably better than a percent when summed over
electron spins. However, isolating the spin contributions,
this approximation is precise only to a few percent, with
errors compensating when the sum over s is performed. To
improve the integrity of the approximation, the algebra of
the numerator can be expanded modestly to retain all terms
of order &, eliminating only those of order 8 (there are no
terms of higher order in §). This tightens the approximation
substantially. The result of this manipulation generates a
factor

Ns = 2e‘j_(Tave + STspin)
= <€J_ - S)z{(zeL + S)Tave - s<€J_ + s)z(wi - wf)}
—256(1 4 cos ;) [(1 + @;)¢ — w;(w; + )],
(80)

the first term of which is equivalent to (¢, — s)?A, in [20].
The polarization-averaged differential cross section span-
ning the resonance can then be written in a compact form as

do
(dcosaf>re T 263 z D

Ls=+1
FZ
D, = 4(w; — B)*> + (e, —5)*(1 +B)2—2.
€1

(81)

For each spin case s = =£1, this result is numerically
accurate to a precision of better than 0.03% across the
resonance Lorentz profile, for fields in the range
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0.1B., < B < 10B,,, with only a slight degradation of the
approximation at highly subcritical and supercritical fields.
In particular, for all fields, the precision is improved from
0.03% in the wings of the resonance to better than 0.003%
when |w; — B| < T'(1 4+ B)/8, where the core of the res-
onance peak is sampled. Observe that the D, do not depend
on 0; only the N and F do. At the peak of the resonance,
where ; = B and the § correction term in Eq. (80) does not
contribute (nor does its absent 5 counterpart), the sum over
spins becomes almost trivial, yielding

{ ave — (82)

do 2F ( )
w; — )}
dcosOr) .. (1 (1+ B)1? P

This is equivalent to twice Eq. (69), i.e., the sum of
identical polarization-dependent results for the resonance
peak.

The analogous polarization-dependent forms of the
differential cross section can be developed in a similar
manner, replacing A, by 'L and A, where

Nﬁ_ = (eJ_ - S) [(261_ =+ S)Tave
—s(el + )¢ — (0, - wy)/2}]

= 258[(1 + 2w;)¢ — 2w7), (83)

with Ti;,e = a),-(a)l-

—¢), and

NV = (er = 5)*[(2eL + 5)The
—s(er +9){=¢ +3(w; — wy)/2}]
= 256w;[~{ + (0; — wy)]

—256cos O [(1 + ;)¢ — w;(w; + ws)].  (84)
Observe that N, = N'L + A/ Individually, these polar-
ized approximations are of the same order of accuracy as
the combmatlon of Eqgs. (80) and (81). These forms for
N NLand !, when inserted into Eq. (81), constitute an
extremely useful set of approximations for the magnetic
Compton differential cross section in the resonance. They
apply specifically to the ST formulation and provide a
concise toolkit for incorporating spin-dependent resonant
Compton formalism into astrophysical models.

Comparatively compact approximate forms for the total
cross section in the resonance can be developed using the
protocol detailed in [20] for resonant Compton cooling
rates, and summarized in Sec. III B. Specifically, one
replaces the integration over 6, by one over the variable
¢ that is defined in Eq. (49). There are two branches r to
the inversion of the quadratic relation between these two
variables, encapsulated in Eq. (51). This change of vari-
ables effects the correspondence
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/1 (cosef)]-"z D
e~ (/)/Bd¢

s==+1
36’1‘
/ V1 2¢z+¢2;§@'

There are two different forms of integrals present in the
resulting cross section. The first is

(85)

a)(//B

® (1= gz)e?/?
\/1—2¢z+¢2

which appears in Eq. (86) in the Sec. III B formalism. This
integral contributes to the leading order terms that are
dominant when 6 < 1. For the sum over polarizations, the
approximate cross section can be expressed as

(86)

(87)

Ores N

30T ; Z IS + 55:7

3 b
8 €1 = D,

where for s = +1, the integrals 7, can be cast in the form

Is = (eL

5
- s)2{2el +- :2@}2, (88)

using Eq. (86). There are also residual O(5) terms (x $6.7)
that involve a more complicated integrand that includes the
quadratic factor z(1 + ¢)? — (1 4+ ¢?) in the denominator.
This introduces an analytic complexity that is largely
avoidable with appropriate approximation and simplifica-
tion. The pathological nature of the J integrand can be
eliminated by replacing the cos 6 factor in Eq. (80) by its
angle-integrated average. We find that

1+2wl

21+ wy) (89)

<COS 9f>peak ~

is an approximation numerically accurate to better than
1.5% when computing the average at the peak of the
resonance, i.e., using the differential cross section in
Eq. (82). Employing such an approximation in a small
(of order o) term is both tolerable and expedient.
Substituting this in Eq. (80), the resulting form is obtained
from Eq. (87) via the replacement

. 3 + 4w; ¢ emwit/By
J -7, _ A (o)
w;(1 + ;) 0 \/1-2¢z+¢*

This introduces the second integral appearing in the
resonance cross section. Collecting results, we now have
the final form for the approximate total cross section,
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SJTa) 1
Ores N 8 €3 Z D {2€L( L_S)2I

Los=+1
3+ dw;
! . 91
L j” 1)

(€L =)
T
+s5{1+2 +

The precision of this approximation relative to exact
numerical integrations of the full ST differential cross
section is better than around 0.3% for 0.01 < B < 100 at
the peak and within a few percent of the wings of the
resonance, and it is considerably better than this tolerance
outside the interval 0.2 < B < 3. It can be applied in the
energy range |@;/B — 1| < 0.03 spanning the resonance.
At the resonance peak, where 6 = 0, the leading order term
in Eq. (91) is simply reproduced by direct manipulation of
the integral of Eq. (82).

The same manipulations can be applied to the L
polarization version of the approximate differential cross
section in the resonance, encapsulated via the numerator
factor in Eq. (83). Using the identity s(e, —s)*> =

25(1 + w;) — 2e, — 56, the result is
301 w; 1 1 4+ 2w;
1 T 2
Ores ¥ —5— 3 eis_il,z)s{el(el_s) AR 1+w (j I)
8w? +w; — 1
S| ————T +6 . 92
+s[ T 20 + J]} (92)

It is then a simple matter to subtract this from Eq. (91) to
generate the equivalent result for arleg

Numerical evaluation of the 7 and J integrals can be
facilitated by two algorithms. The first is to employ the
class of integrals

Z,(z.p) = /)M e V(1 =2z + §7)2dp. (93)

defined in [20]; then we can simply write 7 =
(1-2)Z_y(z,p) = 2pZi(z, p) +zand J = I_y(z, p) for
p = w;/B. Techniques for the series evaluation of the
integrals Z, are outlined in Appendix B of [20].
Alternatively, we can define another related class of
integrals,

_ gredy I~ (=p)
Hn(z’ p) - 0 m - ; k! Qk+n(z)

(94)

where Q,(z) are Legendre functions of the second kind
(defined in 8.703 of [57]), and the series equivalence is
established by changing variables ¢ = ¢’ and using
manipulations along the lines of those employed in [30].
Then one can use

T =Hy(z,p) —z7H(z, p), J =Ho(z,p)  (95)
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and the Legendre series to efficiently compute the integrals.
This second alternative appears to be the more expedient
algorithm.

