
Magnetars: Advances in the 
Resonant Compton Scattering 

Model

 1

Zorawar Wadiasingh (NASA GSFC/USRA, NPP Fellow) 
Matthew G. Baring (Rice U) 

Alice K. Harding (NASA GSFC) 

Kun Hu (Rice U) 

George Younes (GWU) 

Peter L. Gonthier (Hope College)



Magnetars in the P—Pdot diagram

■ Standard vacuum 
rotating dipole model 
allows for an estimate 
of the surface magnetic 
field; 

■ SGRs and AXPs are not 
rotation-powered — 
particle acceleration 
and emission must 
ultimately derive from 
energy stored in the 
magnetic field 
configuration

Ridolfi 2018
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Persistent Emission: GBM/INTEGRAL/RXTE Spectrum !
for AXP 1RXJS J1708-4009

ter Beek (2012)

3.1 Timing Analysis

3.1.1 1RXSJ1708-4009

Figure 16: Pulse proÞle of 1RXS J1708-4009 usingFERMI GBM data. The detection
has a 7.6! signiÞcance, following from aT2

2 test. The light curve is re-binned to 12 phase
bins for display purposes. The smooth line displays the template light curve observed with
INTEGRAL IBIS -ISGRI, 29-Jan-2003 to 05-Oct-2006, at 20-210 keV (den Hartog et al.
2008b).

The light curve of 1RXS J1708-4009 as observed by theFERMI GBM , summed
over channels 2-4 (27.0-295.3 keV), is displayed in Fig. 16. By applying a T2

2

test, we detected pulsed emission with a 7.6! signiÞcance. The light curve ob-
served with FERMI GBM shows strong resemblance to a light curve observed with
INTEGRAL IBIS -ISGRI, Revs 37-485 (29-Jan-2003 to 05-Oct-2006), at 20-210 keV
(den Hartog et al. 2008b). This resemblance indicates that the hard X-ray pulse pro-
Þle of 1RXS J1708-4009 is stable, within instrumental uncertainties, over a timespan
of at least 7 years.

The observed light curves in channels 2, 3 and 4 (27.0-50.6 keV, 50.6-101.9 keV
and 101.9-295.3 keV) are displayed in Fig.17. The observations are consistent with
1RXS J1708-4009 having a pulse proÞle that does not change in shape for different
photon energies.

We performed a linear" 2 Þt with the IBIS-ISGRI template light curve on the
observedFERMI GBM light curves to derive the pulsed count rates of 1RXS J1708-
4009 in channels 1-7 (Table4).
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INTEGRAL/HEXTE Pulse Profiles of Magnetar J1708-4009 
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Kuiper et al. (2006)

with different recovery behavior (Kaspi et al. 2000; Kaspi &
Gavriil 2003; DallÕOsso et al. 2003). For the period between
the two glitches Gavriil & Kaspi (2002) presented a phase-
coherent timing solution with a positive¬! indicative of a long-
term glitch recovery.

The morphology of the X-ray pulse proÞle of 1RXS J1708!
4009 is changing as a function of energy (e.g., Sugizaki et al.
1997; Israel et al. 2001; Gavriil & Kaspi 2002). Phase-resolved
spectral analyses indeed showed signiÞcant spectral variations
with pulse phase, most pronounced in the photon power-law in-
dex (e.g., Israel et al. 2001; Rea et al. 2003, 2005). Furthermore,
the total phase-averaged unabsorbed 0.5Ð10 keV X-ray ßux and
photon spectral index appear to be time variable in a correlated
way, with maximal ßuxes and hardest spectra near the two glitch
epochs (Rea et al. 2005).

At optical/IR wavelengths two potential counterparts were
identiÞed within theChandra0B7 HRC-I (High-Resolution Cam-
era) error circle (see, e.g., Israel et al. 2003; SaÞ-Harb & West
2005 for more details). A search for radio emission at 1.4 GHz
from 1RXS J1708! 4009 only yielded a 5" upper limit of 3 mJy
at the position of the AXP (Gaensler et al. 2001).

