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1. Executive summary

50 years after the first pioneering experiments, X-ray observations are a well-established tool in Astronomy.
Enormous progress in instrumentation has allowed for highly performing imaging, spectroscopic and timing
experiments. Only one observing technique is still basically missing — polarimetry. Since the infancy of X-ray
Astronomy, with the discovery that many X-rays sources were characterized by non-thermal emission processes
and/or by radiation transferred in highly asymmetric systems, it was immediately clear that polarimetric
observations would be key to understand these sources. In fact, polarimetry adds two more observables, in addition
to the position, energy and arrival time of every photon: the degree and angle of polarization. The former gives
direct insight in to the emission mechanism and the geometry of the source, while the latter may often provide the
only way to measure the orientation of the system. In most models these parameters are free variables: measuring
them will make the understanding of the physical processes much more robust. Unfortunately, only recently highly
efficient polarimeters, coupled with high throughput focusing X-ray mirrors, became available, so X-ray
polarimetry is an undeveloped astrophysical tool. Specifically, only two highly significant measurements exist so
far, obtained with non imaging, narrow band Bragg polarimeters, dating from the 70s: a spatially-averaged
measurement of the Crab Nebula, and a tight upper limit to the accreting neutron star Sco X-1. The X-ray Imaging
Polarimetry Explorer (XIPE) will definitely bring X-ray polarimetry to fruition, and open a new observational
window.

Although XIPE has been conceived to address specific scientific goals towards the understanding of the physical
nature and geometry of various classes of astrophysical sources, it is very likely that most of the breakthroughs that
this mission will deliver are simply unpredictable today. Although this is a general feature of many ambitious space
projects, this is more so in the case of XIPE as it will be the very first mission to deliver polarimetry in X-rays.

Among the astrophysical processes for which X-ray polarimetric observations are crucial, particle acceleration has
a very prominent role. This is particularly evident in the prototypical cosmic accelerator, the Crab pulsar wind
nebula. Comparison of X-ray images with those from lower energies shows that the former bring direct evidence of
freshly accelerated particles. As mentioned above, the Crab is the only source for which a strong average X-ray
polarization (19%) was measured in the early days. But Chandra images show a complex structure and therefore
the net polarization measured 40 years ago should be resolved into contributions of single emitting regions that are
to be analyzed separately. XIPE, equipped with spatially resolved polarimetric capabilities, will perform a detailed
polarimetric map of the Crab nebula. XIPE’s imaging capability is also important for shell like supernova
remnants, as it can separate the thermalized plasma from the non-thermal (synchrotron) component and thus locate
the site of shock acceleration. This will provide unique direct evidence on the place where cosmic rays are
accelerated, and determines how ordered the magnetic field is. XIPE will also study the acceleration processes in
jets in both galactic and extragalactic relativistic sources: microquasars, blazars and radiogalaxies. Comparison
with polarization at lower frequencies will allow us to understand the magnetic field structure in the jet, while in
Inverse Compton-dominated blazars it will solve the long-standing problem of the origin of the seed photons.

High levels of polarization are expected in aspherical geometries. Strong magnetic fields in accreting white dwarfs
and neutron stars, funneling the matter along the field lines, provide such geometries. Unique information on the
geometry and physics of the accreting column and the magnetosphere can be obtained through X-ray polarimetry.
This includes QED vacuum polarization effects predicted almost 80 years ago but yet to be detected. Scattering in
aspherical geometries also produces high level of polarization. A case of particular interest is that of molecular
clouds around the supermassive black hole in the center of our Galaxy. The polarization degree and angle will
determine whether X-ray bright clouds shine because they reflect the past activity of the presently quiet black hole
at the Galactic center, and thereforeprovide uncontroverted proof that a few hundred years ago the center of our
Galaxy was ~10° times more active than now. The unknown geometry of the X-ray emitting corona, which in turn
is related to its origin, in Active Galactic Nuclei (AGN) and Galactic black holes can also be determined by XIPE.
In the latter sources, when in soft state, a continuous change with energy of the polarization angle of the disk
thermal emission due to General Relativity (GR) effects is expected. The amplitude of the effect depends on the
spin of the black hole, which can therefore be measured.

