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1. Introduction

Magnetars have fascinated high-energy astrophysicists for four decades, propelled by the first
observation of a giant flare on 5th March 1979 from the soft gamma repeater SGR 0525-66 [34].
They are highly-magnetized (B & 1014 Gauss) neutron stars that have historically been divided into
two observational groups: Soft-Gamma Repeaters (SGRs) and Anomalous X-ray Pulsars (AXPs).
Their extreme fields are inferred directly from their timing properties presuming that their rapid
rotational spin down is due to magnetic dipole torques (e.g. see [29]). Such a class of neutron stars
with superstrong fields was postulated as a model for SGRs by [15], and for AXPs by [44]. For re-
views of magnetar science, see [36, 46, 28]. Since their magnetic fields exceed the quantum critical
value of Bcr = m2

ec3/(eh̄) ≈ 4.41× 1013 Gauss (the Schwinger value where the cyclotron energy
h̄(eB/mec) of the electron equals its rest mass energy mec2 ) the treatment of exotic processes
in QED is mandated. This physics regime is not presently accessible by terrestrial experimental
facilities, rendering cosmic magnetars an important testbed for physics theory.

SGRs, over a dozen in number, are transients that exhibit repeated soft gamma-ray bursts
of subsecond duration in the 1038 erg/sec < L < 1042 erg/sec range, though three of them have
exhibited giant super-second flares of energies exceeding 1045 ergs (e.g. see [26] for SGR 1900+14,
and [40] for SGR 1806-20), flares that could possibly be accompanied by gravitational wave signals
detectable by aLIGO. They also exhibit quiescent emission with periods P in the range 2–12 sec.
(e.g. see [29], for SGR 1806-20). The AXPs are a group of around a dozen pulsating, steady,
bright X-ray sources with similar periods. Their quiescent signals are mostly thermal with steep
power-law tails (e.g. [41, 47]), and flat, hard X-ray tails (e.g., [31, 30, 13, 14]) that are the subject
of this paper. AXPs possess persistent luminosities LX ∼ 1035 erg s−1 ; as with the SGRs, these
LX values far exceed their rotational power, so they are possibly fueled by their internal magnetic
energy. Observations of outburst activity in AXP 1E 2259+586 [18], in AXP 1E1841-045 [33], and
in others suggest that anomalous X-ray pulsars are indeed very similar to SGRs. This “unification
paradigm” has garnered widespread support within the magnetar community over the last decade.
The observational status quo of magnetars is summarized in the McGill Magnetar Catalog [39].1

The discovery by INTEGRAL and RXTE of hard, non-thermal pulsed spectral tails in AXPs
[31, 30, 13, 14] added to the magnetar mystique by signalling the existence of a sustained magne-
tospheric component to their radiative resumé. These luminous tails are extremely hard, typically
extending up to 150 - 200 keV, but with a turnover below around 500 keV implied by constraining
pre-2000 COMPTEL upper limits (see Fig. 1). Similar persistent emission tails are seen in SGRs
(e.g. [20] for SGR 1900+14). Fermi-GBM has also observed these tails [8], providing the sensitiv-
ity to better measure the flux above 100 keV (L. Kuiper, private communication). The pulse profile
and spectrum for AXP 1E 1841-045 are exhibited in Fig. 1, with the latter suggesting possible
evidence for a turnover at around 150 keV. It is notable that this tail emission component, now seen
in 9 magnetars, is not detected by the Fermi-LAT [1, 32]. It is this hard X-ray component that is
the subject of an ongoing investigation by our team, some details of which we present here as we
progress along the labyrinthine path for demystifying the magnetospheres of magnetars.

1An on-line version is at http://www.physics.mcgill.ca/˜pulsar/magnetar/main.html; for a compendium of burst ob-
servational papers, see also https://staff.fnwi.uva.nl/a.l.watts/magnetar/mb.html.

1



P
o
S
(
H
E
A
S
A
2
0
1
9
)
0
3
6

The Mysterious Magnetospheres of Magnetars Matthew G. Baring

P.R. den Hartog et al.: Detailed high-energy characteristicsof AXP 1RXS J170849-400910 7

Fig. 4. High-energy spectra of 1RXS J1708-40. In this figure
the following 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 trian-
gle 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).