Given the softness of the 0.5Ð10 keV X-ray spectra, the
INTEGRALdetection reported by Revnivtsev et al. (2004) of a
point source at the position of 1RXS J1708! 4009 between 18
and 60 keV was a big surprise. Below we present in detail the

new high-energy characteristics of this AXP derived in this work:
(1) the discovery of the pulsed emission above" 10 keV (proÞles,
spectra) usingRXTEPCA/HEXTE and IBIS ISGRI data, and
(2) ISGRI and COMPTEL results on the total emission.

4.1.1RXS J1708! 4009 Timing Characteristics

4.1.1.RXTE PCA/HEXTE Pulse ProÞles

Applying the timing analysis procedures outlined inx 3.1 to
the full set ofRXTEobservations of 1RXS J1708! 4009 listed in
Table1 resulted in a compilation of high-statisticstime-averaged
PCA/HEXTE pulse proÞles for energies between" 2 and 220 keV
(see Fig. 1). The ephemerides used in the folding/correlation pro-
cess (seex 3.1) are given in Kaspi et al. (2000), Gavriil & Kaspi
(2002), and Kaspi & Gavriil (2003). For the Þrst time pulsed emis-
sion is detected above" 10 keV: the nonuniformity signiÞcance of
the 16.1Ð32.0 keV PCA pulse phase distribution (see Fig. 1d) is
14.2" applying aZ2

2 -test, and the HEXTE 35.2Ð222.9 keV pro-
Þle (see Fig. 1f ) deviates from uniformity at a 5.2" level. Above
35.2 keV the signiÞcances in the HEXTE 35.2Ð64.1 and 74.3Ð
222.9 keV bands (the intermediate energy window with a large
instrumental background feature has been omitted) are both
3.75" .

Drastic morphology changes with energy are visible. The de-
composition of the pulse proÞles in terms of a Þnite number of
harmonics (see eq. [1]) provides a means to visualize a change
in morphology with energy. The power (a2

k # b2
k ; see eq. [1]),

derived from the time-averaged PCA pulse proÞles of 1RXS
J1708! 4009, in the Þrst harmonic is dominant over the power in
the second and third harmonics, and the power in harmonics with
k $ 4 can be neglected (see also Gavriil & Kaspi 2002). From
equation (1) one can deÞne a phase angle!k

# % arctan (ak/bk)
for each harmonick. The energy dependence of!k

# for the Þrst
three harmonics is shown in Figure 2. For each harmonic it re-
veals a very smooth variation of the phase angle with energy. The
shape of the proÞle is changing drastically between 2 and 10 keV.
For energies above" 15 keV the phase angles for the three

Fig. 1.Ñ RXTEPCA/HEXTE pulse proÞles of 1RXS J1708! 4009 for en-
ergies in the range 1.8Ð222.9 keV combining data collected between 1998
January 12 and 2003 October 26 (see Table 1). Two cycles are shown for clarity.
The vertical dotted lines at phases 0.25 and 0.55 serve as a guide to the eye for
alignment comparisons. Note the drastic morphology changes with energy.

Fig. 2.ÑPhase angles as a function of energy for the Þrst three harmonics used
in the truncated Fourier series Þt (see eq. [1]) of theRXTEPCA pulse proÞles of
1RXS J1708! 4009. The harmonics are labeled with their corresponding number.
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considered harmonics seem to converge to constant values, a
necessary condition for stable pulse shapes.

4.1.2. INTEGRAL IBIS ISGRI Pulse Profiles

We also performed a timing analysis for 1RXS J1708!4009
using IBIS ISGRI data. Data from science windows taken during
INTEGRAL revolutions 36–120 satisfying our 14N5 off-axis con-
straint were included (effective on-axis exposure after screening
"1360 ks). The processing followed the guidelines presented in
x 3.3 using the 1RXS J1708!4009 ephemeris generated from
RXTE monitoring observations, given in Table 3. In the inte-
gral 20–300 keV ISGRI band we obtained a nonuniformity sig-
nificance of 5.9 ! applying a Z 2

2 -test, which is comparable to the
HEXTE result. In differential energy bands we found 20–75 keV
(4.3 !) and 75–300 keV (3.6 !; see Fig. 3 for the corresponding
pulse profiles). The HEXTE and the ISGRI profiles above 75 keV
are very similar and suggest that the hard X-ray 1RXS J1708!
4009 profile exhibits less structure than found below 10 keV.
From these initial ISGRI timing results it is clear that highly sig-
nificant profiles can be expected in the near future when signifi-
cantly more IBIS ISGRI data on this source become available.