IV. DISCUSSION: THE INFLUENCE OF
VACUUM DISPERSION

The presentation here has restricted considerations
throughout to nondispersive situations where photons move
at speed c, i.e., ® = |k|c. In material media, plasma, and
also in the presence of strong large-scale electromagnetic
fields, this is only an approximation: dispersion arises
and can potentially offer significant modifications to QED
mechanisms. Plasma dispersion can be neglected in neutron
star magnetospheres, since the density of charges is
sufficiently low that the plasma frequency ), is in the
radio-to-infrared band of frequencies, so that x rays and
gamma rays propagate essentially in a nondispersive
manner: the refractive index n, induced by the plasma
scales roughly as (w,/ w)?. The situation is very different
for vacuum dispersion, and so it will form the focus of this
discussion.

It is instructive to assess when corrections to the photon
scattering dynamics due to vacuum dispersion or birefrin-
gence effects become important. It has been understood for
decades that the magnetized vacuum is dispersive, so
photons travel at phase speeds differing from c; these
speeds differ for propagation parallel and oblique to the
field because of the anisotropy of the polarization tensor
I1,,. The dispersion relation necessarily attains the form

o’ 2 2
=R+ (), (96)

where the restriction F(0) = 0 expresses the property that
dispersion is zero for propagation along B. The dispersion
arises because spontaneous photon conversion (absorption)
processes are permitted in QED in the presence of an
external electromagnetic field. The leading order contribu-
tion in strong magnetic fields to dispersion is magnetic pair
creation, y — eTe”, so one naturally anticipates that
dispersion can become significant in supercritical fields
B Z B, and is of the order of a;, the fine-structure
constant. Since pair threshold is never exceeded for photon
propagation along the field, such photons must travel
dispersion-free, with a refractive index identical to unity.
The polarization tensor and refractive index for the mag-
netized vacuum could, in principal, be obtained from the
pair creation rate via the optical theorem. However, the
standard path of choice is to directly compute the polari-
zation tensor by some technique, and often this employs the
effective Lagrangian or Schwinger proper-time approach
[50,58,59]. The refractive index can be expressed in the
approximate form

ar . .
nyy = 1+ ﬁSH’IZQNLM ((1) s 9, B)7 (97)
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where the functions N ; are relatively manageable double
integrals that are dimensionless. Here wsinf <2 is
assumed; dispersion accessing pair channels will be dis-
cussed shortly. As in the rest of the paper, the magnetic field
is expressed here in units of the Schwinger field B.,. When
the photons propagate at a nonzero angle 6 to the magnetic
field, the two polarization modes propagate with different
speeds, and the magnetized vacuum is birefringent.

In the regime of photon energies well below pair creation
threshold (practically, this is @, = wsiné < 0.3), these
integrals distill down to a single integral. For low and
high field regimes, the resulting integral can be evaluated
analytically (e.g., see Appendix D.5 of [60]). Accordingly,
in the B <« 1 subcritical domain, the refractive indices
possess the asymptotic forms given in Eq. (46) of [50] or
Eq. (9) of [58]:

2
n, ~1+ %stinzﬁ,

ny &1 —|—Estin2€, B« 1. (98)
907

Observe that the labeling convention that [50] employed
was reversed from that used here and elsewhere (e.g., [58]):
again, here we ascribe the subscripts L, || according to the
orientation of a photon’s electric field vector relative to its
momentum k and the large-scale field B. The convention
Adler [50] adopted was defined by the photon’s magnetic
field vector orientation.

The other low-frequency asymptotic limit of Eq. (97) is
for B > 1, but with @, small enough that | B << 1. The
appropriate forms for the refractive index can be deduced
from Eq. (38) of [58] or Eq. (2.97) of [60]:

n, ~1 +g—;sin2€,
g~ 1+ Z—;Bsinzg, B> 1. (99)

These limiting forms need to be modified when w | B = 1.
For example, when w | B> 1 but w; < 1, Eq. (10) of [58]
illustrates that the refractive index is slightly less than
unity so that the eigenmode phase speeds exceed c.
Notwithstanding, Eqgs. (98) and (99) serve to illustrate
the general character of the refractive index of the mag-
netized vacuum for a large portion of parameter space
below pair creation threshold, the domain of relevance to
this presentation.

It is immediately apparent that vacuum dispersion and
birefringence both disappear for photon propagation along
the magnetic field, @ = 0, the restriction in this paper for
the incoming photons in the ERF. In addition, the . mode
always possesses a refractive index very close to unity, with
(n, —1) < a;/6mx <1073, In contrast, these asymptotic
results indicate that the || mode can realize significant
departures of n; from unity when B X 2x/a;~ 103,
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provided that w | B < 1. This domain is largely of academic
interest, because to date, the surface polar magnetic
fields of magnetars [6,8] have only been deduced to have
values B < 102, so one can safely assume that nj ~ 1 in
the magnetospheres of magnetars and normal pulsars, the
principal objects of interest for the application of the
Compton scattering developments presented in this paper.

The above asymptotic formulas apply to domains well
below pair creation threshold. When the threshold is
reached or exceeded, w sin @ > 2, the mathematical pathol-
ogy of the refractive index, i.e., of the N, ; functions in
Eq. (97) is more complicated than is presented by [50,58].
Precise treatment of the pair resonances contributing to
the polarization tensor is then necessary [51,61], and it
leads to interesting refractive effects in light propagation in
curved field morphologies [61,62]: Shabad and Usov
observed that light can be captured and channeled by
the magnetic field. Such subtleties deserve consideration
when w;sin@; rises to and above the pair threshold;
however, this is a domain that a priori requires modifica-
tion of the external lines in the Feynman diagrams due to
the availability of pair channels. Such complexity for a
focused and minor portion of kinematic phase space is
beyond the scope of the scattering analysis here.

To cast further insight into the role of vacuum dispersion
for calculations of magnetic Compton scattering, observe
that it provides a purely kinematic modification to the
differential cross section; see, for example, the plasma
dispersion context in the study of [9]. The dispersion
relations for the photons involved in the scatterings are
k; = w; for the incoming photon moving at precisely ¢
along the field, and k; = nyw; for the scattered photon,
where ny represents either n, (6,) or n(6,), depending on
its polarization state. The vector relations for the momen-
tum components (k,, k; ) of the eigenmodes in dispersive
cases are provided in Eq. (46) of [50], expressed in terms of
the refractive index ny. The mathematical development
of the cross section proceeds as outlined in Sec. II, invoking
the substitution k; — nyw; throughout, thereby describing
the altered phase velocity of the final photon. This
preserves the explicit wave number or momentum depend-
ence in the complex exponentials for the spatial integrals in
Eqgs. (18) and (20), and the frequency or energy dependence
in the denominators of Egs. (17) and (19); these denom-
inators arise, of course, from the temporal integrations.
However, the relationship between k; and @, modifies the
scattering kinematic relation in Eq. (3) slightly. Since the
value of p, in Eq. (5) is now replaced by w; — nyw; cos 0y,
the effect of this modification is simply to replace cos 6, by
ny cos O in Eq. (3). Then the permitted range of scattering
angles is | cos 6f| < 1/ny, i.e., outside the Cerenkov cones.