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)

whereE0 (in units keV) is the pivot energy to minimize cor-
relations between the parameters andF0 is the flux (in units
ph cm−2s−1keV−1) at E0. This function is a power-law if the
curvature parameterβ is equal to zero. Assuming this spectral
shape we get an acceptable broad-band (20 keV – 30 MeV) fit
with best-fit parametersα = 1.637± 0.049, β = 0.261± 0.035
andF0 = (1.68±0.08)×10−6 ph cm−2s−1keV−1 atE0 = 143.276
keV. The peak energyEpeak is 287+75

−45 keV. This value lies re-
markably 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 to-
tal (pulsed+ DC) spectrum using XMM-Newton EPIC-PN
data (see Sect. 2.3). In order to obtain an estimate for the
Galactic absorption column (NH) we fitted the spectrum glob-
ally with a canonical logparabolic function, including fixed
INTEGRAL parameters for the hard X-ray contribution above

Fig. 5. IBIS-ISGRI pulse profile of 1RXS J1708-40 between 20
keV and 270 keV. This profile has a 12.3σ significance using
a Z2

3 test (fit shown as a solid curve). The fitted DC level is
indicated with an horizontal line. The grey lines and the colours
indicate three phase intervals Ph I, II and III (see Table 6). The
colours are consistently used in this paper in figures showing
results of phase-resolved analyses (see Sect. 3.3.2).

∼8 keV. We derive anNH of (1.47 ± 0.02) × 1022 cm−2,
which can be compared with the value (1.36 ± 0.03) × 1022

cm−2 obtained by 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 forNH 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 analyses. The total unabsorbed spectrum is shown in
Fig. 4. The 2–10 keV unabsorbed flux is (3.398±0.012)×10−11

erg cm−2s−1. The error is statistical only. The 2–10 keV unab-
sorbed fluxes forNH = 1.40× 1022 and 1.36× 1022 cm−2 are
(3.361±0.009)×10−11and (3.339±0.013)×10−11erg cm−2s−1,
respectively. These values 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 im-

1RXJS J1708-4009   RXTE

3.1 Timing Analysis

3.1.2 1E 1841-045

Figure 18: Pulse profile of 1E 1841-045 using FERMI GBM data. The detection has a
7.1σ significance, following from a T 2

2 test. The light curve is re-binned to 12 phase bins for
display purposes. The smooth line shows the template profile observed with INTEGRAL
IBIS-ISGRI, 10-Mar-2003 to 30-Sep-2009, at 50-150 keV.

The light curve of 1E 1841-045 as observed by the FERMI GBM, summed over
channels 2-4 (27.0-295.3 keV), is displayed in Fig. 18. By using a T 2

2 test, we
detected pulsed emission with a 7.1σ significance. The light curve observed with
FERMI GBM shows strong resemblance to a light curve observed with INTEGRAL
IBIS-ISGRI, Revs 49-850 (10-Mar-2003 to 30-Sep-2009), at 20-210 keV (unpub-
lished, updated from Kuiper et al. (2004)). The resemblance to this IBIS-ISGRI
template light curve and to the earlier published (Kuiper et al. 2004) light curve in-
dicates that the hard X-ray pulse profile of 1E 1841-045 is stable, within instrumental
uncertainties, over a timespan of at least 6 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. 19. The observations are consistent
with 1E1841-045 having a pulse profile that has a constant shape over different
photon energies up to ∼ 100 keV. In channel 4 (101.9-295.3 keV) the observed pulse
profile seems to deviate (χ2

10 = 24.3) from the IBIS-ISGRI template profile, but the
statistical significance σ = 2.7 of the deviation is low.

We performed a linear χ2 fit with the IBIS-ISGRI template light curve on the
observed FERMI GBM light curves to derive the pulsed count rates of 1E 1841-045
in channels 1-7 (Table 5).

35

1E 1841-045  Fermi-GBM

3.2 Spectral analysis

Table 10: The observed pulsed flux of 1E 1841-045 in five energy bands.

