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Fig. 3. Fluxes (20−70 keV) and photon indices for the half-year time
sets specified in Table 1 and one shorter observation (see Sect. 3.1.1).
Indicated as horizontal dotted lines are the time-averaged values with
their 1σ errors (grey bands). Glitches and candidate glitches (Israel et al.
2007; Dib et al. 2008) are indicated as vertical black and grey lines,
respectively.

Unfortunately, it turned out that 1RXS J1708-40 is not bright
enough above ∼100 keV to be detected with INTEGRAL-SPI,
even for this long exposure. In Fig. 4 three 2σ upper limits de-
rived from SPI spatial analysis are added. These limits are all
above the extrapolation of the power-law fit to the ISGRI flux
values, contrary to the case of 4U 0142+61, for which SPI up-
per limits provided evidence for the presence of a spectral break
(den Hartog et al. 2008).

Following den Hartog et al. (2008) we have fitted all
INTEGRAL and COMPTEL spectral information (including
limits) with a logparabolic function;

F = F0 ×
(

E
E0

)−α−β·ln
(

E
E0

)

(4)

where E0 (in units keV) is the pivot energy to minimize
correlations between the parameters and F0 is the flux (in
units ph cm−2 s−1keV−1) at E0. This function is a power-law if
the curvature parameter β is equal to zero. Assuming this spec-
tral shape we get an acceptable broad-band (20 keV−30 MeV) fit
with best-fit parameters α = 1.637±0.049, β = 0.261±0.035 and
F0 = (1.68±0.08)×10−6 ph cm−2 s−1keV−1 at E0 = 143.276 keV.
The peak energy Epeak is 287+75

−45 keV. This value lies remarkably
close to the peak energy found for 4U 0142+61 (i.e. 279+65

−41 keV;
den Hartog et al. 2008). In Fig. 4 both the power-law and the
logparabolic fit are drawn.

3.1.3. XMM-Newton total spectrum

For energies below 12 keV we extracted the absorbed total
(pulsed + DC) spectrum using XMM-NewtonEPIC-PN data (see
Sect. 2.3). In order to obtain an estimate for the Galactic absorp-
tion column (NH) we fitted the spectrum globally with a canon-
ical logparabolic function, including fixed INTEGRAL param-
eters for the hard X-ray contribution above ∼8 keV. We de-
rive an NH of (1.47 ± 0.02) × 1022 cm−2, which can be com-
pared with the value (1.36 ± 0.03) × 1022 cm−2 obtained by

Fig. 4. High-energy spectra of 1RXS J1708-40. In this figure the follow-
ing is plotted: the unabsorbed total spectra of XMM-Newton (<12 keV)
and INTEGRAL (with triangle markers) in black, also in black three
COMPTEL upper limits (Kuiper et al. 2006), three INTEGRAL-SPI
upper limits in grey (with triangle markers); also in grey a power-law
fit to the INTEGRAL-IBIS spectrum, in blue a logparabolic fit to the
INTEGRAL-IBIS, SPI and COMPTEL data, total pulsed spectra of
XMM-Newton in black, RXTE-PCA and HEXTE are shown in blue and
aqua, and the total pulsed spectrum of INTEGRAL-ISGRI in red (with
triangle markers).

Rea et al. (2005) fitting the same XMM-Newton data with
an absorbed black-body plus a power-law model. Durant &
van Kerkwijk (2006b) used a model-independent approach
analysing X-ray grating spectra taken with the Reflection
Grating Spectrometer (den Herder et al. 2001) onboard
XMM-Newton. Their value for NH of (1.40 ± 0.4) × 1022 cm−2

is consistent with both estimates. We adopted NH = 1.47 ×
1022 cm−2 in this work for the XMM-Newton and RXTE anal-
yses. The total unabsorbed spectrum is shown in Fig. 4. The
2−10 keV unabsorbed flux is (3.398±0.012)×10−11 erg cm−2 s−1.
The error is statistical only. The 2−10 keV unabsorbed fluxes for
NH = 1.40×1022 and 1.36×1022 cm−2 are (3.361±0.009)×10−11

and (3.339±0.013)×10−11 erg cm−2 s−1, respectively. These val-
ues are within 2% of our value.

3.2. Pulse profiles

3.2.1. INTEGRAL and XMM-Newton pulse profiles

Kuiper et al. (2006) showed for the first time pulsed hard X-ray
emission (>10 keV) from 1RXS J1708-40 using data from
RXTE-PCA, RXTE-HEXTE and INTEGRAL-ISGRI. For the
INTEGRAL pulse profiles ∼1.4 Ms on-source exposure was
used, resulting in a 5.9σ detection for energies 20−300 keV. In
this work, we present INTEGRAL pulse profiles using ∼5.2 Ms
on-source exposure. The result is a very much improved pulse
profile with a 12.3σ detection significance (Z2

3 test; Buccheri
et al. 1983) for energies 20−270 keV (Fig. 5). The profile shows
a single pulse which peaks around phase 0.8 with a steep trailing
wing dropping off to the DC level at phase ∼1.05 (0.05). On the
leading wing there appears to be a weak pulse or shoulder.