As this alteration is propagated through the algebraic
reduction of the cross section, it is quickly observed that
changes to the factors outside the summations and also in
the numerators of Egs. (25) and (27) are merely affected by
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the substitution cos €y — ny cos 6. The same is true for the
factor 7 and the T, and Ty, terms in the numerators of
Eq. (37). In addition, the introduction of dispersive cor-
rections slightly modifies the energy E, =¢&,,_, of the
intermediate state for the m = 2 Feynman diagram, so that
cos @y — ny cos 0 in Eq. (29): it is the m = 2 diagram that
receives the largest, albeit small, dispersive corrections. In
contrast, the cyclotron resonance is precisely at w; = B,
and there the cross section is dominated by the m =1
diagram, with the energy and momentum of the non-
dispersive incoming photon being the controlling param-
eter. Accordingly, including vacuum dispersion influences
does not change the resonant frequency, and for B < 27/«
it does not significantly broaden the cyclotron resonance
beyond that incurred by the nondispersive cyclotron widths
I'* described in the body of this paper—for pulsars and
magnetars, vacuum dispersion thereby provides corrections
to the magnitude of the scattering cross section of a few
percent at most [see Eq. (99)] when B < 100, and generally
much smaller. For this reason, with its concomitant
mathematical complexity, the influence of such dispersion
is neglected throughout the analysis of this paper, following
the precedent set by numerous expositions on Compton
scattering in strong magnetic fields. Such a protocol of
applying a small dispersion approximation in fields
B < 100 has also been adopted by many authors treating
other processes such as pair creation and cyclotron/
synchrotron emission, where it yields practically useful
results. An exception arises for photon splitting, as Adler
[50] considered, where dispersion opens up new polariza-
tion channels that are otherwise forbidden in the limit of
zero dispersion: this provides a special situation where it is
crucial to consider dispersion effects in the magnetized
vacuum.

V. CONCLUSION

This paper has offered QED formalism and new com-
putational developments of Compton scattering in strong
magnetic fields, for the specific case of ground-state—
ground-state transitions in the electron rest frame, and
when photons are incident parallel to the magnetic field.
The analyses are extremely relevant to the study of strongly
magnetized neutron stars. The calculations treat the very
important cyclotron resonance regime, incorporating spin-
dependent decay rates for the intermediate excited electron
state. Inclusion of the finite lifetimes for the ephemeral
states is for physical consistency and thereby generates a
convergent scattering cross section at the cyclotron energy,
w; = B. Correct treatment of such decays in the resonance
is required, since the transition rates depend sensitively
upon the choice of the wave functions for the virtual
electrons. The historical convention in magnetic Compton
scattering analyses has been to employ JL [26] wave
functions. These fail to preserve spin configurations under
Lorentz boosts along B (e.g., see [30]), which is
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problematic for their invocation for scattering in the
cyclotron resonance, since the intermediate electron state
possesses nonzero momentum parallel to the field. The
appropriate choice for QED scattering analyses is instead
the ST [27] electron-positron symmetric eigenfunctions of
the magnetic Dirac equation, which are simultaneously
eigenvectors of the spin operator y,, where u = mco +
yspo x [p —eA(x)/c]. These have gained more wide-
spread usage in the last two decades, and yield correct,
self-consistent determinations of the scattering cross sec-
tion when incorporating spin influences in the cyclotron
resonance.

The paper develops general S-matrix scattering formal-
ism through much of Sec. II, for the specific restriction that
the scattered photon lies below the threshold for the e* pair
creation process. The exposition imposes the approxima-
tion w = |k|c, which is exact for photons incident along the
field. For the scattered photons, this serves as a good
approximation because the refractive index is generally
small for fields below around 100B,,, as discussed at length
in Sec. I'V. The zero-dispersion approximation for the final
photon is adopted following the precedent in many studies
of strong-field QED processes, and it facilitates mathemati-
cal expediency. Here we have detailed the spin-dependent
ST analysis at length and derived useful compact expres-
sions for the differential and total cross sections for the first
time. We have also developed the analytics in parallel
for cases for JL wave-function choices, highlighting the
differences that arise between using them and the ST
eigenstates. Away from the resonance, if w; > I, the
two approaches are approximately identical, since spin-
dependent contributions from the decay of virtual excited
states are minuscule in these frequency domains. In the
resonance, it is found that the largest spin-dependent
modifications generally occur at field strengths close to
3 times the quantum critical field B, = 4.41 x 10'3 Gauss;
such fields are found in the inner magnetospheres near
the surfaces of magnetars, the highly magnetized class of
neutron stars.

Polarization-dependent angular distributions are devel-
oped and compared for three cases (spin-dependent ST,
spin-dependent JL, and spin-averaged cyclotron decays of
the intermediate state). When the incident photon prop-
agates along the field, the cross sections depend only on the
linear polarization state of the outgoing photon, and so are
tagged L (extraordinary mode) and || (ordinary mode).
Principal forms for the differential cross sections are listed
in Eq. (39), combined with several constituent equations.
It is found that precisely at the @w; = B resonance, the
correct ST formalism is independent of the photon polari-
zation, unlike the cross sections developed with the JL
spin-dependent width, or with the spin-averaged width.
However, this uniquely occurs exactly at the peak of the
resonance, and not in its wings. The spin-dependent
influences are largest between w;/B = 0.99 and 1.01.
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For example, when B = 3B, for polarization-averaged
considerations, we find that the JL spin-dependent width
formulation and the average width determination of the
cross sections overestimate the resonant cross section
relative to the ST form by around 40% and 25%, respec-
tively (see Figs. 5 and 6).

To facilitate broader usage of our results, we have
derived a compact approximate expression for the ST
differential Compton cross section in the resonance in
Egs. (80) and (81), a version of which has already been
employed in the resonant Compton cooling study of [20]
pertinent to magnetar x-ray emission. Polarized equivalents
are also supplied using Egs. (83) and (84). Analytic
integrations of these approximate forms in the resonance
have also been performed, yielding the useful and compact
approximate total cross section result in Eq. (91). Neutron
star modelers will find this form and its polarized equiv-
alents useful in magnetospheric opacity determinations.

Above and below the resonance, the angular distribu-
tions exhibit a strong minimum, particularly for the ||
polarization mode; in such domains, considerable care
must be exercised when performing numerical integrations.
For this reason, analytic integrals for the total cross section
are provided in Egs. (53) and (55), which apply both above
and below the resonance. Being valid away from the
resonance, these are applicable to all three of the formal-
isms studied in this paper: ST, JL, and spin-averaged. They
cannot be used in the low-frequency domain of w; ST’
because of the following anomalous character.

