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Abstract. We argue that measurements of X-ray polarization using the recently launched Imaging
X-ray Polarimetry Explorer will answer many open questions about magnetars in particular the
physical state of their surfaces, whether vacuum birefringence exists, and the nature of the hard
X-ray emission from these objects. We outline the capabilities of the instrument, specific models
and the results of simulations for the magnetar 4U 0142+461.
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1. Introduction

We stand at the threshold of a new era in high-energy astrophysics. In December 2021,
the Imaging X-ray Polarimetry Explorer (IXPE) launched from Cape Canaveral and
during February 2022 it will provide the first polarimetric observations of a magnetar in
X-rays, specifically of the AXP 4U 0142+614. We will present an overview of what to
expect from IXPE observations of the magnetar 4U 01424614 and how these observations
will inform our understanding of magnetars and neutron stars more generally. In fact, it
is our sincere hope that several of the models presented here will actually be excluded
by IXPE observations in the near future.

2. IXPE

NASA’s IXPE was launched in December 2021. It is 100 times more sensitive to polar-
ized X-ray emission than any preceding mission, and it is opening a new observational
window in high-energy astrophysics. The IXPE observatory (Fig. 1 left) consists of three
X-ray telescopes mounted in parallel, each feeding radiation into a gas-pixel detector
(Fig. 1 right). The X-ray photons are absorbed by atoms in the gas (dimethyl ether) and
ionize an electron from the K-shell. The ionization is typically well above the thresh-
old of the particular atom, so the cross section decreases with increasing photon energy.
Furthermore, the outgoing electron is approximately in a well-defined momentum state;
the direction of the momentum correlates with the photon electric field with a sin? 6
dependence.

The magnitude of the correlation for fully linearly polarized radiation is known as
the modulation factor. Occasionally, the atom will emit an additional low-energy Auger
electron. By modelling the high-energy photo-electron track (Sgro 2017), the follow-
ing properties of the incoming photon can be determined: energy, arrival time, electron
direction and position on the sky. As the energy of the photon increases, so does the
momentum of the photo-electron, which results in a longer and more easily measured
track, and therefore the modulation factor for IXPE increases with increasing energy
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Figure 1. Left: IXPE in Orbit. Right: Gas Pixel Detector (Credit: NASA; Sgro 2017).

from 15% at 2 keV to 60% at 8 keV (Weisskopf et al. 2021). The richness of these
data pushes the development of more sophisticated analysis techniques such as unbinned
likelihood to get the most from the data (Marshall 2021).

The total effective area of the three mirror arrays is about 600 cm?. As mentioned
earlier, the cross section of photoionization decreases with increasing photon energy;
therefore, once the quantum efficiency of the detector is included the total effective
area, it decreases to about 75 cm? at 2 keV and 8 cm? at 7 keV (Weisskopf et al.
2021). Although the effective area drops quickly with increasing energy, the increase in
modulation factor mitigates this for the detection of polarization. IXPE is not sensitive
to circular polarization. The energy resolution of the detectors is typically about 20%,
the angular resolution is about 20 arcseconds, and the time resolution is one microsecond.
All told, these specifications make IXPE a factor of 100 more capable than any X-ray
polarimeter in space before it. The discovery potential is vast.