Presented in Fig. 6E–H are four exponentially-binned differ-
ential INTEGRAL pulse profiles. The profiles have significances
of 6.3σ, 6.8σ, 6.2σ and 3.5σ, respectively, using a Z2

2 test. All
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Fig. 3. Unabsorbed total spectra of 4U 0142+61 as measured with dif-
ferent instruments; XMM-Newton (Obs B; 0.55–11.5 keV) in black;
INTEGRAL-ISGRI (Revs. 142–468; 20–300 keV) in black with open
square symbols; INTEGRAL SPI (20–1000 keV) in red; and CGRO
COMPTEL (0.75–30 MeV) limits in black. Shown are also the best
single power-law model fit for the ISGRI data-points (in grey) and the
‘three logparabola’ fit for the whole band (in blue). See Sect. 3.1 for
details.

ph cm−2 s−1 keV−1) at E0. Note that this function is a simple
power law if the curvature parameter β is equal to zero.

The fit of the SPI spectrum improves with ∆χ21 = 15.77,
which corresponds to a ∼ 4σ improvement for one additional
fit parameter.

To exploit all available spectral information we fitted the
ISGRI and SPI spectra simultaneously. Starting from a single
power-law model we obtained a fit with a χ2r = 1.58 for 27 dof
(χ2 = 42.8) which can be improved significantly. The model
described by this power-law is too high in the energy range
with the SPI upper limits i.e. above 220 keV. Using again a log-
parabolic function an optimum fit with a χ2 of 20.1 is achieved.
A ∆χ21 of 22.7 for one additional parameter translates in a 4.8σ
fit improvement. This is the first clear detection of the spectral
break in the total spectrum of 4U 0142+61 above 20 keV using
contemporaneous high-energy data. The best fit parameters are
α = 1.26 ± 0.09, β = 0.41 ± 0.09 and F0 = (5.1 ± 0.3) × 10−6
ph cm−2 s−1 keV−1 at E0 = 91.527 keV. The peak energy (for
a νFν representation, eq. to E2F) corresponding to these pa-
rameters is Epeak = 228+106−53 keV, while the 20–150 keV flux
amounts: (8.97 ± 0.86) × 10−11 erg cm−2 s−1 (fitting three free
parameters).

Including the non-contemporaneous COMPTEL (0.75–30
MeV) flux measurements (upper limits in Fig. 3) in a similar fit
yielded best fit parameters with somewhat smaller uncertain-
ties. We found as best fit parameters: α = 1.484 ± 0.057, β =
0.351± 0.044 and F0 = (3.01± 0.16)× 10−6 ph cm−2 s−1 keV−1
at E0 = 133.718 keV. The peak energy (E2F) corresponding
to these parameters is Epeak = 279+65−41 keV. We note that this
result is based on an assumed “logparabolic” spectral shape.

We adopted this spectral form in order to comply with the SPI
and COMPTEL limits. However, we do not claim that we have
measured the spectral shape above ∼200 keV in detail. In par-
ticular, the extension of the spectrum towards MeV energies
is uncertain. Significant measurements in the energy range be-
tween 200 keV and 1MeV are required to unravel the true spec-
tral shape in the vicinity of the break energy.

3.1.3. INTEGRAL post-burst spectra

Of the five AXPs for which bursts have been detected,
4U 0142+61 is so far the only one for which a hard X-ray
spectrum above∼10 keV has been observed. After two remark-
ably different bursting events detected with RXTE-PCA we re-
quested two INTEGRAL ToO observations in order to study
possible correlations between the soft- and hard X-ray emis-
sion. For both occasions ∼200 ks ToO time was granted. The
source was observed in Revs. 454 and 528 (see Table 1).

We have detected 4U 0142+61 with detection significances
in the 20-150 keV energy band of 5.4σ and 5.9σ for Rev-454
and Rev-528, respectively. Both spectra have been fitted with
a power-law model which described the spectra well. The fit
parameters for the first ToO are Γ = 1.06 ± 0.30 and F20−150 =
(7.8 ± 1.4) × 10−11 erg cm−2 s−1and for the 2nd ToO the fit pa-
rameters are Γ = 0.88 ± 0.34 and F20−150 = (9.3 ± 1.8) × 10−11
erg cm−2 s−1. The values are fully consistent with those for the
time-averaged spectrum2 (see also Table 4).