Ch. E− E+ F
# [keV] [keV] [cm−2s−1MeV−1]

1 11.710 26.982 (5.3 ± 3.1) × 10−3

2 26.982 50.617 (6.4 ± 1.2) × 10−3

3 50.617 101.88 (2.3 ± 0.4) × 10−3

4 101.88 295.29 (2.7 ± 1.2) × 10−4

5 295.29 539.85 < 2.2 × 10−4

6-7 539.85 2000.0 < 4.9 × 10−5

Figure 25: The high-energy spectrum of 1E 1841-045. Displayed in this figure are:
pulsed flux measurements by Suzaku XIS, RXTE PCA, RXTE HEXTE, INTEGRAL
IBIS-ISGRI and FERMI GBM; total flux measurements by Chandra ACIS, INTEGRAL
IBIS ISGRI and CGRO COMPTEL; and a fit to the pulsed emission above 15 keV with a
power law plus super-exponential break (Eq. 18). We found evidence for a spectral break
at Ec = 155± 23 keV.

45

1E 1841-045  Fermi-GBM

Figure 1: Left panel: The νFν X-ray spectrum of the AXP 1RXJS J1708-4009, with XMM data below
10 keV, and RXTE-PCA/HEXTE data above 10 keV (red=pulsed) defining the hard X-ray tail. The non-
contemporaneous COMPTEL upper limits above 1 MeV are also shown, as is an empirical spectral fit (blue)
– see Fig. 4 of [14]. Middle panel: Pulse profile of AXP 1E 1841-045 using Fermi-GBM data – Fig. 18 of [8].
The smooth line shows the template profile observed by INTEGRAL IBIS-ISGRI, 10-Mar-2003 to 30-Sep-
2009, at 50-150 keV. Right panel: The spectrum of quasi-thermal (. 10keV; surface) and tail (& 10keV;
magnetosphere) quiescent emission from 1E 1841-045, with pulsed emission represented by points: red is
Fermi-GBM (maybe with a break at ∼ 150 keV), and other points constitute Chandra, RXTE, Suzaku and
INTEGRAL data. COMPTEL upper limits above 1 MeV are also shown. See Fig. 25 in [8].

2. Hard X-ray Tail Modeling Essentials

Opacity: The most efficient means for producing the hard tails in the 10–200 keV range is via
resonant inverse Compton scattering (RICS) by energetic electrons. This is the leading scenario
for the production of this signal, where relativistic electrons energized in the inner magnetosphere
upscatter surface thermal X rays of kTs ∼ 0.5keV ([5, 17, 38], and later papers). In this picture,
Thomson optically thin conditions exist. To discern this, let Ee & Lγ/(4πR2c) be the representative
kinetic energy density in radiating electrons/pairs of mean Lorentz factor 〈γe〉 ∼ 10− 100. Since
the electron number density is ne ∼ Ee/(〈γe〉mec2) , one quickly arrives at the non-magnetic Thom-
son optical depth τT = neσTR& Lγ σT/(4πRmec3 〈γe〉) . For R∼ 106 cm and the observed persistent
hard X-ray luminosities LX ∼ 1035 erg/sec, this yields τT ∼ 10−4−10−3 , i.e., populations of den-
sity ne & 1015− 1016 cm−3 that exceed the Goldreich-Julian value nGJ = |∇ ·E|/4πe ∼ B/(Pce)
by several orders of magnitude [5]. This opacity estimate increases by 2-3 orders of magnitude for
scattering at the cyclotron resonance, which naturally arises in the magnetosphere and defines the
high efficiency and the central character of the RICS model for magnetar hard tail production.