The polarization-averaged cross section exhibits an
interesting low-frequency behavior at w; <TI'/+/1 + 2B
(i.e., when w; < B), where it becomes independent of
frequency and establishes the constant value oI/
[B2(1 + 2B)]. The origin of this asymptotic dependence
is the presence of spin-dependent decay widths in the
complex exponentials for the intermediate virtual electron
states. This low-frequency limit provides profound depar-
tures from the ¢ o w? dependence evinced in both classical
and nonrelativistic quantum formulations of magnetic
Compton scattering. This feature disappears when spin-
averaged widths are employed. However, an interesting
pathological result, such as a constant low-frequency scat-
tering cross section, is unlikely to play a significant role in
Compton upscattering invocations for neutron star magneto-
spheres, because it will be dominated by contributions from
even very small incident photon angles with respect to B.

The results presented in this paper are readily applied in
astrophysical contexts, principally for models of radiation
emission in strongly magnetized neutron stars. In particu-
lar, Compton scattering by relativistic electrons speeding
along magnetic field lines is the leading candidate for the
generation of high energy x-ray tails observed in magnet-
ars. Such an interaction must take place in their magneto-
spheres, where the magnetic field strengths approach or
exceed the quantum critical field B, depending on the
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altitude of electron-photon collisions. As the Compton
process achieves its highest efficiency when the scattering
is resonant, the motivation for formulating a correct
description of the cross section that incorporates the
spin-dependent widths is apparent. To create photons up
to 100 keV using surface x rays below 10 keV in energy
requires ultrarelativistic electrons, if only single scatterings
of photons are invoked. This largely underpins our focus
here on the dominant ground-state—ground-state scatterings
with photons that are incident parallel to B: in the ERF,
the angular distribution of the low energy (target) x rays is
Lorentz contracted to a narrow cone collimated along the
local field line. As ultrarelativistic electrons cool [20] in
such Compton collisions with x rays emanating from the
surface, they eventually enter a mildly relativistic domain.
Then, in the ERF, photons scatter at significant angles of
incidence relative to B, for which many harmonics of
the cyclotron resonance appear, and the treatment of the
cross section becomes more involved mathematically; this
regime will be the focus of our future work on the magnetic
Compton interaction within the framework of Sokolov and
Ternov formalism.
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APPENDIX A: WAVE FUNCTIONS AND
PHOTON POLARIZATIONS

Solutions to the Dirac equation for relativistic magnetic
Compton scattering result in a coupled pair of scalar
functions y,(x) and y,_; (x), which, following the notation
in Appendix 1 of [45], are given by the expression

- " ! 2
#n(x) = L(2m)'/4(2mn!)1/? P _2_/12(x ~a)

x H, <x;a) exp <— z;zzy) exp (ipz)

where L is the length of the system as described in Eq. (1)
with a = —=A?p, and 1 = 1/+/B. H,(x) represent Hermite
polynomials and p is the momentum of the charge. The
wave functions of the electron and positron are constructed
from these scalar functions together with the respective ST
and JL wave-function coefficients

(A1)
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Cixna

G | CXn
vn ) = Cixn-1
Caxn

Cixn-1

+) CZ)(n
Cixn-1

Caxn

exp (—iE,t)

exp (+iE,t) (A2)

where “+” and “—” refer to the positron and electron and
the coefficients C; are defined for ST and JL basis states in
Appendixes C and D. Both ST and JL. wave functions share
the same scalar functions y, differing only in their
coefficients obtained from the equations in tabular form,
(C1) and (D1). Here y,, (x) is the general form of the four-
vector wave function that is used in Eq. (7) and embraces
the electron and positron spinor states ul) (x) and vﬁ,”(x)
incorporated into Egs. (18) and (20), where s = =+ for spin
parallel or antiparallel to the external magnetic field B,

E, = /1 + p? + 2nB is the charge’s energy in the Landau
state n, and ¢ is time.

The photon vector
k= co(sinecosqb, sin @ sin ¢,cos9> (A3)

is used to define two photon polarization modes described
in magnetic fields with B along the z axis implementing the
appropriate two polarization vectors for the nondispersive
vacuum,

€, =€ = (sing,—cos,0)

&) = & = (cosfcos ¢, cos Osin ¢, —sin 9), (A4)

as indicated in Eq. (7.3.5) in [49] and also used in [31] and
[45], which have the properties

. kxB
&1 = = =
|k x B|
. k x (7< x B)
& = = = =
|k x (k x B)|
gl . % - 32 . % - O
&6 =0 (AS)
with the pertinent components
€4 = Fiet?; €, =0
€4 = cosfer?; &, = —sinb, (A6)

allowing for the development of the polarization-dependent
cross sections expressed in Eq. (37).
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APPENDIX B: DEVELOPMENT OF THE MATRIX ELEMENTS

In this appendix, the development of the S-matrix elements in Eq. (16) and the vertex functions in Eqs. (18) and (20) in
the lead up to the formulation of the differential cross section in Eq. (25) is outlined. The matrix elements associated with
the terms in brackets in Eqs. (18) and (20) have the general form

0,0,¢,,e_
, 0,0,e,,—¢
/d3x e’k"‘u;(l)(x)Muﬁf), where M = N (B1)
g,,e.,0,0
e,,—¢,,0,0

is the photon polarization matrix, and the ¢ and s labels denote lepton spin states.
As an example, taking the first integral in the product of Eq. (18) and inserting the final and intermediate wave functions,
and the polarization matrix for the first term in brackets of Eq. (18), we obtain the following expression:
CinXn-1
ConXn
C3.nXn-1
Cann
[C1,C3, + C3,.Cy ]
—€.[C2sCyp + CyrCy,
e_[Cy¢Cyp+ C3,Cy,
€1 [CrrCs + CupCy ]

/d3x e_ikf'x(cl,f)(;_l,cz.f)(;, CB,KZ;_17C4.{)(;) M-

= /d3x e_ikf‘x()(;—l)(n—lv)(;)(nv)(;—l)(nv)(;)(n—l ) : ’ (Bz)

where the spin dependence of the intermediate state is within the coefficients C; ; of the wave functions for either an
electron or positron, which are kept general for now, i.e., apply to either JL or ST basis states. In this case the k is the
momentum of the final photon, and y, and y, are the final electron and intermediate lepton. The integrals

. R R 2x\2 , . . .
/ Px elk'x)(}(X, 4. b)ym(x,p,a) = (%) e~KL/4B gikna p=ikiky /4B oi(m=L)b §(B (b — a) + ky)8(p —q+ k)M o(ky) (B3)

are standard integrals in the literature, for example, derived in Appendix 1 of [45] and also rederived in Appendix D in [31]
where ¢ and p are the momenta of the leptons and b and a are the corresponding values of the x coordinate of the orbit
center. Each of these integrals has associated with it a A, ,(k; ) function defined here as