Gonzalez et al. (2008) reported a flux increase of (15±3)%
in the 2–10 keV band observed with XMM-Newton coinciding
with the burst activity in 2006–2007. It should be noted, how-
ever, that in order to measure with INTEGRAL a significant
(>3σ) change in the hard X-ray spectrum within a 200 ks ob-
servation, the flux level should have changed by at least ∼60%.
Correlated changes in the hard and soft X-ray fluxes of the scale
reported by Gonzalez et al. (2008) could therefore not be mea-
sured.

3.1.4. XMM-Newton EPIC-PN total emission spectra

We derived the XMM-Newton EPIC-PN total (= pulsed plus
DC) spectra as described in Sect. 2.3 (see e.g. Fig 3 for an ex-
ample). We first investigated the absorption column (NH) using
the XMM observations with the best statistics (B and C) and
concentrated ourselves on energies below ∼5 keV i.e. the soft
part of the X-ray spectrum.

We used logparabolic functions in order for the spectra
to bend downwards to the optical regime, as required by the
broad-band spectrum (see e.g. the spectrum from the first
broad-band campaign by den Hartog et al. 2007). If a tradi-
tional model, a combination of a black body and a power law,
was chosen, the soft power-law component would keep in-
creasing towards lower energies, which can only be compen-
sated by increasing the absorption column. The latter would be

2 Note that the 1st ToO is included in the time-averaged total spec-
trum, but we have tested the ToO with the time-averaged total spec-
trum of the first four data sets from which it was not statistically dif-
ferent.
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with different recovery behavior (Kaspi et al. 2000; Kaspi &
Gavriil 2003; Dall’Osso 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 profile 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 significant 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 0.5–10 keV X-ray flux and
photon spectral index appear to be time variable in a correlated
way, with maximal fluxes and hardest spectra near the two glitch
epochs (Rea et al. 2005).

At optical/IR wavelengths two potential counterparts were
identified within theChandra 0B7 HRC-I (High-Resolution Cam-
era) error circle (see, e.g., Israel et al. 2003; Safi-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 0.5–10 keV X-ray spectra, the
INTEGRAL detection 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 (profiles,
spectra) using RXTE PCA/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 Profiles

Applying the timing analysis procedures outlined in x 3.1 to
the full set of RXTE observations of 1RXS J1708!4009 listed in
Table1 resulted in a compilation of high-statistics time-averaged
PCA/HEXTEpulse profiles for energies between"2 and220 keV
(see Fig. 1). The ephemerides used in the folding/correlation pro-
cess (see x 3.1) are given in Kaspi et al. (2000), Gavriil & Kaspi
(2002), andKaspi&Gavriil (2003). For the first time pulsed emis-
sion is detected above"10 keV: the nonuniformity significance of
the 16.1–32.0 keV PCA pulse phase distribution (see Fig. 1d ) is
14.2 " applying a Z 2

2 -test, and the HEXTE 35.2–222.9 keV pro-
file (see Fig. 1f ) deviates from uniformity at a 5.2 " level. Above
35.2 keV the significances in the HEXTE 35.2–64.1 and 74.3–
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 profiles in terms of a finite number of
harmonics (see eq. [1]) provides a means to visualize a change
in morphology with energy. The power (a2k þ b2

k ; see eq. [1]),
derived from the time-averaged PCA pulse profiles of 1RXS
J1708!4009, in the first 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 define a phase angle !k

# ¼ arctan (ak /bk)
for each harmonic k. The energy dependence of ! k

# for the first
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 profile is changing drastically between 2 and 10 keV.
For energies above "15 keV the phase angles for the three

Fig. 1.—RXTE PCA/HEXTE pulse profiles of 1RXS J1708!4009 for en-
ergies in the range 1.8–222.9 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.—Phase angles as a function of energy for the first three harmonics used
in the truncated Fourier series fit (see eq. [1]) of the RXTE PCA pulse profiles 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 & Thompson 2007; Nobili, Turolla & Zane, 
2008; 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).   

■ 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. 

■ We are the first to use full QED cross sections for the hard component 
modeling, important for B fields attained in magnetars

�4QED treatment necessary when ~!B ⇠ mec
2
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High B Resonant Compton Cooling

■ Baring, Wadiasingh & Gonthier (2011) computed resonant Compton cooling rates 
for hemispherical soft photons in magnetospheric geometry as shown on left.  

■ Resonant cooling is strong for all Lorentz factors γ above the kinematic threshold for 
its accessibility; magnetic field dependence as a function of B is displayed at the right.