Our group has developed a refined upscattering model for this > 10keV emission over recent
years. The nominal geometry for this picture is depicted in Fig. 2 (left), with relativistic electrons
traveling along the (red) field lines (pe ‖B ) in these slow rotators. At a scattering point somewhere
on a closed field line in the magnetosphere, a relativistic electron energized perhaps by current-
driven twisted fields possessing toroidal components [45, 9, 11] collides with a thermal X-ray (of
energy εsmec2 ) emanating from the stellar surface within a cone of collimation. If the kinematic
conditions are just right, namely γeεs(1− cosθkB) = B , the scattering samples a strong resonance
at the cyclotron frequency. Here θkB is the angle between the photon momentum and B, and
hereafter magnetic field strengths B will be expressed in units of Bcr ≈ 4.41× 1013 Gauss, the
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quantum critical value. The full QED cross section of Gonthier et al. [19] for B = 3 is depicted in
the central panel of Fig. 2, and the prominent resonance with σ/σT ∼ 102− 103 is obvious. The
reader can consult [10, 23] for the simpler special case of magnetic Thomson scattering.
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Figure 2: Left panel: The magnetospheric geometry for inverse Compton scatterings at arbitrary altitudes
and colatitudes in the magnetosphere: see [7]. The green “cone” represents the collimated soft photons from
the surface for an interaction point located at r/RNS = 3 and a colatitude of 45◦ . The spatial scale is linear,
in units of RNS . Center panel: Total QED magnetic Compton cross sections (in units of σT ) in the ERF
[19], averaged over polarization (upper part), in the case of photons moving along B. The spin-dependent
Johnson & Lippman (JL; green solid), the Sokolov & Ternov (ST; blue solid), and the spin-averaged (red
solid) cross sections are displayed for B = 3 (in units of Bcr ), and in the lower part the ratios of the JL
(green) and average (red) cross sections to that of ST cross section are displayed. Only ST is accurate in
the cyclotron resonance ω ≈ B . Right panel: Resonant Compton cooling rates [7] for relativistic electrons
colliding with thermal X rays (T = 106 K) in different fields. Solid curves are for the correct ST choice for
electron spinors, dashed are for the JL choice. The approximate Lorentz factor γe of the rapid rise or “wall”
correlates with B because of the approximate resonant scattering condition γekT/mec2 ∼ B . The horizontal
dashed line denotes the light escape scale 1/tesc = c/RNS corresponding to a stellar radius.

QED Scattering Physics: For precision computations of the RICS process in magnetars, accurate
full QED formulations of magnetic Compton scattering are requisite, including the kinematics of
electron recoil and Klein-Nishina reductions. State-of-the-art analytics and computations of the
polarization-dependent, magnetic Compton differential cross section dσT/dΩ in the electron rest
frame (ERF) have been delivered in [19], and are used in our various modeling papers. These re-
sults incorporate the formally appropriate Sokolov & Ternov (ST) [42] spinor formalism, in which
the wavefunction solutions to the magnetic Dirac equation diagonalize the spin operator µz parallel
to the field. These wavefunctions have become a preferred choice in strong-field QED calculations
over the last two decades (as opposed to the older Johnson & Lippmann (JL) [27] eigenstates),
since they capture important symmetries. The ST wavefunctions are symmetric between e− and
e+ states [24, 35]. Also, [21, 6] established that under Lorentz boosts along B, ST states transform
unmixed and yield cyclotron rates that are modified simply via boost Lorentz factors; in contrast,
JL states do not. The inclusion of a cyclotron decay width Γ for the intermediate virtual electron
state describes its lifetime, and is essential, rendering the cross section finite at the cyclotron reso-
nances. This standard Breit-Wigner protocol must employ spin-dependent widths [22, 21, 6], and
the JL states are not appropriate for correctly implementing such, but the Sokolov & Ternov eigen-
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states are. The developments in [19] focused on the singular case of incident photons propagating
along B, i.e. θkB = 0, a suitable ERF specialization for the RICS modeling where γe� 1 intro-
duces relativistic aberration. In particular, [19] clearly demonstrated the improved precision of the
cross section in the resonance when employing ST eigenstates (confirmed by [37]), revealing the
discrepancies incurred when employing JL states: for an example, see the middle panel of Fig. 2.

Cooling Rates: The focus of our magnetar X-ray tail work first centered on computations of elec-
tron cooling rates due to resonant inverse Compton (IC) scattering [7] of soft X-rays from entire,
isothermal neutron star surfaces. These rates were derived using ST spinor formalism QED cross
sections for scattering, and clearly demonstrated the inaccuracies inherent in magnetic Thomson
evaluations. The cooling calculations were performed in flat spacetime dipole magnetospheres
to identify the essential features. Sample cooling rates γ̇e and their dependence on γe and field
strength Bp at the magnetic polar surface are illustrated in Fig. 2 (right panel). The forms are es-
sentially inverted images of Planck spectra governed by the resonant kinematic criterion γeεi ∼ B
for seed X rays of energy εimec2 ∼ 3kT ≈ 0.25keV (i.e., εi ∼ 5×10−4 for T = 106 K). The rapid
rise in γ̇e when γe approaches B/εi can limit putative processes that energize the relativistic elec-
trons in the first place. Such radiation reaction would then control the maximum γe of electrons,
yielding values dependent on the magnetospheric locale. Fig. 2 indicates that generally, resonant
scattering will impose a limit γe < 105 in polar fields Bp ∼ 102 . Moreover, in the lower local fields
of B . 0.1 encountered at higher altitudes and equatorial colatitudes along closed field lines, RICS
will de-energize fast electrons down to Lorentz factors γe of the order of 5–20 on lengthscales of
` ∼ 1− 10cm. These low γe in turn ascribe low values to the maximum photon energy ∼ γ2

e εi

in the IC spectrum, values around 150keV for γe ∼ 10. Accordingly, the observed maximum en-
ergies of the hard tails in the < 300keV range might be indicative of the curtailment of electron
energization by radiation reaction, although it could be caused by spectral attenuation: see below.