3. QED and Magnetars

Since the discovery of neutron stars and their strong magnetic fields, a key ques-
tion is whether observations of neutron stars could probe the radiative corrections of
quantum electrodynamics (QED) in a strong magnetic field (Heisenberg & Euler 1936;
Weisskopf 1936; Schwinger 1951). Most important for our discussion is how vacuum bire-
fringence (Tsai & Erber 1975; Heyl & Hernquist 1997) can affect the polarization from
neutron stars. First came the argument of Novick et al. (1977) that vacuum birefrin-
gence would generate a large phase difference between the normal modes and significant
depolarization, and that “it is extremely unlikely that polarized X-ray emission which
arose from the surface of a magnetic neutron star would be observed.” Gnedin et al.
(1978) countered the argument of Novick et al. (1977) by pointing out that a large
phase retardation between the normal modes is a necessary but not sufficient condition
for depolarization, and in fact, if the emission consists of an incoherent superposition
of normal waves, no depolarization will occur unless the properties of the birefringence
vary too quickly. Birefringence would preserve the polarization along the path of the
radiation. Furthermore, later work demonstrated that vacuum birefringence causes the
direction of polarization in the X-rays for typical neutron stars to follow the direction of
the magnetic field (the radiation remains in one of the normal modes) until a distance far
from the surface of the neutron star, the polarization-limiting radius (Shaviv et al. 1999;
Heyl & Shaviv 2000). In particular, this QED effect makes the observed polarization
many times larger than one would expect from emission coming from a large portion of
the neutron star surface (Heyl & Shaviv 2002).
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Figure 2. Top Left and Right: Polarisation maps from Caiazzo & Heyl (2018) without and
with QED. The curves are contours of constant magnetic latitude (separated by 15 degrees), and
the lines denote the extraordinary mode. Bottom: Predicted mean phase-resolved polarization
of 4U 0142461 and phase-averaged flux (Tendulkar et al. 2015) from the atmospheric models of
Caiazzo et al. (2021) with a simulated 1 Ms observation with IXPE (Heyl 2022).

The result of this effect is shown in Fig. 2. The left-hand panel shows the polarization
map at the surface of the star, in particular, the direction of the polarization of the
extraordinary mode. Across the stellar surface, the direction varies significantly, so if
one were to sum the total polarized radiation in this case, one would obtain a small
polarized fraction. The right panel depicts the situation with vacuum birefringence. At
a large distance from the surface of the star, the magnetic field will follow a dipole
pattern; its projection in the plane of the sky will be parallel to the magnetic axis, in this
case horizontal. The polarization vectors that still follow the extraordinary mode are all
vertical and the total polarization integrated over the surface of the star can be large if
the polarization fraction at emission is large.

4. Magnetar Emission Mechanisms

Beside probing the effect of vacuum birefringence, polarimetric observations of the
magnetars will determine the physical state at the photospheres of neutron stars: solid,
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liquid or gas. Although both gaseous and condensed surfaces can account for the soft X-
ray emission from these objects, they yield dramatically different polarization signatures
(Caiazzo et al. 2021). Underneath the surface layers, we assume that the flux from below
follows a dipole distribution (Heyl & Hernquist 1998a), with the possible inclusion of a
small, hotter polar cap.

4.1. Atmosphere

In analogy to white dwarfs, the strong gravitational acceleration at the surface of the
neutron star will causes the uppermost layers to consist of the lightest elements present. If
the neutron star has experienced even a modest amount of accretion (more than 1014 g),
then the atmosphere will consist of hydrogen; otherwise, it is expected to consisted of
elements in the iron group (e.g. Hoffman & Heyl 2009). Although the details of the
spectral energy distribution will depend on the composition of the atmosphere (e.g.
lines and the shape of the spectrum), the signatures in the polarization depend most
strongly on the polarization modes of the strongly magnetized plasma that comprises
the atmosphere, and therefore they only depend weakly on the detailed composition of
the atmosphere. For clarity, we will focus on the results for an atmosphere consisting of
fully ionized hydrogen atoms, i.e. electrons and protons (Lloyd 2003; Lloyd et al. 2003).

Rather than review the broad work on neutron star atmospheres in detail, we will focus
on a few key ideas that influence the expected polarization more dramatically. First, as the
emission from the atmosphere is well below the cyclotron energy, £~ 1 keV < Ecye ~
1 MeV, the propagation modes of the radiation in the plasma are the extraordinary
mode, where the transverse electric field does not have a component along the magnetic
field direction, and the ordinary mode, where the transverse electric field does have a
component along the magnetic field. Loosely speaking, the cross-section for ordinary pho-
tons to interact with the electrons in the magnetized plasma is similar to the situation
where there is no magnetic field (hence the name ordinary). For the extraordinary mode,
the situation is somewhat more complicated in that the longitudinal component of the
electric field that can interact with the plasma electrons is very small (~ E?/EZ ); con-
sequently, cross sections for interactions between the extraordinary mode and the plasma
are diminished by a factor of about E?/ Egyc.