�6

The Astrophysical Journal, 733:61 (29pp), 2011 May 20 Baring, Wadiasingh, & Gonthier

Figure 6. Resonant Compton cooling lengths for B = 10 corresponding to the
cooling lengths in the left panel of Figure 4, for different X-ray soft photon
temperatures, as marked. The outgoing electrons are scattered just above the
polar cap (Θcol = 0◦), and at the stellar surface (r = RNS), so that the X-rays
are defined by a hemispherical angular distribution. Only ST calculations are
exhibited, with JL evaluations virtually coinciding with these curves because
B ≫ 1. The diagonal, dashed line represents the curvature radiation cooling
length near the surface, according to Equation (56). When T > 105.5 K, cooling
arises on scales shorter than RNS for a range of e− Lorentz factors.
(A color version of this figure is available in the online journal.)

this ultraquantum regime. Then λc ∼2λ–B/(αfΘ3) for B ≫ 1 at
the magnetic pole on the stellar surface. Observe that the shapes
of the cooling length curves are qualitatively similar to those
computed in Daugherty & Harding (1989) and Sturner (1995),
who both employed the magnetic Thomson cross section rather
than the full magnetic QED forms that are the focus here.

It is natural to compare these results with the key length
scale in polar cap models of gamma-ray pulsars. In these
energetic neutron stars, the principal mechanism for primary
photon production is curvature emission in the presumed dipolar
field morphology. The cooling rate γ̇CR for classical curvature
radiation in pulsar models (e.g., Ruderman & Sutherland 1975;
Daugherty & Harding 1982) can be employed to express the
curvature emission cooling length λCR:

γ̇CR = −2
3

r0c

ρ2
c

γ 4
e ⇒ λCR = γec

|γ̇CR| = 3
2γ 3

e

ρ2
c

r0
. (56)

Here, r0 = αfλ– = e2/(mec
3) is the classical electron radius.

Also, ρc is the local radius of field curvature, which generally
scales as the altitude r in a pulsar magnetosphere, except
above the pole, where it scales as r1/2. In general, ρc >
r , and the curvature radius decreases with colatitude. As a
representative case, the curvature cooling length λCR obtained
from Equation (56) for the (optimal) near-surface interaction
case ρc/RNS = 3 is depicted in the right panel of Figure 6
as the steep, dashed red line. Clearly, if γe ! 105.5, resonant
Compton cooling is much more efficient than that due to
curvature emission when T " 105.5 K. The origin for this is
obviously that the scattering process masquerades in some sense
as stimulated cyclotron/synchrotron emission at the resonance,
and so its efficiency far exceeds that for curvature radiation.

A different assessment of the efficiency of resonant Compton
cooling is defined by the conditions under which it quenches
electron acceleration in the magnetosphere. The rate of electro-

static acceleration in the magnetospheres of either gamma-ray
pulsars or magnetars is largely an unknown commodity. The
simplest assumption is that the parallel electric field E∥ invoked
in an electrostatic gap due to departures from Goldreich–Julian
(Goldreich & Julian 1969) current flow (e.g., Shibata 1995;
Takata et al. 2006) is a sizable fraction of the co-rotation
v× B electric field, which scales as ∼rΩB/c. Such is approxi-
mately the case in twisted magnetosphere models for magnetar
energization/dissipation (e.g., see Thompson & Beloborodov
2005; Zane et al. 2011). Defining an acceleration efficiency
parameter η via E∥ = 2πRNSηB/(Pc), the electrostatic accel-
eration rate γ̇acc and length scale λacc can quickly be written
down

γ̇acc = 2πηRNS B
Pλ– ⇒ λacc = γec

|γ̇acc| = γe

2πB
λ– Pc
ηRNS

,

(57)
where the magnetic field B in this equation is expressed
in units of Bcr. Evaluation of this for conditions typical of
magnetars yields acceleration length scales of the order of
λacc ∼ 10−2–100 cm when γe ∼ 104; these short scales
are consequences of the extremely high E∥ assigned by a
Goldreich–Julian construct near the surface of a magnetar. Such
values are clearly inferior to the cooling lengths by at least three
to four orders of magnitude; a similar situation arises for nor-
mal pulsars—see Figure 3 of Harding & Muslimov (1998). Ac-
cordingly, for resonant Compton to affect a radiation-reaction-
limited acceleration (RRLA) in a magnetar, the accelerating
fields must be weak enough to set η ! 10−4. Then, the maxi-
mum Lorentz factor is controlled by the onset of resonant inter-
actions and is proximate to the minima exhibited in Figure 6 near
γe ∼B/Θ. RRLA is commonly invoked in models of young-
and middle-aged gamma-ray pulsars using curvature emission
at fairly high altitudes where the magnetic field is much weaker
and λCR is much longer than illustrated in the figure. In such cir-
cumstances, higher values of η can be tolerated and the equality
λacc = λCR is realized for γe ∼106–107. Then, cooling due to
resonant Thomson scattering can intervene to temporarily slow,
but not halt, the acceleration (e.g., Daugherty & Harding 1996;
Harding & Muslimov 1998). Returning to magnetars, if η ex-
ceeds around 10−4, then the accelerating electric fields must be
quenched by some process other than resonant Compton cool-
ing. Screening of the fields by magnetic pair creation γ → e± is
an obvious candidate, given its invocation in models of conven-
tional pulsars. If the electrons can acquire modest pitch angles
or populate sufficiently high Landau levels in the strong mag-
netic field, then RRLA spawned by cyclo-synchrotron radiation
is also a possibility.