The above mentioned QED and GR effects are not the only examples of the use of X-ray polarimetry to probe
fundamental physics. In fact X-ray polarimetry provides a tool to test theories predicting birefringence effects as a
function of energy and distance. Such effects are predicted by the Loop Quantum Gravity and can be tested by
observing distant polarized sources like blazars. This kind of observations will also enable the search for Axion-
like Particles, one of the most elusive, but of the less exotic, candidates to be the dark matter particle.

In the present scenario, given the long record of missions based on X-ray telescopes, a significant step forward in
X-ray imaging and/or spectroscopy requires the high costs associated with the needed cutting edge technological
improvements and with a very large collecting area. This is the case of the ESA L2 mission Athena. Conversely, in
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the unexplored field of X-ray polarimetry a wealth of discoveries would be achieved with a medium size mission,
based on very mature technologies. In particular the technology of imaging focal plane polarimeters, with a suitable
energy and time resolution, is available so far only in Europe. A set of X-ray telescopes aboard a dedicated mission,
with a photoelectric imaging polarimeter in the focal plane, can provide the large amount of photons needed to
achieve the sensitivity to linear polarization of a few % on a large sample and variety of sources, including many
extragalactic and many faint galactic sources sampling the wealth of physical phenomena explained before, that can
only be elucidated through X-ray polarimetry. The photoelectric imaging polarimeter has already achieved a high
readiness level since it was deeply studied and experimentally tested for the XEUS/IXO mission. XIPE will also
benefit from a phase A study performed in 2008 for the Italian Space Agency. Thanks to the high sensitivity to
polarization in the 2-8 keV band and to the good angular resolution it can resolve extended sources and
consequently benefit of a tremendous increase in sensitivity due to the reduction of background to negligible levels.
As demonstrated by the study for IXO, the high performances of the ASIC VLSI chip, which is the core of the Gas
Pixel Detector, are compatible with a relatively simple, low power electronics.

This was the rationale of the X-ray Imaging Polarimetry Explorer (XIPE), proposed to ESA in 2012 as a small
mission, that was very well ranked from the point of view of both science and readiness, but was definitely out of
the tight boundaries of cost and complexity for a small mission, as defined by ESA.

The resources allocated for the M4 call, even if definitely lower than those usually allocated for an ESA mission of
medium size, are very well matched for a mission capable of addressing the many outstanding scientific goals
sketched above, in a good number of representative objects, and -equally important- to provide a large discovery
space.. Within the cost cap, with the suggested use of a VEGA launcher and within the indicated mass and power
budget limits, we can fit a new, enhancedversion of XIPE with telescopes of low mass, but good optical quality,
based on the same technology developed for e-ROSITA. The good angular resolution of less than 30 arcseconds is
such that the flux from the weakest sources is, even in the less favorable cases, dominating over the background. A
large total collecting area can be achieved with three telescopes of 3.5 m focal length that can be harbored within
the fairing of the VEGA launcher, without any deployable device. The relatively wide field of view (15 arcmin x
15 arcmin) and the photon by photon handling of data defines mild requirements for the attitude control. Also the
low consumption of the electronics is compatible with a fixed array of solar panels. Therefore we do not foresee
any moving part except three low mass filter wheels that can be based on a design already tested in space and can
be operated independently, to prevent any single point failure. Last but not least, the total low mass excludes the
need of a governed re-entry and disposal. The calibration of the XIPE imaging polarimetric detectors will be
performed at the existing facility at IAPS, Italy. The calibration of the telescopes, both without and with detectors,
will be performed at the PANTER facility of MPE, Germany, with minor modifications to add some additional
calibration sources of polarized X-rays. A VEGA launch on an equatorial LEO orbit (although different
inclinations or launchers are acceptable), an X-band link with the Malindi base (or Kourou) and the support of the
International Scientific Data Center, Switzerland, make XIPE a very standard European X-ray mission. Only a
fraction of the data will be devoted to a Core Program to make sure that a minimum set of the already identified
scientific objectives will be covered. But, in order to fully exploit the enormous discovery space, following the
spirit of ESA scientific missions, all the remaining XIPE observing time will be open to the worldwide community
through competitive AO.