Aealk) = (0 S (ALY g () (34)

where L is an associated Laguerre polynomial, S =min(¢,n), and G = max(Z,n). We have also pulled out of the
definition of the A, (k) function the ¢~K1/4B that is included in the definition used in Eq. (D.36) of [31]. The term is now
part of the factor outside of the summation over intermediate states and their spin. The A, (k) terms here are more similar
to the ones defined in Eq. (9) of [14]. The A,,, functions have the following important relations:

Af,m(kl) = (_1)f+n1Am,f(kJ_>
At’,m (0) = 5f,m
Ao,o(kl) =1
oy lhs) = o (). (85)

The integral in Eq. (B2) becomes
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. 2\ ? . .
/d3xe—lkf<xu;(X)Mfun(x) _ (%) e—ki'f/we—lkﬁafe+zk),._,.k}:f/zBé[_ky’f — B(a, —a,)]

X 8(=ke g = pe+ pa)e "D (k1 ) (B6)
where the identity e?xr® = eikerac¢iBkeskvs has been used, leading to the definition of a new complex vertex function

e:[C1,C3 + C3,.C,)

—€[Cr.rCyp + CypCy,)
e_e'[Cy ,Cy, + C3,Cy ]
£, [Cy 4 C3, + Cy o Cy )

Di,z(kls)‘) = (Aj;—l,n—l ’ Agn’ A;—l,n’ A?,n—l) : (B7)

and where the subscript k denotes either an electron u or a positron v, and the f in the AJ;’m functions refers to the final
scattered photon. The extra phase factors e**¢s associated with the integrals containing y,_, , and y,,_; are brought into the
D term in order to have the same factor in front of the D term for all four integrals in Eq. (B2). Following a similar protocol,
the second term in brackets in Eq. (18) leads to an integral of the form

. 27\ 2 . .
/dx3e+‘ki'xu;ﬂ(x)M,»uj(x) _ <%) e—ki[./4Be+zk),_ia_,e—tknk}..i/ZBé[kyj —B(aj _ an)]

x 8k, i — pa+ Pj)ei(j_n)‘ﬁ/HZ:{(kL.i) (B8)
where
t"’Z[Cvl,nc‘&j + C3,nC1,j]
—£.[C5,Cyj + Cy ,Cs ]
e_e'hi [C1,Cyj + C5,Cy ]
e, e”[C,,Cy ;4 Cy,Cy ]

HZI'/’;(kL,,») = (Aj'—l.n—lvA;,n’A,l}.,n—l’A; tn) 5%

For the first Feynman dlagram ¢ = finthe D term and j = i in the H term, while for the second Feynman diagram terms in
Eq. (20), the changes D — D” Tand H Z } - H . take place in the indices. However, D and H remain functions of k and
k;, respectively.

We can insert into the D and H terms the polarization components for each of the linear polarizations discussed in
Appendix A. For the special case of ground-state—ground-state transitions with the initial electron at rest, the nonzero wave-
function coefficients for the initial and final electrons are C, ; = 1, C;  and Cy ¢, which significantly simplifies the D and H
terms to the following perpendicular polarization (for the final photon) forms:

Dt (kiy) = =i[CyCs, + CayCrulAS,
Dyt (kLy) = iGN,
HZ ZL(kL,i) = lC'i nA;,n_l
HﬁZYL(kL i) = —i[Cy ;C5, + Cy yCy AL Lf (B10)
and the parallel polarization forms
DﬁZ Wk s) = sin0y[(Ca yCy+ CyyCa, A, +c0s0[CopCa, + CapCralA],
|(kl ) = s1n9fC4‘,lA ; +cos0,C;, ,,An Li
'(kl ;) =sin6,C, AL, + cos6,C;, AL, _,
H{:Z H(kJ_ 1) = Slll ei[cz,fczt,n + C4,fC2,n]A;1.f + COS 9[[C27fC3’n + C4,fC1,n]A£,_1,f' (Bll)

We can now construct the integrals in Eq. (16) with the sum of the 7" terms defined in Egs. (17) and (19) providing the
contributions from both Feynman diagrams, which can be crafted into the form
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B [ da, [ dp i1+ 1)
2n 4 (k2 42
= () el k= Bla = 4ok~ kg = )

X

1 ei(kx.r_kx,f>(aj+”f)/2e*if<‘/’f'+(/’i)/2{]7 iP + F —l<I>} (B]Z)
VE
f
where we have defined the F terms used in Eq. (22),

- [Pk Hilkr) | DAk Hi k)
vV l4w,—E,+il*/2 14+w,+E,—il*/2

H (k)DL (kL) Hﬁzﬁ(h,i)Dﬁii(’ﬂ’f)] (B13)

(2 _
Fy' =/ .
' [1—wf E,+il*/2 l-w;+E,—il*/2
The factor | /E is brought into the definition of the F terms [resulting in the appearance of a 1/ /E factor in Eq. (B12)], as
it will cancel when the coefficients of the final electron wave function are introduced. This factor stems from the numerator

associated with the integral of the delta function expressing the conservation of energy, discussed below in Eq. (B18). The
phase factor ® is given by the expression

¢ =k, k) ssin (¢i — ¢f)/2B - (- 2")(¢f —¢;)/2 (B14)

which is similar to the one presented in Eq. (7) of [14]. Slight differences from the presentation of [14] exist in this
development because here we have implemented the particular photon polarizations such that the entire phase dependence
is in the @ term. Including these into the scattering matrix in Eq. (16) yields

—i2m)*ay (X\3
§p = N % (AN S b — E,—
fi wiwf L ( +wl 4 wf)
X e_(ki‘i+ki‘f)/435(k)’,i - kv T B(Cl - af))é(k i k ' - pf)
X ei(k“' kvf)(aj+af)/2 —it(pp+i)/ ZZ{F”‘ i® —|—F,“ —lfb} (BIS)
n 0 s=

where a; = e?/hc is the fine-structure constant. The modulus squared of the S matrix can now be performed and is given by

the expression
2z)3a2 (#\7 T
S- 2 g 7( f i 75 1 [ E -
| f1| w0y L L ( + o; ¢ a)f)

x e LRk — kg - Bl = an)olhes = s = )
ZZ{F() l(I)+F —l<I>}

Observe that the standard protocol for squaring the three delta functions in the above equation introduces a 1/2x factor
for each.
Setting f#; = 0, the differential cross section in the rest frame of the initial electron is inferred from the expression in Eq. (1),

(B16)

do _ - / |Ss[* LK}k Lp, LBday (B17)
dQ; BT (2n3%)3 2242 27
The integral over k; or w, includes the delta function associated with the conservation of energy,
1 E;
o(1 —E;, —w¢)dw, = = . B18
/ (14 @; = B — oy)doy 1—pycos@; E;—ppcost; (BI3)

Performing the integral in Eq. (B 16) and implementing kinematic relations, we arrive at the expression for the differential cross
section,
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—(a)fsin29i+w;sin29f)/2B © 2
Z e 4 Fille ]| . (B19)
n=0 s::(:

do a%%za)?-e

de o @; [2601 - a)f - a),a)f(l — COS 91' COS Gf

The ¢ dependence is only in the phase terms ®, and the spin dependence is only in the F' terms; therefore, we can set ¢p; = 0
and integrate over ¢ ;. The integration of the cross term in the modulus squared leads to a Bessel function J,, (k ;& ;/B),
and with a?* = 301/8x, we have arrived at the expression for the general differential cross section in the form

do 367 a)}zce—(a)i sin*0; +aisin’dy) /2B

dcosO; 4 2w, — wy — w;wp(1 —cosb; cosby)]

(2),2 1 2)f 2 1)t kl,ikl,
L3 {IFF 1+ S P ()} (B20)
j:

s=+ n=0

reproducing the more general differential cross section in Eq. (3.24) of [31].