Spectra: The next chapter in our studies produced an array of spectral results from uncooled
electrons in dipolar field geometry. Representative spectra for monoenergetic electrons are offered
in Wadiasingh et al. [48], with Fig 3 showing a Bp = 10 case for two Lorentz factors γe = 10,100.
The curves therein (normalized to roughly match the data) correspond to a fixed viewing angle θv =

30◦ with respect to the instantaneous magnetic dipole axis µ̂µµ (note that θv varies sinusoidally with
phase as the star rotates). Therefore these spectra would be sampled at a particular rotational phase
of the magnetar during its spin period. This illustration displays what an observer would see from a
complete closed magnetic field line (footpoint to equator to footpoint) if the line of sight is coplanar
with the field loop (φ0 = 0◦ ). This is a rare case that enables potentially detectable emission out to
∼ γ2

e εimec2 ∼ 10MeV when γe = 100, for scattering in the Thomson limit (γeεi� 1). For viewing
angles oblique to this plane containing the loop (i.e., φ0 > 0), the spectra are much softer [48].
Observe the mismatch between the model spectral slopes and the data [14]. This is not of concern
because the computations were for electrons with no energy losses moving along a single loop, and
in the absence of attenuation processes such as pair creation and photon splitting. The spectra are
parameterized by rmaxRNS , the equatorial altitude of each magnetic loop, with rmax sampling a
logarithmic scale. The prominent cusps at the highest energies are due to strong Doppler boosting
of upscattered emission when the line of sight is tangent to a field line, i.e. parallel to pe .
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RICS from magnetic loops

Figure 3: Unnormalized RICS upscattering Fν/ν spectra for meridional field loops, coplanar with the
viewer’s direction, depicting nine choices of the maximum loop altitude parameter rmax = {20.5, ...,24.5}
(in units of RNS ). The two panels are for different Lorentz factors γe . The superposition of these curves
gives an indication of spectra that might result from toroidal volumes. Fig. 10 of Wadiasingh et al. [48].
Star parameters are the surface polar field Bp = 10 and the uniform surface temperature T = 5× 106 K.
Spectra are realized for a viewing angle of θv = 30◦ to the magnetic axis (a particular pulse phase). Obser-
vational data points [14] for AXP 4U 0142+61 are overlaid (red), plus COMPTEL upper limits, along with
a schematic ε

−1/2
f power-law with a 250 keV exponential cutoff (gray dashed curve). The Planck spectrum

(kT = 0.41keV) approximating the soft X-ray data for this magnetar is indicated by the brown dashed curve.

The broader ensemble of spectra in [48] indicates that AXP/SGR hard tails with cutoffs below
500 keV are best generated when the observer viewing angles to the magnetic field are typically
greater than ∼ 3◦ . Such a simple conclusion is based in the kinematics of resonant upscattering.
The produced photon energy ε f (in units of mec2, and often scaling as ∝ γ2

e εi) and the scattering
angle θ f with respect to the local field B are strongly correlated via the Doppler boosting condition
γeε f (1− cosθ f ) ∼ B. Super-MeV photons are then only observed in magnetars when θ f is small
(typically a few degrees). Since, for a particular observer perspective that is not along the magnetic
dipolar axis, the local field is seldom tangent to the line of sight, the emergent spectra in static
magnetospheres then indicate softer emission below around 1 MeV when γe . 20. These are not
too disparate with data for the hard X-ray tail cutoffs, as is apparent in the comparison between
the γe = 10 and γe = 100 cases exhibited in Fig. 3. Moreover, the cooling rates depicted at the
right in Fig. 2 suggest that rampant resonant Compton cooling at magnetar field strengths may
limit electron Lorentz factors to around γe ∼ 10, indicating approximate spectral consistency with
the observations. Note that for viewing angles approximately above the pole, resonant scattering
can proceed at much higher altitudes where the field is lower (especially if Bp . 1), reducing the
cooling and increasing the possibly Lorentz factors to γe > 103 . The associated Doppler boosting
should precipitate much harder spectra, perhaps consistent with those seen in high-field pulsars.