4.3. Mean Energy Losses for Electrons

The cooling rates computed so far are immediately useful for
kinetic equation analyses where the cooling is continuous, i.e.,
changes in the electron energy incurred by resonant Compton in-
teractions are small or infinitesimal: this is the Thomson scatter-
ing regime. In Compton cooling problems where Klein–Nishina
domains are sampled and electron recoil is significant, kinetic
equation formulations of the evolution of the electron distri-
bution function require a more complicated treatment involv-
ing collisions integrals (e.g., see Blumenthal & Gould 1970),
whose differences do not collapse to Fokker–Planck type dif-
ferential constructs where γ̇e explicitly appears. Therefore, it is
instructive to assess when the resonant Compton process is in
quasi-Thomson regimes, or when electron recoil is substantial.
Intuitively, Klein–Nishina cases are expected to correspond to

15
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Figure 1. Photon momenta and the kinematic geometry for boosts between the observer’s or laboratory frame of the pulsar and the electron rest frame, in which the
scattering cross section is most simply expressed. The boost is along the local magnetic field vector since the electrons occupy the lowest Landau level. The label
σ = i, f represents either the initial (i, incoming) or final (f, scattered) photon. The kinematic relationships between photon energies and angles in the two frames of
reference are expressed in Equation (2).

electrons will be assumed to be monoenergetic, with Lorentz
factor γe and number density n e, i.e., their distribution function
is neδ(γ − γe). To simplify the formalism for the cooling
rates, monoenergetic, incident photons of dimensionless energy
εγ = εs will first be assumed, with the implicit understanding
that εs ∼ 3kT /mec

2 forges the connection with surface X-
ray temperatures. Clearly values of εs ∼ 3 × 10−4–3 × 10−3

are commensurate with thermal photon temperatures kT ∼
0.1–0.3 keV observed in or inferred for middle-aged pulsars (see
Becker & Trümper 1997 for a comprehensive exposition on X-
ray pulsar emission) and also radio-quiet, long-period-isolated
neutron stars (e.g., Haberl 2007), and hotter surface environs
(kT ∼ 0.5–1 keV) in the more highly magnetized AXPs (see
Perna et al. 2001). Subsequently, the soft photon energies εs will
be distributed via a Planck spectrum. This more precise approach
provides more than just a smearing out of sharp cooling function
features exhibited in the various figures below that pertain to
monoenergetic soft photons; it provides an extension of the
kinematically accessible phase space for resonant interactions.
It will become clear that this extension is a profound inclusion,
defining the character of the cooling rates at high Lorentz
factors.

The possibility of soft photon anisotropy will be retained in
the formalism. This is appropriate for moderate and high altitude
locales for scattering interactions, where remoteness from points
of origin on the stellar surface incurs stronger anisotropies in
the target X-ray population. Accordingly, in the analysis in
Sections 3 and 4.1, the soft photon number density distribution
will take the form

nγ (εi , µi) = ns
f (µi)

µ+ − µ−
δ(εi − εs)

for
∫ µ+

µ−

f (µ) dµ
µ+ − µ−

= 1 (5)

prescribing the normalization of the angular portion, which
is separable from the energy dependence. Observe that the
azimuthal dependence is integrated over in forming f (µi), a step
that can be taken from the outset since the Compton differential
cross section does not depend on such azimuthal angles; this
is true regardless of the interaction locality. Details of how
azimuthal dependence is subsumed in f (µi) are expounded
in Section 5, forging a direct connection to the magnetospheric
interaction geometry that is encapsulated in Equation (71). To
simplify earlier parts of our analysis, we will first assume photon
isotropy within a cone (or hemisphere), which amounts to setting

f (µi) → 1, i.e., a uniform distribution of angle cosines µi in
some range µ− ! µi ! µ+. This is often broad enough to
encompass the resonance, i.e., the value µi = [B/(γeεs)−1]/βe,
but not always so, as will become evident in due course. In
Sections 4.2, 4.3, and 5 an alternative normalization protocol
will be adopted, being germane to thermal soft X-ray photon
anisotropies at and above the surface.