For the main focus of this study, we set §; = 0 and k, ; = 0. As aresult, the cross term in Eq. (B20) no longer contributes
as J,(0) = 0. In addition, only n = 1 contributes to the summation over intermediate states due to the AL, (0) = &,,,, as
indicated previously in Eq. (B5). We then have the expression for the differential cross section in the compact form of Eq. (25),

—w?sin®
e wje SIED, 4+ |52, (821)
deosO; 4 w;2w; —wp — wwp(1 —cosOy)] = | "= netsl (-
The F terms
(1).5 (1).s
F = Su N S}
n=ls l4w,—E,+il*/2 1+w,+E,—il*/2
(2).5 2).s
Su S
Fif = (B22)

Cl-wp— E+1F/2 l—w;+E, —il*/2

arerelated to the 7' terms in Egs. (17) and (19), which have been integrated over the phase factor ¢ ;. The S terms are products of
the D and H vertex functions,

sgj‘?;;f = \/E*Df*"’Pf(kL PHT(0)
n, 73 n i,P
P p = VEH] f(klf) (B23)

for the first and second Feynman diagrams. The P; and P are the polanzatlon of the incident and final photons, and the k
is the virtual lepton, either u or v, for the electron and positron. Implementing the definitions of the D and H terms above,
we can define the necessary set of required S terms,

ST = [CofIyh + Caf I3

s 2
. ) ‘ wsin“0 .
st = l{ [Cof I35 + Cy g 135] % + [Cop I35 + Cy yI75] cos 9f}

2),s s, @ Sln 9 S, S,
Sg_?ll,k = { [C2f143 + Cy f17Y] tl - f [Cz,f13,]§ + C4.f11.§] cos Gf}
Sﬁ’,"ﬁ:‘}; = —iS(Ll‘,k
M oll)es
Stk = ~1S 1)k
(2),S _ . (2),3
Siik = ~ES Lk (B24)

where we have used I;:fjl = C;,,C,, , terms as products of the coefficients of the intermediate state that are dependent on the
spin of the leptonic state and are specified in Appendixes C and D for ST and JL basis states, respectively. Given that incident
photons are along the magnetic field lines, the cross section is determined by the polarization of the final photon and is
independent of the incident polarization. We can then drop the specification of the incident polarization in the S terms.
Inserting the coefficients of the final electron in the S terms leads to the expression

S = FI(E; + DI = pyIth), (B25)
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where
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1
2(E; +1)

(B26)

In the normalization factor in the denominator of the above equation, the  /E has been canceled by the £y coming from the 3,

in Eq. (B18). The S terms with parallel polarization are

(m),s
S)x

where the index k refers to the electron u and positron » in
the intermediate state, s is the spin state, and m refers to the
Feynman diagram. The wave-function coefficients for the
initial and final states within the context of ultrarelativistic
scattering are identical in both JL. and ST spinors. The total
energy E; and parallel momentum p, have the following
kinematic relations:

pr=w;—wscosty (B28)

as the final electron is 1n the ground state. The S(L ,Z terms

are real, while the S \(I , terms are imaginary and are used to
develop the N terms described in Eq. (33).

APPENDIX C: SOKOLOV AND
TERNOV SPINORS

In this appendix, the development of the T, and Ty,
contributions to the numerators in Eq. (39) is outlined for
the case of Sokolov and Ternov formalism. The coefficients
of the ST spinors for electron and positron states uS,”(x)
and v} (x) can be found in [27] as well as in Appendix B of
[31]. We have adapted their presentations to generate the
following compact notation for the coefficients outside the
spatial Hermite functions and temporal exponentials in
Eq. (A2) below:

= i{(—l)”’“S(j,)k’S cosO; + fl(E; + DIY5 -

(B27)

P a)fsm Qf
f153]7 >

V2B

|
where

= ¢:"V2Bp,,
fz =g (eL +1)(Ep +er)
= "V2B(E, +e1)
f4 =g (€L +1)pn (C2)
fore, = /1 + 2B, and the common normalization factor is
1
\/45 e (e, +1)(E, +er)

The &,, and p,,, which are related by £2, = p2, + €7, have
the kinematic definitions in Egs. (29) and (31), namely,

Epm1 = \/ w,z + €2¢ ) Epen = \/a)l)%coszﬁf + ei

Pm=1 Pm=2 = —@yCOsOy.

gt (C3)

=w;, (C4)
Here the concern is primarily with the intermediate state,
with only n = 1 contributing to the specific ground-state—
ground-state scattering involving the resonance at the cyclo-
tron fundamental. Generally the / terms in Egs. (B25) and
(B27) are defined as products of coefficients of the form

IS‘ k CY ch k CS
C, G C3 (4 (5)
N that involve different combinations of the electron and
u fa =fi fa fs positron spinors. For each 7 terms there are four possibilities,
- N (C1) X
”+ fi fa 3 Jfa s =+, s = —, k = u and k = v, that capture these combi-
vt =fa =f3 f2 =N nations. The following five sets of I terms are required to
v | fs —fa —=f1 =2 define the S terms in Eqgs. (B25) and (B27):
|
cil3 ey eal35 o3 el
ut (ej_ + 1)(Em - €J_) <€J_ + l)pm _(Em - €J_) Pm (Em + el_)
| e D(Ente)) (er=Upn  (Ente) -pu —(En—e) (C6)
vt (SJ_ + 1><Em + €J_) _<€J_ + l)pm _(Em + €J_) —Pm (Em - €J_>
v (€J_ - 1>(Em - €J_) _(€J_ - l)pm (Em - €J_) Pm _<Em =+ €J_)’

where ¢; =4E,,¢, and ¢, = 4E,,e, /v/2B. As indicated, the columns for the / terms correspond to k = u electron and
k = v positron states, while the first and third rows for the s = 4 case correspond to spin-up or parallel to the external B
field, and the second and fourth rows for s = — correspond to spin-down or antiparallel to B.
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Inserting these / terms into Eqgs. (B25) and (B27) with the definitions of the N terms in Egs. (33), one obtains
stm.L S