4.2. 1RXS J1708!4009 Spectral Characteristics

In this section we present new high-energy spectral information
above 2.5 keV up to 30 MeV for 1RXS J1708!4009: (1) (time
averaged) pulsed emission from RXTE PCA and HEXTE,
(2) pulsed emission from INTEGRAL IBIS ISGRI, and (3) total
(pulsed and unpulsed) emission from ISGRI and upper limits
to the total emission from CGRO COMPTEL. Finally, the new
spectra are compared with spectra reported earlier for energies
below 10 keV (Rea et al. 2003, 2005; for BeppoSAX LECS/
MECS 0.4–10.8 keVand XMM-NewtonMOS/PN 0.5–10 keV,
respectively).

4.2.1. RXTE PCA/HEXTE Pulsed Spectrum

The spectral procedures employed for the RXTE PCA and
HEXTE data (see x 3.2) resulted in a high-statistics determina-
tion of the spectrum of the time-averaged pulsed emission of
1RXS J1708!4009 in the"2.5–220 keVenergy range. The PCA
(aqua line and symbols) flux values are derived assuming an ab-
sorbed double power-law spectral model and are shown in a "F"

representation in Figure 4. Also drawn is the best-fitting spec-
tral model to the PCA data points (2.5–36.9 keV; #2

r ¼ 1:11 for
12 dof, dashed line). The assumed absorbing hydrogen column
density NH in the spectral fit was 1:36 ; 1022 cm!2 (Rea et al.
2003). The two power-law components become equally strong
at Ecross ¼ 21:7 $ 2:4 keV: below this energy the power-law
component with index ! 1 ¼ 2:60 $ 0:01 dominates and above
a component with a very hard spectrum, index ! 2 ¼ !0:12 $
0:07. It is clear that the pulsed spectrum hardens dramatically
above 20 keV; however, the spectrum has to soften considerably

Fig. 3.— INTEGRAL IBIS ISGRI pulse profiles of 1RXS J1708!4009 for
two energy ranges. The nonuniformity significances are 4.3 and 3.6 ! for 20–
75 and 75–300 keV, respectively. Pulse maxima are found near phase "0.2,
corresponding to phase 0.55 in Fig. 1.

Fig. 4.—A "F" spectral representation of the total and pulsed high-energy
emission from 1RXS J1708!4009. The aqua (PCA), blue (HEXTE), andmagenta
( IBIS ISGRI) data points show the time-averaged 2.5–300 keV pulsed spectrum.
The black dashed line shows the best power-law model fit to the combination
of PCA/HEXTE and ISGRI pulsed flux values for energies above"15 keV. The
other measurements refer to the total emission spectrum: 0.5–10 keV, BeppoSAX
LECS/MECS and XMM-Newton spectral models at different epochs (Rea et al.
2003, 2005); 20–300 keV, time-averaged (revs. 36–106) IBIS ISGRI spectrum;
and 0.75–30 MeV, time-averaged CGRO COMPTEL 2 ! upper limits. Note the
drastic hardening of the pulsed spectrum near 20 keV. The COMPTEL upper lim-
its require another spectral break somewhere between 300 and 750 keV.
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Hard X-ray Tail Modeling

■ Preferred hypothesis is the resonant Compton upscattering model 
(Baring & Harding 2007; Fernandez & Thomson 2007; Nobili, Turolla & 
Zane, 2008; Baring, Wadiasingh & Gonthier 2011, Beloborodov 
2013ab, Wadiasingh et al. (2018) and later papers):  
■ non-thermal hard X-rays are spawned by inverse Compton heating of soft, 

atmospheric photons by relativistic electrons. 

■ The electrons are presumed to be accelerated probably along closed field 
lines, by static electric potentials, or dynamic ones associated with large 
scale currents and twists in the magnetic field (e.g. Thompson & 
Beloborodov 2005; Parfrey et al. 2013).   

■ Currents/charge densities along closed field lines far exceed 
Goldreich-Julian values. 

■ The activated portion of the closed region is largely unknown (6D 
particle distribution phase space — but somewhat simplified since 
charges move along B). 