The spectra in Fig. 9 of [48] are strongly polarized near the maximum resonant scattering
energies (see also [5]) due to the intrinsic dependence of the Compton cross section on the polar-
ization of the scattered photon [19]: the ⊥ state always exceeds the ‖ state. Here, as always, we
adopt a standard linear polarization convention: ‖ (O-mode) refers to the state with the photon’s
electric field vector parallel to the plane containing B and the photon’s momentum vector, while ⊥
(X-mode) denotes the photon’s electric field vector being normal to this plane. This polarimetric
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Figure 4: Left panel: Escape energies for photon splitting (mode ⊥→‖‖ , solid curves) and also when
adding pair creation of the ⊥ state to the total opacity (+pc, dashed), for surface polar fields Bp = 10. All
determinations are for general relativistic propagation, except for those denoted as being for flat spacetime,
namely the traces of diamonds for the surface and rmax = 2,5,10 examples. A meridional loop special-
ization is adopted, with photon emission initially parallel to the local magnetic field line (Θe = 0), for
maximum loop altitudes rmax = 2,5,10,20 in units of RNS . The surface emission curves are truncated at the
equator. The maximum observed energies for persistent [p] hard tail emission from 4U 0142+61 (230 keV)
and burst emission [b] from SGR J1551-5408 are marked. Right two panels: Flat spacetime photon splitting
escape energy ε

sp
esc (dotted curves) for ⊥→‖‖ and resonant Compton maximum cutoff energy εmax

f (solid
and long-dashed) as functions of spin phase Ωt , for oblique rotators with α ≡ arccos(Ω̂ΩΩ · µ̂µµ) = {15◦,45◦} .
Curves are depicted for several choices of the particular observer viewing angle θv0 = ζ −α to µ̂µµ at phase
zero (cosΩt = 1), as labeled and color-coded. The εmax

f emission energies are depicted as solid curves if
εmax

f < ε
sp
esc , and as long-dashed loci otherwise, when ⊥ photons are attenuated at energies below εmax

f .
Curves terminate at dots marking field line footpoint emission locales. Downward arrows mark two sample
profiles for effective maximum energies observed in the ⊥ state, signifying min{εmax

f , ε
sp
esc} . From [25].

signature defines a strong motivation for developing future hard X-ray polarimeters.

Spectral Attenuation: The RICS emission does not necessarily survive to emerge to infinity, par-
ticularly at energies above 50 keV. The inner magnetosphere is potentially opaque to the escape
of such energetic photons due to two QED processes that are efficacious in strong magnetic fields:
single-photon pair creation γ → e+e− and photon splitting γ → γγ . The mechanism γ → e± is
active above the 2mec2 ≈ 1.02MeV threshold [16, 12, 4], is the absorptive part of the birefringent
dispersion of the magnetized QED vacuum, and is central to the foundation of early pulsar mod-
els. Story & Baring [43] computed γ-ray opacity for pulsars due to pair creation, determining that
it limits emission to energies below ∼ 10− 30MeV along polar field lines when Bp & 10. This
would explain why the Fermi-LAT instrument has not detected magnetars [1]. This bound moves
to lower energies for equatorial interaction zones with increased field line curvature [25], since the
attenuation rate is a strongly increasing function of the photon angle θkB to B. Hu et al. [25] pre-
sented a comprehensive analysis of pair creation and photon splitting opacity in dipolar magnetar
magnetospheres, in both flat and curved spacetime.