The upper panel of Fig. 3 shows how this affects the propagation of the radiation of
the two modes in the atmosphere. The location of the photosphere indicates where the
mean-free path of a photon is similar to the scale height of the atmosphere; from here
is where the photons emerge. The cross section for low-energy photons (E < 0.2 keV)
in the extraordinary mode to interact with the plasma is so low that their photosphere
is determined by the plasma frequency, the collective response of the electrons in the
plasma rather than interactions between photons and individual electrons. From 0.3 keV
to 3 keV, the interaction for ordinary and extraordinary photons is dominated by free-
free absorption. For the extraordinary mode, the cross-section is approximately constant
with energy so the photosphere lies at constant density. For the ordinary mode, the
cross section decreases with increasing photon energy, so the photosphere is deeper for
higher energy photons until the cross-section reaches the Thompson cross-section and
the photosphere lies at constant density above this energy.

In the upper panel of Fig. 3 we see that the situation for the extraordinary mode can
be more complicated. The feature at just below 1 keV is the proton cyclotron resonance,
which causes the extraordinary mode to interact strongly so that near the resonance, the
cross-section for interaction is larger and the photosphere lies at a lower density. The
second feature just above 1 keV is caused by the vacuum resonance, which is where the
effects of the plasma and vacuum birefringence are approximately equal. In the figure,
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Figure 3. Upper: Schematic of Effective Photospheres as a Function of Energy and
Polarization. Lower: Beaming of Polarized Radiation with respect to the Magnetic Field
(Caiazzo et al. 2019).

above the red line the plasma dominates the polarization modes and below the red line
the vacuum dominates; it is clear then that all photons will pass through the vacuum
resonance as they travel to us. However, low energy photons travel through the resonance
unaffected, while photons of sufficiently high energy can swap modes through the reso-
nance, i.e. photons in extraordinary mode below the resonance emerge in the ordinary
mode above it. This effect brings the photosphere of the extraordinary mode closer to
that of the ordinary mode above a few keV, but it still lies at higher density for the entire
energy range considered. As the temperature increases with density, the bulk of the radi-
ation will emerge from the atmosphere in the extraordinary mode, and at the surface of
the star, the radiation is more than ninety-five percent polarized in the extraordinary
mode.

The lower panel of Fig. 3 depicts a second crucial consequence of the structure of
the polarization states in the plasma: the radiation is highly beamed. In fact, although
radiation in the extraordinary mode emerges with a broad distribution in angles with
respect to the magnetic field direction, the ordinary mode is strongly beamed along the
magnetic field. As the direction of propagation of the photons approaches that of the
magnetic field, neither mode has a large component along the direction of the field, so
neither mode has a large cross-section. Along the magnetic field lines, one can peer deep
into the neutron star’s atmosphere in both polarization states. However, the beaming
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Figure 4. Total Emission from the Surface of a Magnetar. The curves denote contours of
constant magnetic latitude. A dipole temperature map and fully ionized hydrogen atmosphere
are included (Caiazzo 2019). The colormap shows the intensity of the emission for 2 keV photons
in erg cm™2 s7! Hz~! sr™! in the observer’s frame.

becomes very sharp and hard to resolve as the fields become stronger, so looking at the
entire surface of the star as in Fig. 4 does not reveal the beaming along the field, but the
diminished emission near the field direction is apparent.

If a polar hot spot is absent, the dipole emission pattern results in emission coming
from the bulk of the stellar surface: the emission is brighter near the poles and nearly
absent near the magnetic equator. However in this case the resulting pulsed fraction as
the star rotates will be modest, as apparent from Fig. 4, and gravitational lensing will
reduce the pulsed fraction further (Heyl & Hernquist 1998a; Gonzalez Caniulef et al.
2016).