■ The putative locale of scattering is the inner magnetosphere, within 1-10 
stellar radii of the surface.
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Resonant Compton Cross Sections

■ Illustrated for photon 
propagation along B; 

■ In magnetar fields, cross 
section declines due to 
Klein-Nishina reductions; 

■ Resonance at cyclotron 
frequency eB/mec; 

■ Below resonance, l=0 
provides contribution; 

■ In resonance, cyclotron 
decay width truncates 
divergence.

Gonthier et al. 2000

Process becomes effectively first order in the fine structure constant: the virtual 
electron behaves like a real one in the first excited state and spawns cyclotronic 
decay.

B=1 => B = 4.41 x 1013 G



α = 50°, ζ = 60°
Red: low-energy 

resonant large angle 
scatterings

Blue: nearly head-on
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Phase and Energy Dependent Kinematic Resonasphere Surfaces 

Side View Observer View

Log 10 ϵf

Bp = 10, γ = 15



Polarization-Dependent !
Resonant Compton Spectra

¥ Perpendicular (X-mode) exceeds parallel (O-mode) polarization at the 
highest energies; photon splitting will mute this above 50 keV.

Wadiasingh et al. (2018)
Photon splitting
attenuates X-mode 
above ~50 keV.

MeVkeV
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Upscattering Spectra: Field Foot-Point Influences
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¥ Spectral summations over various foot-point colatitudes yield an envelope that matches 
typical hard tail spectra, provided that ! < 10. 

¥ This suggests that models with more complete cooling and volumetric integrations will 
match the spectroscopy of hard tails.

Surface thermal emission swamps Resonant 
Compton components at low energies



Calculations of escape energies, !B " !!
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10 K. Hu & M. G. Baring
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Figure 4. The escape energies ! esc (i.e. where L ! " in Eq. [???]) for photon splitting #!$$ (left panel) and single photon pair

production $! e±
(right panel) for light emitted from the neutron star surface (h = 1) and propagating in flat spacetime. They

are numerical results obtained from Eq. (???), and are plotted as functions of magnetic colatitude " E for photon emission both along

B (solid green curves) and angles ! E % ! kB ,e = 0.1 (dashed blue curves) and 0.01 radians ( 0.57!
and 5.7!

) to the field (see the

legend, and the text for an explanation of the azimuth angle # definition). The curves are grouped and labelled by their polar field

strengths B p = 0.1, 1, 10, 100 , which encompass much of the range of interest for both magnetars and highly-magnetized pulsars. The

escape energies for each process are monotonically decreasing functions of B p for the range of parameters shown. The " e = 0
!

curves

have slopes of -6/5 (splitting) and -1 (pair creation) at small " E , as identified by Harding, Baring & Gonthier (1997), and diverge near

" E = 0 , where the field line radius of curvature becomes infinite. The dotted black lines are the analytic approximations in Eq. (???)

for photon splitting and Eq. (???) for pair creation.
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Figure 5. Photon splitting escape energies for the mode #!$$ (curves) and also averaged over polarization modes (triangles), for

emission initially parallel to the local magnetic field line ( ! E = 0 ), a meridional specialization. The left and right panels are for

surface polar fields B p = 10 and B p = 100 , respectively. The abscissa is the emission colatitude " E , spanning outward propagation

cases to the left of the equatorial marker line to inward propagation to the right of this vertical dashed line. Four of the #!$$
curves are for magnetospheric emission at points along dipolar magnetic field loops, labelled by r max = 2, 5, 10, 20 , the maximum

loop altitude in units of RNS . In contrast, the dark blue curves for both panels are not for loop emission, but are surface emission

cases that are displayed in the left hand panel of Fig. 4. All curves include dotted portions in the inward trajectory hemisphere that

demarcate cases where photons would impact the stellar surface if not attenuated beforehand; these are generally near " E & 180
!

for

magnetospheric loop examples (see text). In addition, escape energies for polarization-averaged opacities are exhibited as triangles for

the surface emission and r max = 10 cases only. At the lower right of each panel are marker energies (purple dashed lines) signifying the

approximate maximum energy observed in several magnetars with polar fields somewhat close to the illustrated values, SGR J1550-5408

(bursts, [b]), AXPs 4U 0142+61 and 1RXS 1708-40 (persistent emission, [p]), and SGR 1900+14 (giant flare, [gf]); see text for details.

c' 2018 RAS, MNRAS 000, 1–??