W= L (1 e+ g~ 2B(E; + 1)
Wt — (1 ey = g + 288 + 1) ()

and for parallel polarization, N terms

NiT’(l)'” = NS’FT’(I)’L cos 6, + % [w;q, — (e — 1)pslwysin®6,
1

NST = NST()-L cos g — % [w;q, + (€1 + 1)pylwsin®6;
L

NiT’Q)'” = NS’FT’(z)’L cos 6, + % [wig_ + (e, — l)pf]wfsinzef
NST2H = NST@)-L cos g — % [w;g_ — (e, + 1) pslosin®6;, (C8)
where |
=———— and =FE;+1%p;. C9
f 2(Ef T 1) q+ f Py ( )

These forms can be reduced with the aid of some useful relations:
progsin’; = (w; —ws)q_(1+ cos 6)
g wssin?0; = (E; — 1+ py)g_(1 +cosby)
wssin*y = —(E; — 1 — p;)(1 +cosfy). (C10)

The result is that the N terms assume the following forms:

NS = (e + 1)atpt
NP — (¢ F1)all £ g0
NSO _ (¢ F1)al + g1 (C11)
where
al = (_1)l+miw.q
2€J_ e
d =L (o= p)) (C12)
2, r— Prl)d-
and f
L
/
O = = [(Ef + 1)(w; — B) cos 0 + w;p/]
f
SO = Z [(Ef 4+ 1)(w; + B =) cosOr +w;pr(Er = py)]. (C13)

From the definitions in Eqs. (35) and (36), the T, and T, terms with these expressions can be described as

TEl — (2e, a2

), 1
T =55 (€ + DT =861 (1 + a*p* +4ed (5)?)

spin 261
T’ == 503 136l = DThe =86k (el = Dalpl - def (172) (C14)

The T, forms then simply reproduce those listed in Eq. (41), namely, T, = @;(w; — {) and Tl = 2+ w;)(w; =) = 2wy
The corresponding 7'g,;, forms are not as simple, yet they are still manageable:
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m 1 1
Ton' =5 {(ei + DT+ (=1)"(el = D01 =) + 5 (1 = 1D(E; + 1)} (C15)
1
and
1
T = E{—(B’ei — D)The +20;(2 = 1)[{ = 2(E; = 1)] + 202(E; — 1)

+ 2(w; — B) cos ;[(e3 — 1)(2w; cos Oy — )
+ (w; = B)(E; + 1) cos 0y + 2p ;] }

1
2),
Ton = g (=361 = DThe = 2(ed = D2 + )¢

+(Ep = D(@; = OlA(el - (1 + @) + (0 = )]
+2(w; + B —{) cos Of[(e] — 1)(2w;cos O, — )

+ (@; + B =) (E; + 1)cos 0y = 2p(w; — £)]}. (C16)

With these T, and T'gy, terms so defined, the differential cross section using the ST basis states can be routinely obtained
using Eq. (39).

APPENDIX D: JOHNSON AND LIPPMANN SPINORS

In this section, we present the coefficient of the particle wave functions in the JL basis followed by the development of the
S and N terms required for the T, and Ty, of Egs. (35) and (36) to compare the spin-dependent results with those in the
ST basis. We obtain the JL coefficients from Appendix J of [31]. However, we use the notation developed in [23]. As
previously indicated, the coefficients of the initial and final electron states are equivalent in both JL and ST basis states, and
we only require those of the intermediate state where we assume n = 1 for our ground-state—ground-state scattering. Our
presentation follows the one used in Appendix B.

Ci/Vfw C/VEw C/VFw CiV
ut 1 0 P N
u- 0 1 N —P (b1)
vt -P -N 1 0
v” -N P 0 1
where m refers to the Feynman diagram with
p=_Pn
E,+1
V2B
N=
E,+1
E,+1
p=fnll (02)

with p,, and E,, being defined by the previous kinematic relations of the intermediate state in Eqs. (29) and (31). We can

obtain the product of the pairs of coefficients required for the development of the N terms using Eq. (C5) to get the
following five sets of / terms,

s,k s,k s,k s,k s,k
I3 Iy Iy Iy Iy

wut| P2 P 0 NP N

uw | N 0 N =NP 0 (D3)
v 1 =P =N 0 0

Y1 0 0 0 0 =N
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where Il‘lk = (2Em )CF kC‘ k_The I terms are required to

define the S terms for the perpendicular photon polari-
zation in Eq. (B25) and parallel photon polarization in

PHYSICAL REVIEW D 90, 043014 (2014)

N terms using Eq. (33). However, it might be instructive
to develop the F terms of Eq. (27) in order to compare to
the work of [23]. Therefore, we obtain for both photon

Eq. (B27), which are then used to develop the necessary polarizations

F{"" = D*+(P — Q)P + D"*(1 + PQ)
F"'™ = pr=N2

a2
D+ vt @ysin 9f}
FO+ — putd (p— 0)Pcos@, + PN~
I {( 0) 1 5

;sin%0
+D”’+{ 1+ OP)cosf, + Ng}

wfsin29f}
V2B

FP = DH{(P — Q)PcosO; + (P - Q)N

F)™ = D“~‘{N2 cosd; — (P + Q)N

a)fsinzgf}
V2B
+ D" (14 QP)cos by

202
Q= _ ) a2 @ sin 9f}
F = D" I N“cosf; + ON —-—— D4
I { r+Q 5 (D4)
where
Dui: \/Ef+1(Em+1)
2V2E,,[w,, — E,, + il*/2]

VE;+1(E, +1

D = Rl ) (D5)

2\/§Em [wm + Em - lri/Z] ‘
Here we have included the spin-dependent widths. However, the form is equivalent to the F' terms in the Appendix of [23]
after correcting for a couple of typos, where the F terms are the missing /E + 1 multiplicative factor and the occurrence
of the term with a single N should be N2.

Using the / terms we can develop the N terms for JL basis states in the perpendicular photon polarization with the form

m), L m
N = (<) fwg_ = 2BF(E; + 1)L, (D6)
N-L =2BF(E; + 1)L,
where
W, +E
L = Pm T Em D7
¢ 2E,(E,+1) ®7)
and for parallel photon polarizations
NS:)’” = NE: “eosOp + fAE; + 1) pu + pr(Ew +1)|L, — pylaysin®dy
NI =Nt cos@ — F{(Ef + 1)p,, + pr(E, + 1) }osin®0,L,
N(f)’” = N(f)‘l cosO; — f{(Ep + 1)p,, — py(E, + 1) }ooysin®0,.L,
NI = NO-LcosO; + f{[(Ef + 1) py — py(En + 1)L, + pylwsin®d, (D8)
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with f having the same definition as in the ST terms in Appendix C. Bringing the terms together, the N terms can be
rewritten in the form
w;q_cos O — prwsin’l;
NI = ¢ { (Ef + 1)[pno,sin?0; — 2B cos 0] }z
+(E,, + 1)psoossin0; ’

(Ef + 1)[pnwpsin®0; — 2B cos 0]