The formulation for upscattering spectra appropriate to the
resonant Compton problem was presented in Baring & Hard-
ing (2007). This made use of generic Compton upscattering
formalism presented in Equations (A7)–(A9) of Ho & Epstein
(1989) that is applicable to both Thomson and Klein–Nishina
regimes, and moreover is readily adaptable to incorporate mag-
netic kinematics and the QED cross section for fully relativistic
cases of magnetic Compton scattering. The spectrum of photon
production dnγ /(dt dεf dµf ), differential in the photon’s post-
scattering laboratory frame quantities εf and µf = cos Θf , can
be written as

dnγ

dt dεf
= nens c

µ+ − µ−

×
∫ µu

µl

dµf

∫ µ+

µ−

dµi f (µi) δ[ωf − ω′(ωi , θf )]

× 1 + βeµi

γe(1 + βeµf )
dσ

d(cos θf ) . (6)

Observe that in deriving this, the angle convention speci-
fied in Equation (1) requires the substitution βe → −βe in
Equations (A7)–(A9) of Ho & Epstein (1989). Here, the nota-
tion µi = cos Θi and µf = cos Θf is used for compactness. In
Equation (6), the factor c(1 + βeµi) expresses the relative ve-
locity in photon–electron collisions, remembering that µi = 1
represents head-on impacts. Also, the γe(1 + βeµf ) factor in the
denominator arises because of the Lorentz transformation of the
differential cross section between the ERF and the OF. The rate
can then be routinely weighted by the factor −(εf − εi)/ne ≈
−εf /ne when γe ≫ 1, and integrated over all produced energies
εf , to generate the required electron cooling rate:

γ̇e = − ns c
µ+ − µ−

×
∫

εf dεf

∫ µu

µl

dµf

∫ µ+

µ−

dµi f (µi) δ[ωf − ω′(ωi , θf )]

× 1 + βeµi

γe(1 + βeµf )
dσ

d(cos θf ) . (7)

4

B=1  ⟹   B = 4.41 x 1013  G

Gonthier et al. 2000

kT ~ 0.5 keV

correspond to very low energies, 21 keV, that would be
swamped by the surface and atmospheric emission signals (see,
e.g., Figure 10 below). The orthographic projections in
Figure 3 also clearly exhibit dark shadow regions where the
line of sight to an observer is occulted by the star. For some
observer viewing perspectives, the emission regions shadowed
can have a profound impact on the spectra observed since
emission is strongly sensitive to the final scattering angle. For
the dipole field morphology employed here for flat spacetime,
the boundaries of these zones can be computed using simple
geometric considerations.

To complement this three-dimensional illustration of the
resonant energy fe geometry, an alternative representation of
such information can be provided by projecting the spherical
surface onto the 2D polar angle/azimuth plane. This is done
using

*
J f– coordinates in Figure 4, again with the electrons

flowing outward from the upper hemisphere; bi-directional
flows, for example, of pairs accelerated in an electric field, will
generate different resonant interaction phase space plots. The
case exhibited therein is for somewhat different values of the
parameters, namely, B 100p = and 10e

2g = , and for a higher-
altitude surface, r 4max = . These choices lower the value of

f
maxe in Equation (33) by a factor of just over 10 relative to
those in Figure 3. Also, the 16 panels progress through a denser
sequence of viewing angles than in Figure 3. These span
perspectives over the pole, where the hardest resonant emission
comes from equatorial field lines and the system is azimuthally

symmetric (yielding unpulsed emission), to instantaneous lines
of sight in the magnetic equator where no low-altitude field-line
tangents point to the observer, so that then all resonant
emission is softer than around 1MeV. As with the orthographic
projections, displaying this 2D angular phase space clearly
illustrates that hard emission above 1MeV in resonant
Compton upscattering is confined to only a small solid angle
in the magnetosphere, the hallmark of strong Doppler boosting.
It is anticipated that, due to the field-line curvature, such
emission will likely be attenuated by magnetic pair creation or
photon splitting, a prospect addressed in the Discussion section
but not detailed numerically in this paper. Photons directed into
the remaining solid-angle phase space will suffer at most
modest or minimal such attenuation and are of energies
approximately consistent with those of the observed hard X-ray
tails.
To interpret this phase diagram further, since t

*
f = W

constitutes the rotational phase in a spinning magnetar, the time
evolution of the sampling of these resonant energy maps is a
sinusoidal trace for tvq ( ) that is dependent on the inclination
angle a between the magnetic and rotation axes, given specifically
in Equation (40). Since vq is fixed for each panel, this evolution
effectively amounts to a repetitive rastering in a sequence between
a subset of the panels. For most ,a z parameters, vq will not
exceed around 135 n and meridional and anti-meridional config-
urations at select phases will access the blue/green “hot spots.”
Thus, one expects that the maximum energy of resonant emission

Figure 3. 3D orthographic projections (with a linear spatial scale) of resonant interaction points for a toroidal bubble of field loops of extent r 2max = , color-coded for
final scattering energy fe in the OF, plotted here for B 10p = and uncooled 10e

3g = . The six panels are for different viewing angles vq relative to the magnetic dipole
moment unit vector Bm̂ , ranging from 0n to 120n, as labeled. The black curves bound emission that is greater than 160~ keV (green, blue, violet colors), separating
such from softer emission (yellow, orange, red colors), indicating that most of the COMPTEL-violating high-energy emission is confined to small surface locales. The
gray region denotes that of shadowing by the star with respect to the line of sight.
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Polarization-Dependent  
Resonant Compton Spectra

• Meridional field loops, varying γe: emission is harder for higher local B 
fields (Wadiasingh et al. 2018). Guide spectrum: e.g. AXP 4U 0142+61. 