4.2. Condensed Surface

Given the exotic conditions at the surface of a neutron star, the material at the surface
may actually be condensed (solid or liquid) rather than gaseous (e.g. van Adelsberg et al.
2005; Medin & Lai 2007). Such a condensed surface means that the density drops
abruptly, and the phase transition between the condensed phase and the vapour above
marks the location of the photosphere of the star. The star emits radiation as an incan-
descent metal. This fact yields dramatic simplifications in the calculation of the emission.
One can assume that the surface is in equilibrium at a given temperature with the pho-
tons above it, and the calculation of the emission reduces to determining the coefficients
of reflectivity and transmission between the photon modes in the diffuse plasma above
the surface and the collective modes of the dense plasma below the surface. Above the
surface, the modes are again the ordinary and extraordinary modes as discussed earlier;
at the surface itself, they are modes with the photon’s electric field parallel to the surface
(s) and those with a component normal to the surface (p); below the surface, one has
the full zoo of possibilities within a dense magnetized electron-ion plasma.

Fig. 5 depicts the expected polarization from a condensed neutron star surface with a
field of 10'* G. The feature in the emissivity at about 5 keV results from the electron
plasma frequency within the condensed iron surface. Although this feature above the
plasma frequency is quite pronounced for a single photon trajectory, Caiazzo et al. (2021)
find that when one averages over the surface of the magnetar with a dipole emission
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Figure 5. The expected polarization from a condensed iron surface (solid lines for a solid
surface, and dotted lines for a liquid surface) with a vertically directed magnetic field of 10** G
and various photon trajectories, zero through 75 degrees from the vertical (Potekhin et al. 2012;
Gonzélez Caniulef et al. 2016). A value of Q/I equal to one corresponds to fully polarized in the
ordinary mode. The electron plasma frequency of 5.2 keV is denoted by a black vertical line.

pattern, this feature is much less apparent. The net polarization peaks at 15% near
the plasma frequency; otherwise it is smaller through the 2—10 keV range over which
IXPE measures. The key result here is that the extent of polarization from the condensed
surface is much smaller than from a gaseous atmosphere, so IXPE observations should be
able to determine whether the surface is condensed or not. On the other hand, the IXPE
band is not conducive to probe whether the surface is liquid or solid. In fact, observations
in the visual band are best suited for this purpose: in magnetar fields, the solid state
should emit mainly in the ordinary mode, while the liquid state also favours the ordinary
mode but much less so, 10—30% versus 70%. Gonzélez Caniulef et al. (2016) noted this
effect in the more weakly magnetized and cooler XDINS and found a phase-averaged
polarized fraction up to 30% for the solid state.

5. Scattering

We have seen that the action of vacuum birefringence in the magnetosphere of the
neutron star will preserve the polarization state of the radiation from the surface to a
large distance, if the radiation does not interact along the way with matter. The spectral
energy distributions of magnetars (e.g. Tendulkar et al. 2015) indicate that the radiation
does interact along the way. In fact there are two additional components to the spectral
energy distributions of magnetars: an excess from 4—15 keV and from 20—100 keV. There
are several models for both of these components, but we will focus on just resonant
cyclotron scattering (RCS) for the high-energy excess (e.g Ferndndez & Thompson 2007;
Nobili et al. 2008). For the low-energy excess, which lies within reach of IXPE, we will
look at three possibilities: a thermal polar hotspot, RCS, and complete Comptonization
of photons in the ordinary mode. In all three cases, our underlying emission model is
a hydrogen atmosphere with dipole magnetic field and emission pattern. Furthermore,
we apply the effects of scattering in a semi-analytic fashion locally to the surface of the
neutron star, using a rapid model prototyping packaget. Although the models that we

T https://github.com/UBC-Astrophysics/QEDSurface/
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Figure 6. Emission from the Surface of a Magnetar in the Extraordinary Mode (Left) and the
Ordinary Mode (Right) including Compton scattering. The curves denote contours of constant
magnetic latitude (Caiazzo 2019). The colormap shows the intensity of the emission for 5 keV
photons in erg cm™2 s7! Hz~! sr~! in the observer’s frame.

present here are restricted to Lloyd (2003) atmospheres with scattering, the package can
also calculate emission from semi-analytic atmospheres (Heyl & Hernquist 1998b) and
condensed surfaces (Gonzalez Caniulef et al. 2016). For the high-energy component we
simply add a power-law component with the necessary slope to account for the data and
assign a polarization of QQ/I = —1/3 as expected from the mode exchange cross-sections
in RCS.