Splitting is a higher-order QED process, of the order of α2
f = (e2/h̄c)2 smaller in rate than pair

creation γ→ e± . It is extremely polarization-dependent so that the interplay between scattering and
splitting is profound. The splitting modes ⊥→‖‖ , ‖→⊥‖ and ⊥→⊥⊥ are the only ones permitted
by CP invariance in the limit of zero dispersion [3, 4]. Adler’s [2] selection rules for γ→ γγ argue
that only the ⊥→‖‖ mode of splitting operates in the birefringent, magnetized QED vacuum.
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Since photon splitting has no threshold imposed by mass creation, it can proceed at energies below
1 MeV, and is influential in magnetars down to energies of 50 keV or so [4]. Below pair threshold,
the splitting rate scales roughly with energy as ε5 [2, 3]. The trajectory integral analysis of [25]
provided upper bounds of a few MeV or less to the visible energies for magnetars for locales
proximate to the stellar surface. This is illustrated in the left panel of Fig. 4, which depicts the
maximum energy εesc of photons that can escape the magnetosphere from select closed field lines
and also the stellar surface. These escape energies are depicted therein as functions of emission
colatitude for the ⊥ polarization state only, with solid curves for splitting, and dashed curves
isolating pair creation when it lowers the escape energy at quasi-equatorial colatitudes. Photons
emitted in regions within field loops of maximum altitudes rmax ∼ 2− 5 would be attenuated by
photon splitting at energies below around 250 keV, the highest detected in hard X-ray tails. The
zones of exclusion are asymmetric between upward/downward emission hemispheres.

To combine the information on RICS spectroscopy and attenuation escape energies, [25] out-
lined the polarization-dependent effective maximum energies εmax

f for resonant upscattering sub-
ject to attenuation by photon splitting (ε

sp
esc ). A subset of the results from Fig. 8 of that work

appears in Fig. 4, wherein the pulse phase dependence of these energies is depicted. These were
computed for a Bp = 10 magnetar in flat spacetime and a magnetic loop with rmax = 5. The two
panels contrast an almost aligned rotator (α = 15◦ ) with an oblique one, illustrating the increase
in modulation with α , which is the angle between the spin axis ΩΩΩ and the magnetic dipole axis
µµµ . The meridional case is for when the electrons traverse magnetic field loops that possess locales
with tangents pointing toward an observer, corresponding to intense and hard radiation signals at
particular phases due to strong beaming. Thus εmax

f exceeds the observed maxima for the hard
tails, and photon splitting helps attenuate, but generally only above around 2 MeV. The contrasting
case of anti-meridional motions, where the Doppler beaming is away from the observer, renders
εmax

f below 100 keV. Then, photon motions are generally inward, and the attenuation by splitting
is prolific, suppressing emission above 100 keV – see Fig. 8 of [25]. The upshot is that sensi-
tive phase-dependent spectroscopy+polarimetry above 100 keV will afford tight constraints on the
RICS model parameters such as γe and the set of field lines that are actively generating the emis-
sion. Such diagnostics may be enabled by the planned medium γ-ray energy telescope AMEGO.2

3. Volume-Integrated Spectroscopy and Pulse Profiles

The select spectra in Fig. 3 from single magnetic field loops do not represent an ensemble
summation over a bundle of field lines. The extension to integrations of RICS signals over magne-
tospheric volumes is detailed in a new paper Wadiasingh et al. (2021, ApJ in prep. [49]), wherein
spectra are obtained using a versatile C++ code, again with fixed electron γe , and in flat spacetime.
One of the main results of this new installment of our program is that the particular integration
over a wide array of field lines determines the spectral index below the RICS cutoff or effective
maximum energy. The principal effect of integrating over toroidal field volumes defined by ranges
of rmax and magnetic longitudes, as opposed to individual field lines or toroidal surfaces with one
value of rmax , is to populate lower frequencies more, so that the spectra steepen on average. An

2AMEGO web page: https://asd.gsfc.nasa.gov/amego/index.html
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illustrative selection of volume-integrated spectra is exhibited in the left panel of Fig. 5, where
results for five ranges of rmax are depicted. Attenuation by photon splitting and pair creation is
omitted from this example, though it is treated at length in [49]. Corresponding to emission from
a hollow toroidal volume, these spectra are steeper than those in Fig. 3 (observe the νFν represen-
tation). They therefore match the 4U 0142+61 INTEGRAL/RXTE data much more closely when
γe = 10, particularly for 2≤ rmax ≤ 24.5→5.5 , something that doesn’t arise when γe & 100 and the
COMPTEL upper bounds are violated [49]. Accordingly, the phase-averaged spectra serve as a di-
agnostic on both the mean Lorentz factor γe and the thickness of the active toroidal volume, at least
modulo the assumed dipolar field geometry. Observe the appearance of prominent low frequency
bumps when high altitudes with rmax∼ 26−27 are incorporated, precipitated by the preponderance
of low fields; while obviously interesting, these may be precluded by the < 10keV spectral shape.
Fig. 5 also indicates a high degree of polarization of the radiation from the scattering, a signature
that can be leveraged by future hard X-ray polarimeters.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.θv = 30°1→2.5
1→4.5
1→5.5
1→7
3→5
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                                   Hard tail
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    RXTE