• Perpendicular (X-mode) exceeds parallel (O-mode) polarization at the 
highest energies.

Wadiasingh et al. (2018) Meridional loops only

MeVkeV

for which the alignment is realized, thereby sampling different
values of the local magnetic field. An additional influence is
that different angles im for the incoming soft photons are then
sampled at these emission points. Both these elements also
impact the cases where resonant scatterings are never sampled,
depicted in the left panels of Figures 8 and 9. The variation of
spectra with vq that is highlighted in these two figures informs
the claim in Section 3.2 that phase-resolved observations of
magnetars will exhibit not just flux variations but also hardness
or f

maxe modulations. Such signatures will be realized not only
for magnetars but perhaps also for the tens of rotation-powered
high-field pulsars following magnetar-like outbursts. Note that
for these inner-magnetospheric emission regions the viewing
angle dependence of the fluxes that is illustrated here is
consistent with the broad pulse profiles observed in magnetars.
These figures also clearly confirm that with the modulational
variation of viewing angle, modest Lorentz factors of 301 must
be realized in a (subsequent) self-consistent cooling analysis, so
as to not violate the COMPTEL upper bounds on emission at
any pulse phase.

Another dimension to the results that are illustrated in
Figure 9 is provided by the polarization dependence of the
inverse Compton spectra. For all viewing angles, the resonant
upscattering signal is highly polarized above around 0.03 f

maxe ,
with the result that the ^ mode exceeds the & one. The
polarization degree is only significant at higher energies
because then the scatterings are of large angles in the ERF.
When forward scatterings in the ERF are sampled at lower fe
energies, a quasi-Thomson domain, the polarization drops to
zero. This character is in general concurrence with the previous
uniform field results of Baring & Harding (2007) and can be
inferred primarily from the Biw » contributions of the T^ and
T& factors appearing in Equation (24). Such energy-dependent
polarization signatures that are also sensitive to electron
Lorentz factor, field loop altitude and azimuth afford the
prospect of powerful pulsar geometry diagnostics in the age of
X-ray polarimetry, particularly if phase-resolved measurements

are attainable. Future hard X-ray polarimeters such as
X-Calibur (Guo et al. 2013) and soft gamma-ray Compton
telescopes with polarimetric capability such as e-ASTROGAM
(see De Angelis et al. 2017) and AMEGO7 will therefore be
critical to constraining the rotator geometry, activation locales,
and radiative dissipation physics in magnetars. Determining
phase-resolved polarization degrees and position angles will be
an important inclusion in future resonant upscattering studies of
hard X-ray tail emission. Finally, observe the examples of
spectra computed in the magnetic Thomson approximation (see
the discussion for Figure 6), which are also depicted in the left
panel. These illustrate not only energy nonconservation but
also the overestimates obtained for polarization degrees that are
obtained when using magnetic Thomson cross formalism—this
follows from the somewhat weaker polarization dependence in
full QED magnetic scattering cross sections.
The final dimension of the suite of spectral figures addresses

the variation in altitude for field loops. In Figure 10, spectra are
displayed for an array of meridional field loops with different
rmax values. The illustration is for a viewing angle of 30vq = n
and for two different electron Lorentz factors, 10, 100eg = .
Note that these spectra are now not normalized by the field-line
arc length + , as before, so that the relative contributions of
different rmax values can easily be assessed. The various curves
clearly evince a trend of the upper cusp photon (“cutoff”)
energy declining with increasing rmax, i.e., dropping when the
loop field is lower, on average. This is amply described by
Equation (33), i.e., B B2 1 2f e

maxe g~ +( ), noting that this
cusp energy is generally realized for quasi-equatorial locales
and for quasi-polar viewing perspectives. Accordingly, it is
readily ascertained from Figure 10 that contributions from
resonant Compton upscattering to hard X-ray tail emission
above 10 keV can only come from regions where

r4 15max1 1 for 10eg = (left panel), or r2.5 30max1 1
for 10e

2g = (right panel). At altitudes above these values, the

Figure 9. Spectra IV: meridional field loops at 10e
2g = (left) and 10e

1.5g = (right) as a function of viewing angle, both with r 4max = but differing in local B. Solid
curves represent spectra computed with the full Sokolov & Ternov (ST) cross section in QED, i.e., Equation (25); dashed (̂ mode) and dot-dashed (&mode) curves in
the left panel define spectra determined using the magnetic Thomson cross section instead (see text). The left panel has relatively high local field at the resonant
interaction point, since B 100p = , while the right panel illustrates the same parameters as those in Figure 8 but with 10e

1.5g = . It is apparent that polarization^ (solid
curves) exceeds & (dotted curves) in the 0.05–1 MeV hard X-ray band for most viewing angles where head-on resonant interactions are sampled.