The polar hotspot model and the RCS model (Ferndndez & Thompson 2007;
Nobili et al. 2008) are both familiar solutions to the excess from 4—15 keV (Zane et al.
2009, e.g.) and yield definite predictions for the polarization, nearly completely extraor-
dinary in the case of the hotspot and two-thirds extraordinary for RCS. The ordinary
mode scattering model is new (Caiazzo 2019). Although the emission from a hydrogen
atmosphere is nearly entirely in the extraordinary mode, a small portion is in the ordi-
nary mode. If one assumes that there is a diffuse layer of hot gas above the surface of
the neutron star, radiation in the ordinary mode can be scattered into equilibrium with
the electrons. The required column density is just a several grams per square centime-
ter (7 of a few). The scattering matrix well below the cyclotron energy almost always
scatters ordinary mode photons into the ordinary mode and with a dipole-beam pattern
perpendicular to the magnetic field. Because the number of photons is preserved in this
process, the final distribution is a Bose-Einstein distribution with the temperature of the
electron gas and the same number of photons that as were in the ordinary mode initially.
For both 4U 0142462 (Tendulkar et al. 2015) and 1RXS J170849.0-400910 (Zane et al.
2009), the number of ordinary mode photons produced by the atmosphere is sufficient
to account for the excess flux from 4—15 keV observed in these sources. Fig. 6 depicts
what the surface of the magnetar 4U 0142+62 may look like in the extraordinary and
the ordinary mode. The ordinary mode appears concentrated in a ring at about mag-
netic co-latitude of sixty degrees. Here the line of sight is approximately perpendicular
to the local magnetic field, so the scattering preferentially directs the radiation toward
the observer from these regions.
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6. Prospects

Observations of bright magnetars in quiescence with IXPE will provide a crucial test
of the QED effect of vacuum birefringence as well as probe important properties of mag-
netars themselves; for example, these observations may reveal the state of their surfaces
and the nature of their non-thermal emission. Figure 7 shows how the polarization signal
in the IXPE range will allow us to pinpoint the emission mechanism behind the “soft
excess” detected in magnetar spectra between 4 and 15 keV. The left panels show the
spectral energy distribution, while the right panels show the polarization signal predicted
for a magnetar with an atmospheric surface under different models for the “soft excess”.
The three models can all reproduce the spectral shape of a persistent magnetar like
4U 0142461, but they predict a polarization spectrum that differs significantly in the
1-10 keV range. They can all account for the modest pulsed fraction of about 10% for
this source from 2-8 keV.

In the three simulations showed in the figure, the thermal emission is calculated using
Lloyd’s atmosphere code (Lloyd 2003; Lloyd et al. 2003, see sec. 4.1) and imposing a
surface temperature at the pole, kT.g, = 0.26 keV, that can reproduce the thermal peak
at ~ 1 keV, while the hard-energy tail is described by a simple power law with spectral
index I' ~ 1.3. The three models employed for the “soft excess”, described in section 5,
are, from top to bottom: a thermal hot spot, the complete Comptonization of thermal O-
mode photons by a corona of hot electrons and the RCS of atmospheric photons off mildly
relativistic currents in the magnetosphere. The emission from the hot spot in the upper
panel is calculated using Lloyd’s code for a 2°-diameter spot at the magnetic poles of
the star with a temperature of kT, = 1.06 keV. In the fully Comptonized model (middle
panel), all the O-mode thermal photons coming from the atmosphere are up-scattered by
an electron-dominated plasma at a temperature k7T, = 1.8 keV. The RCS emission in the
bottom panel is modelled assuming a partial Comptonization, with y parameter ~ 0.1, off
a Maxwellian distribution of electrons at temperatures k7, = 100 keV and 150 keV. This
is just a simple analytical toy-model that can reproduce the observed spectral shape; for
a full RCS calculation see Caiazzo et al. (2021).