Figure 5: Left panel: Polarized inverse Compton spectra ([49]; note the νFν representation) for γe = 10,
from integrations over toroidal volumes of field loops. These volumes comprise azimuthally-integrated
toroidal surfaces specified by rmax = 2κ , where κ spans the ranges in the legend, each depicted for two
polarizations: ⊥ (solid) and ‖ (dashed); the bottom panel displays the polarization degree. Center panel:
Pulse profiles for a toroidal volume integrations rmax = 21.5→ 24 , generated by a range of θv values sampled
by a rotating magnetar. Red profiles are for 16−51keV, and blue are for 51−162keV, being obtained for
different observer viewing angles ζ to the rotation axis. Results are for Bp = 10 and rotator magnetic
inclination α = 15◦ , and electron Lorentz factor γe = 10. Right panel: Observed RXTE PCA+HEXTE
profiles for different hard X-ray bands for RXS J1708-4009 adapted from Fig. 1 of [30].

Pulse Profiles: A new element of our program is the generation of pulsation profiles for com-
parison with observations. Fluxes in any given waveband can routinely be obtained for a rotating
star in flat spacetimes. The inclination angle α between the magnetic dipole µµµ and spin axis ΩΩΩ

vectors specifies the rotator geometry. The observer viewing geometry is prescribed via the as-
pect angle ζ between the line of sight O and spin axis ΩΩΩ vectors. Angles α and ζ are standard
stellar parameters for pulsar studies. The instantaneous viewing angle θv varies in a sinusoidal
fashion as the magnetar rotates [48], with its average corresponding to α , and its amplitude be-
ing |ζ −α| . Spectra analogous to those in Fig. 3 are obtained for an array of θv , integrated over
set frequency ranges and presented as intensity “sky maps” in [49]; these maps have pulse phase
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Ωt on the abscissa, and ζ as the ordinate. Horizontal cuts through these sky maps produce pulse
profiles, and we exhibit such in the center panel of Fig. 5 for a rotator inclination α = 15◦ . These
profiles, which in general depend on the thickness of the toroidal emission volume, clearly dis-
play first and second-order Fourier components that result from the azimuthally-symmetric and
hemispherically-symmetric volumes adopted in the integration. Real pulse profiles such as those
for RXS J1708-4009 on the right of Fig. 5 display more harmonic structure, providing evidence
for departures from these spatially-congruent specializations. A future stage of our program will
consist of an exploration of these subtleties, using the pulse profile data to inform and constrain the
azimuthal/longitudinal dimension of the radiating toroidal volume. Yet, with just the information
presented in Fig. 5, it is evident that pulse profile comparison between model and data provides
powerful diagnostics on stellar parameters α and ζ , as well as the rmax range. Notably, pulse
profiles with simple quasi-sinusoidal traces generally preclude values of α & 40◦ as they generate
higher Fourier components [49] due to visibility of emission from both hemispheres.

4. Conclusion

The results surveyed here from our extensive program exploring resonant inverse Compton
scattering models for magnetar hard X-ray tails display the evolution and depth of the analyses, the
complexity of the modeling. The considerable sophistication of these undertakings will be further
enhanced when the spectral and temporal emission information is combined with concurrent RICS
cooling of the electrons. This serves as the next stage of this enterprise, which is well-positioned
to afford observational diagnostics with extant pulse profile and spectral data from RXTE, IN-
TEGRAL, NuSTAR and Fermi-GBM. Yet the polarimetric element of our studies is an attractive
antecedent to a future era of hard X-ray polarimetry, when even more powerful probes of the mys-
teries of magnetar magnetospheres will be enabled. Foremost among these is the prospect of being
able to experimentally demonstrate the verity of magnetic photon splitting and single-photon pair
creation, and the intimately-connected birefringence of the magnetized quantum vacuum, hereto-
fore untested theoretical predictions for high-field QED domains. Magnetars thus serve as a potent
cosmic QED physics laboratory, and the model developments will foster this advance by disentan-
gling source emission and geometry information from the signatures of strong-field QED physics.
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