Hu & Baring, in 
prep

See Kun Hu’s 
poster

PHOTON-SPLITTING CASCADES 247

not yet been included in polar cap model calculations. The
rate of photon splitting increases rapidly with increasing
! eld strength so that it may even be the domi-(Adler 1971),
nant attenuation process in the highest! eld pulsars. There
are several potentially important consequences of photon
splitting for c-ray pulsar models. Since photon splitting has
no threshold, it can attenuate photons below the threshold
for pair production, e\ 2/sin and can thus produceh

kB
,

cuto s in the spectrum at lower energies. Here is theh
kBangle between the photon momentum and the magnetic

! eld vectors, ande is (hereafter) expressed in units ofm
e
c2.

When the splitting rate becomes large enough, splitting can
take place during a photonìs propagation through the
neutron star magnetospherebefore the pair production
threshold is crossed (i.e., before an angleD 2/eto the ! eld is
achieved). Consequently, the production of secondary elec-
trons and positrons in pair cascades will be suppressed.
Instead of pair cascades, one could havesplitting cascades,
where the high-energy photons split repeatedly until they
escape the magnetosphere. The potential importance of
photon splitting in neutron star applications was suggested
by et al. andAdler (1971), Mitrofanov (1986), Baring (1988).
Its attenuation and reprocessing properties have been
explored in the contexts of annihilation line suppression in
c-ray pulsars and spectral formation ofc-ray(Baring 1993),
bursts from neutron stars Photon-splitting(Baring 1991).
cascades have also been investigated in models of softc-ray
repeaters, where they will soften the photon spectrum very
efficiently with no production of pairs (Baring 1995; Baring
& Harding & Baring et al.1995a; Harding 1997; Chang
1997a).

In this paper we examine the importance of photon split-
ting in c-ray pulsar polar cap models (it presumably will not
operate in the low ! elds of outer gap models). Following a
brief discussion of the physics of photon splitting in we¡ 2,
present calculations of the splitting attenuation lengths and
escape energies in the dipole magnetic! eld of a neutron
star. A preliminary study Baring, & Gonthier(Harding,

has shown that splitting will be the primary mode of1997)
attenuation of c-rays emitted parallel to a magnetic! eld

G. We then present, in photon-B Z 0.3B
cr

\ 1.3] 1013 ¡ 3,
splitting cascade models for two cases: (1) when only one
mode of splitting (o ] pp) allowed by the kinematic selec-
tion rules operates, suppressing(Adler 1971; Shabad 1975)
splitting of photons of parallel polarization (so that they can
only pair produce), but still permitting photons of perpen-
dicular polarization to either split once or produce pairs,
and (2) when the three splitting modes allowed by CP
(charge-parity) invariance operate, producing mode switch-
ing and a predominantly photon-splitting cascade. In¡ 4,
model cascade spectra are compared to the observed spec-
trum of PSR 1509[ 58 to determine the range of magnetic
colatitude emission points (if any) that can produce a spec-
tral cuto  consistent with the data. These spectra have
cuto  energies that are decreasing functions of the magnetic
colatitude. It is found that a reasonably broad range of
polar cap sizes will accommodate the data and that strong
polarization signatures appear in the spectra due to the
action of photon splitting.

2. PHOTON SPLITTING AND PAIR CREATION
ATTENUATION

The basic features of magnetic photon splittingc] cc
and the more familiar process of single-photon pair creation

c] è e~ are outlined in the next two subsections before
investigating their role as photon attenuation mechanisms
in pulsar magnetospheres. Note that throughout this paper,
energies will be rendered dimensionless, for simplicity, using
the scaling factor Magnetic! elds will also often bem

e
c2.

scaled by the critical! eld this quantity will be denotedB
cr

;
by a prime:B@\ B/B

cr
.