The polarization degree is high in the X-mode at low energies for all cases, where the
emission from the atmosphere dominates. For the high-energy tail, if one assumes a RCS
model, the polarization is determined by the number of scatterings in the magnetosphere;
the analysis of Ferndndez & Davis (2011) shows that the multiple scattering are important
above ~ 10 keV and that the polarization degree consequently converges to ~ 33% in the
X-mode due to mode exchange. The 3-10 keV range is where the models differ the most.
In the hot spot case, where the dominant emission comes from the atmosphere even
when the hot-spot dominates, the polarization is high and in the X-mode until the high-
energy tail picks up. When the RCS is assumed to be also causing the “soft excess”, in
the lower panels, the transition toward the 33%-level in polarization happens at lower
energy. In the case of Comptonization, all the O-mode photons from the atmosphere are
upscattered into the 4-15 keV range, where they dominate the emission, and therefore
we see a switch between the X-mode and O-mode, which reaches a peak of 30% polarized
at 10 keV, before converging toward the 33% X-mode in the high-energy tail.

The upper two rows of Figure 7 also show the predicted polarization signal when the
QED effect of vacuum birefringence is neglected (solid light blue lines). As discussed
in sec. 3, the effect of QED is to comb and align the photons’ polarization vectors,
preserving the polarization at surface; when QED is neglected, the average over the
different polarization directions on the surface of the neutron star yields a low polarization
degree throughout the energy band. The only exception is for the hot-spot case: since we
assumed a small sized spot, the magnetic field direction and therefore the polarization
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Figure 7. Spectral shape and polarization for an atmospheric magnetar with different emission
models for the “soft excess”. The left panels show the spectral data of 4U 0142+61 (blue dots,
Tendulkar et al. 2015) and the different predicted spectral energy distributions. The right panels
show the predicted polarization spectra; a @Q/I = —1 indicates a 100% polarization degree in X.
Upper panels: hot-spot model. In the left panel, the different components are shown: the
absorbed hydrogen atmosphere plus the hotspot (green) and the high-energy power-law, with
spectral index I' = 1.3 (red). The orange line shows the sum of the 3 components and it is plotted
on top of the spectral data for comparison. The right panel shows the same contributions but
to the polarization spectrum; additionally, it shows the prediction for the same model when
QED is neglected (blue solid line). Middle panels: Comptonized O-mode model. In the
left panel, the different components are shown: the absorbed hydrogen atmosphere deprived of
its O-mode photons (green), the Comptonized O-mode photons (purple) and the high-energy
power-law, with spectral index I' = 1.3 (red). The orange line shows the sum of the 3 components
and it is plotted on top of the spectral data for comparison. The right panel shows the same
contributions but to the polarization spectrum; additionally, it shows the prediction for the
same model when QED is neglected (blue solid line). Lower panels: RCS model. In the left
panel, the different components are shown: the absorbed hydrogen atmosphere (orange), the
RCS atmosphere (brown) and the high-energy power-law, with spectral index I' = 1.3 (purple).
The red line shows the sum of the 3 components and it is plotted on top of the spectral data for
comparison. In the right panel, the components in orange and brown are the same as for the left
panel, for an electron temperature k7. = 150 keV. In purple RCS atmosphere and total (green)
for an electron temperature k7. =100 keV (Caiazzo 2019)

https://doi.org/10.1017/51743921322000916 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921322000916

90 J. Heyl, I. Caiazzo & D. Gonzalez-Caniulef

direction in the small region is reasonably aligned, and therefore when photons from the
hotspot dominate the emission, we can see an increase in polarization fraction even when
QED is not included (upper-right panel).

7. Conclusion

Observations with IXPE will provide unprecedented probes of the properties of mag-
netars and their phenomenology. We have outlined how IXPE observations of the AXP
4U 0142+61 will measure the effects of vacuum birefringence definitively, probe the phys-
ical state of the surface of the magnetar and the role of currents in the magnetosphere of
the neutron stars. These observations will provide verification of the magnetar model and
QED as well as important clues to the origin of the high-energy emission from magnetars.
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