7 Seehttps://asd.gsfc.nasa.gov/amego/index.html.
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Calculations of escape energies, γB → γγ
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Figure 4. The escape energies "esc (i.e. where L ! 1 in Eq. [???]) for photon splitting ?!kk (left panel) and single photon pair

production k! 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 Bp = 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 Bp 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 ?!kk (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 Bp = 10 and Bp = 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 ?!kk
curves are for magnetospheric emission at points along dipolar magnetic field loops, labelled by rmax = 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 rmax = 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.
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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, and e is (hereafter) expressed in units of m
e
c2.

When the splitting rate becomes large enough, splitting can
take place during a photonÏs propagation through the
neutron star magnetosphere before the pair production
threshold is crossed (i.e., before an angle D2/e to 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 have splitting 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 of c-ray(Baring 1993),
bursts from neutron stars Photon-splitting(Baring 1991).
cascades have also been investigated in models of soft c-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 0.3Bcr \ 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 splitting c ] cc
and the more familiar process of single-photon pair creation

c ] e`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 denotedBcr ;by a prime : B@ \ B/Bcr.

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, when B \ 0 it is forbidden by a charge conjuga-
tion symmetry of QED known as FurryÏs 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 Bcr \ m

e
2 c3/(e+) \ 4.413

] 1013 G. 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 MilÏshtein, & 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 overuB/Bcr [ 1.
photon polarizations & Ritus is express-(Papanyan 1972),
ible in terms of an attenuation coefficient

Tsp(u) B a3
10n2

1
È
A 19
315

B2
B@6C(B@)u5 sin6 h

kB
, (1)

where a \ e2/+c B 1/137 is the –ne-structure constant, È \
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. Here C(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 > Bcrscales as B~6 for B ? Bcr.The corresponding di†erential spectral rate for the split-
ting of photons of energy u (with u > 1) into photons of
energies u@ and u [ u@ is

3rd order

•Magnetosphere is opaque to γ 
rays

•Resonant ICS — ⟘ dominates || 
at higher energies

•Magnetic pair creation: only 
above the 2 mec2 threshold — 
rate R|| > R⟘ 

•Photon Splitting: ⟘ → || || is the 
only allowed mode*
*CP symmetry of QED allows: ⟘ → || ||, ⟘ → ⟘ ⟘,  
and || → ⟘ || but kinematic selection rules (Adler 
1971) when vacuum dispersion is small only allow ⟘ 
→ || ||

It is an open question which modes are allowed due 
to the nonlinear/nonperturbative regime of QED at 
high B.
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Model Spectra and polarization
Wadiasingh et al. (in prep)
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Spectro-Polarimetry Diagnostics

• Phase-resolved model RICS spectra of a generic magnetar with arbitrary 
normalization overlaid on phase-averaged data for 4U 0412+61. The inverse 
Compton emission is highly polarized and spin-phase dependent.

Wadiasingh et al.  in prep.



Altitude Convolutions — Pulse Profiles, 50-160 keV
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Wadiasingh et al. (in prep)
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Intensity “Sky maps”  16-50 keV
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AMEGO 

Perp mode splitting

AMEGO can not only discover the spectral cut-off but assess its character 
Below: GPST simulations of model spectra 
See associated Astro2020 White Paper: 1903.05648 

AMEGO spectropolarimetry can uncover QED magnetic photon splitting
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What we can learn with a Compton telescope
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✴ Key: assess the phase-resolved spectrum of magnetars, the 
hard tail cut-off energy, and the shape of the cut-off. 

✴ Key: Using spectropolarimetry, assess how the cut-off regime 
is influenced by photon splitting and magnetic pair production 
⟹ probe unknown regime of QED. 

✴ Assess how the cut-off energy constrains the altitude of 
emission, and evaluate if the spectral shape and polarimetry 
can pinpoint the mechanism. 

✴ Constrain the α, ζ of magnetars. Try to answer if α show any 
trends with age or other parameters. 

✴ Appraise the magnetic field topology. Is it significantly 
nondipolar?  

✴ Probe how are particles accelerated, and assess if it couples to 
the field topology.