2.1. Photon-Splitting Rates
The splitting of photons in two in the presence of a strong

magnetic! eld is an exotic and comparatively recent predic-
tion of quantum electrodynamics (QED), with the ! rst
correct calculations of the reaction rate being performed in
the early 1970s & Bialynicki-Birula(Bialynicka-Birula

et al. Its relative obscurity to1970; Adler 1970; Adler 1971).
date (compared, e.g., with magnetic pair creation) in the
astrophysical community stems partly from the mathemati-
cal complexity inherent in the computation of the rate.
Splitting is a third-order QED process with a triangular
Feynman diagram. Hence, though splitting is kinematically
possible, whenB \ 0 it is forbidden by a charge conjuga-
tion symmetry of QED known as Furryìs theorem (e.g., see

& Rohrlich which states that ring diagramsJauch 1980),
that have an odd number of vertices with only external
photon lines generate interaction matrix elements that are
identically zero. This symmetry is broken by the presence of
an external ! eld. The splitting of photons is therefore a
purely quantum e ect and has appreciable reaction rates
only when the magnetic! eld is at least a signi! cant fraction
of the quantum critical ! eld B

cr
\ m

e
2c3/(e+)\ 4.413

] 1013G. Splitting into more than two photons is prohibi-
ted in the limit of zero dispersion because of the lack of
available quantum phase space (Minguzzi 1961).

The reaction rate for splitting is immensely complicated
by dispersive e ects (e.g., Adler 1971; Stoneham 1979)
caused by the deviation of the refractive index from unity in
the strong ! eld. Consequently, manageable expressions for
the rate of splitting are only possible in the limit of zero
dispersion and are still then complicated triple integrations
(see and also Milìshtein, & Shaisulta-Stoneham 1979, Baier,
nov for electric ! eld splitting) due to the presence of1986
magnetic electron propagators in the matrix element.
Hence, simple expressions for the rate of splitting of a
photon of energy u in a ! eld B were ! rst obtained by

& Bialynicki-Birula et al.Bialynicka-Birula (1970), Adler
and in the low-energy, nondispersive(1970), Adler (1971)

limit : The total rate in this limit, averaged overu B/B
cr

[ 1.
photon polarizations & Ritus is express-(Papanyan 1972),
ible in terms of an attenuation coefficient

T
sp

(u )B
a3

10n2
1
é
A19

315
B2

B@6C(B@)u 5 sin6 h
kB

, (1)

wherea\ e2/+cB 1/137 is the! ne-structure constant,é \
is the Compton wavelength of the electron, and+/(m

e
c) h

kBis the angle between the photon momentum and the mag-
netic ! eld vectors. HereC(B@) is a strong-! eld modi! cation
factor (derivable, e.g., from eq. [41] of seeStoneham 1979:

below) that approximates unity when andeq. [5] B > B
crscales asB~6 for B ? B

cr
.

The corresponding di erential spectral rate for the split-
ting of photons of energyu (with u > 1) into photons of
energiesu@and u [ u@is

3rd order
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Altitude Convolutions — Pulse Profiles
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Wadiasingh et al. (in prep)
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Credit:  
George Younes

What will AMEGO find? 
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AMEGO

Probably at least 6 magnetars will be detected. 

Key science: The hard PL cutoff and phase-resolved 
spectropolarimetry (full Stokes in spin phase bins and in energy bins,  
a 6-dimensional dataset) will be critical to constraining model 
parameters



What will AMEGO find? 

Kinematic-like QED photon splitting-like

AMEGO spectropolarimetry can uncover QED magnetic photon splitting

Magnetars access a regime of QED beyond any terrestrial experiments
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Some Open Questions
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■ Where does the phase-resolved spectrum of magnetars cut-off and how does 
it constrain the altitude of emission? What is the influence of photon splitting 
and magnetic pair production on the spectrum and polarization? 

■ Does photon splitting actually occur, in accordance with QED? 

■ What is the α, ζ of magnetars? As a population, does α show any trends with 
age? 

■ What is the magnetic field topology? Is it significantly nondipolar? How so? 
(can be assessed somewhat from pulsations — asymmetry and energy 
dependence) 

■ How are particles accelerated and how does it couple to the field topology? 
What is the spectrum of particle energies? What are the activated zones as a 
function of magnetic colatitude and azimuth? Are the particles in self-organized 
criticality (Beloborodov 2013a,b)? Is there a dead zone at low altitudes? 

■ How does field topology change with outbursts and during outburst evolution?  

■ What parameters distinguish transient magnetars and high-B pulsars from 
persistent magnetars?
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