NI = 7 -
+(E,, + 1)proossin®dy

w;q_ cos Oy
NI = _f +{ (Ef + 1)[p,,osin®0; + 2B cos 0] }E
~(Ep + 1)ppooysin0; ’

pfa)fstGf
NI = ¢ +{ (Ep +1)[p,opsin*6; + 2B cos 0] }£ . (D9)
_(Em + l)pfa)fsmzef ¢

Here the forms are lacking some of the symmetry that is present in the ST forms in Appendix C. It is a little more expedient
to develop the form of the 77, using an alternative with the form

spin

JL

Ty = (N + NV = N) + SB[V, + N = (N, = N_)’). (D10)

spin

The JL forms can be used to detail the 7°L

spin terms by introducing some temporary variables

N‘Er’")-l _|_N(_m),J_ —_ <_1)m+1al
N(;n)’l _ N(m).L — (_1)m+1al _ zﬂl

NI L NI = gl

NI NI = gl 4 21

NPT L NOI = _qll

Nf)»ll — NO = gl —2(a; + ). (D11)

Unfortunately, the N terms for the case of parallel polarization does not reflect the symmetry in the case of perpendicular
polarization; the N term of the parallel polarizations for the second Feynman diagram pick up an additional term «,. The
spin factors that determine the spin-dependent widths I'; are defined in [30] for JL states and are given by the expressions

AL E, + €
T E(E,+ )

L _ _2(En + €1)
Ak, )

E 2
L, = (2’"7@ (D12)
€1 (Em + 1)
Therefore, &l = —2.£,, which is a bit unfortunate, but this will help us to compactify the terms. The ratio of &'L/&3T is

displayed in Fig. 2 of [30], where a ratio of 2 occurs for spin-up at lower B fields while a ratio of 1 occurs for the spin-down
case. However, at high B ~ 100 to 1000, the spin factors become identical and the effects of the spin states on the widths
vanish.
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These variables can aid in the development of the 7°% terms as defined previously by Eq. (36),

spin

ot = The = (—1)"12(1 4 Ly)at B+ 2(84)2L,
Tl = The +2(1+ Ly)alp! +2(81)2L, (D13)

spin

TN — 7l + 201+ Ly)al (o + 1) + 2(ay + 1)L

spin
From Eqgs. (D6) and (D9), we can express the temporary variables in the following terms:
= fwiq_
pt = 2Bf(E;+ 1)L,

o = flor - py)g-
a) = fw;cosOrq_

Bl = f{(E; + Dy + (=1)" ' psra} L, (D14)
where

71 = puwgsin®d; — (=1)""12B cos 0,
72 = (E,, + Darysin0;. (D15)

Applying these variables to the Ty, terms in Eq. (D13), we obtain the expressions

TSt = Tihe = 2BL,[(=1)" (2w, — )(1 + L) = 2B(E; + 1)L, L], (D16)
70 _ { The + (1+ L) (@f = pp)ly1q- + r204(1 = cos 0;)]L, } (DI7)
* HE; + D)3 +73) + 2r2(psri — r2)1 L1 L2
_Tlllve
2lw? — (1 + w;)¢] cos O,
. 51)[ [ ( )¢ ' ]
@l (wf - pf')[71 q- — J’zwf(l — Cos Hf)]£0
Toin = . (D18)
P 2(w; — {)w;cos?6;
+ +2[y1(2w; = §) = y2¢] cos O4L, L,
+{(Ef + 1)(y1 +13) = 2ralppr1 + 12} L5

APPENDIX E: SERIES DEVELOPMENT OF TOTAL CROSS SECTIONS

This appendix summarizes the protocol of deriving Legendre series expressions for the polarization-summed cross
section in Eq. (55) that are applicable outside the cyclotron resonance. The starting point is

e~ i/
] e N YR ] )
o Vi—2gerg? \1+20(8)7 (%)

Again,here A| = 1 — (z — 1)B = (w; — B)/w; for the m = 1 diagram, and A, = (z> — 1)B?> + 2B(z — ¢) + 1 corresponds
to the denominator of the m = 2 diagram. The ensuing analysis is made more compact by defining the expressions
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o o

v o= Y, —
1 and 13 (; + B)(w; + B+ 2;B)

(@, B 2

to represent (A;)~2 and the ¢p — 0 limit of 1/A,, respectively. The most involved portion is the (A,)~? term. To manipulate
the total cross section, first form a partial fractions decomposition

2B+¢) 11 (zB+1)?+ B>
(8,)? ‘E{A_z (8,)? } .

Then integrate the residual (A,)~2 portion by parts using

® e—wi¢/3d¢ 5 P e“”f‘f’/de) 1 |: o; )
- T\ J1- -7 A N ;- '
BA ay VIme g = [T e G2 )

In expressing the integrations, we will again make use of the class of integrals

H,(z,p) =

o(2) "e=Phd =
i <o ) (ES)

0 \/1—22¢+¢2 k=0 k!
in Eq. (94) that was employed in developing the cross section in the resonance. Here, Q,(z) is a Legendre function of the

second kind, defined in 8.703 of [57]. This evaluates the (A;)~ terms nicely. We extend this to treat the A5' pieces by
defining

@) Pre PPdg 1 (@) prePhr (z=¢) de¢
s P.T) = —. E6
Gnlz, p-7) / -2 tdi—b V-2 + ¢ (o)

To make the algebra more compact, we use the definition

_(@-1DB+2Bz+1 1

E7
2B ~ 2BY,’ (E7)
so that A,/(2B) = 7 — ¢p. Then we can use the definition of H,,(z, p) to our advantage:
e rbdd [ o (u—p)*
G,(z,p,7 :/ due™* due™* Ovin(2), ES8
@ro= | 1_2Z¢+¢2 > 0l (ES)

recognizing that the series identity for H,,(z, p) is valid for both positive and negative p. Reversing the order of summation
and integration, the terms of the series now are the integrals

e Pt

0 o e rt
A (4= p)e ™ du = ] /-pf xeTdy = Wr(k +1.-pa), (E9)

employing the integral representation of the incomplete Gamma function. The right-hand side of Eq. (E9) distills down to a
finite series of k 4 1 terms using 8.352.2 of [57]. It follows that

T(k+1,
gn(z,p,r):e‘”’Z(TH;lkaHn ZQkkH Z m,) : (E10)

k=0 : m=0

The ease of numerically computing this series representation is only marginally more demanding than computing that
for H,(z. p).
Assembling these pieces, the integration by parts identity in Eq. (E4) can be recast as

<I>e—wi¢/3d¢ 1, o,
/0 W\/m__ﬁ_FM;Z {Zgo 9i +E(go_zzgl +g2)}- (E11)
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This can then be combined with all the other terms to yield an expression for the total polarization-summed cross section

away from the resonance:

- 36’1‘ ZT]
° 1+ 2w,

4
(zB +1)? + B?
4B3

- [—ZBTZ +2Gy — Gy +% (go - 226G, +g2>:| }

[Ho - ZH1:| +% |:g() - Zg1:|

1

By <go —-22G, + g2>

(E12)

This amounts to an efficient computation using the two series representations for H,, and G,,.. Similar expressions can be

derived for the individual polarization modes.
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