The maturity of a mission dedicated to X-ray imaging polarimetry descends from an extended theoretical literature
and had been also acknowledged by NASA with the approval of the mission GEMS, subsequently stopped because
of programmatic difficulties, by the CNSA study of the future XTP mission and by studies on Polaris in
Japan.Largely respecting the tight temporal and budgetary limits of the M4 call, XIPE could place the European
Community at the forefront position to open this last remaining observational window in high energy astrophysics.
We stress the point that none of the objectives of XIPE can be achieved by any existing or approved mission.
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2. Science case

Since the early age of X-ray Astronomy, polarimetry has been recognized as an essential tool for a complete
understanding of the physics and geometry of celestial sources. Non-thermal processes giving clear polarization
signatures play a major role in many classes of X-ray sources. Moreover, the emission and transfer of radiation in
the inner regions of compact sources is based on interaction with matter in highly aspherical geometries. Last but
not least the radiation, in its path to the observer, may cross regions of extremely high magnetic fields, where
birefringence effects may occur, or of extreme gravitational fields where radiation is strongly affected by General
Relativity (GR) effects.

Despite its scientific importance, however, X-ray polarimetry remains poorly developed. The effort of detecting
polarization from celestial X-ray sources resulted, with the classical techniques, in the unique positive
measurement, by the OSO-8 Bragg polarimeter, of the Crab Nebula, whose degree of polarization was found to be
19.2% + 1.0% (Weisskopf et al. 1976, 1978). The same instrument obtained a tight upper limit to the polarization
of Sco X-1 (Long et al. 1979), and coarse upper limits in a handful of other X-ray sources (Hughes et al. 1984).
Compton gamma-ray polarimetry has resulted in the very debated measurement of some bright gamma-ray bursts
(Coburn & Boggs, 2003; Wigger et al. 2005), and in the measurement of polarization of the Crab (100 keV-1 MeV)
and Cyg X-1 using instruments not specifically designed and calibrated for polarimetry on board the INTEGRAL
satellite (Dean et al. 2008; Forot et al. 2008). Instead, the most convincing measurement of polarization of a GRB
comes from a small dedicated instrument (Yonetoku et al. 2011).

More results are expected in the near future by Soft Gamma Detector (SGD), on-board the Japanese Astro-H. The
SGD is based on Compton effect, has a field of view of 0.5° defined by a collimator, and is not imaging. While the
sensitivity to polarization is anticipated to be higher than INTEGRAL, the SGD will be operative only in Soft y-
Ray range, (60-400 keV) where the flux from the celestial sources is very low, and in fact will be able to observe
only a few brightest galactic sources with a sensitivity which, for the Crab Nebula, is equivalent to that of OSO-8 in
the X-rays. Only a small subset of the classes of the high energy sources studied with X-ray observations can be
studied with a significant benefit and in most cases the physics involved is quite different.

The development of detectors based on the photoelectric effect, which can measure simultaneously the interaction
point, the energy, the arrival time of the photon, together with the emission angle of the photoelectron, opens the
possibility to perform spectrally and spatially resolved focal plane polarimetry, with a dramatic jump in sensitivity.
XIPE will observe in the classic 2-8 keV range hundreds of sources belonging to most of known classes discovered
or studied in 50 years of X-ray Astronomy, image them at sub-arcminute level and measure their polarization. For
many of these classes, as we will show below, this will represent a break-through in understanding the physics and
the geometry of the studied objects. This totally innovative observing technique it will extend, for the first time, to
polarimetry the same revolution performed 38 years ago by Einstein Satellite in the domain of imaging X-ray
Astronomy.

2.1. Astrophysics

Significant X-ray polarization degrees are expected in most classes of X-ray sources. Polarization is certainly much
more important in X-rays than e.g. in the IR and visible bands, where radiation in the Universe is largely dominated
by stellar processes (but where polarimetry nevertheless provided fundamental results, e.g. the AGN unification
model, Antonucci 1993). In fact, acceleration phenomena often dominate the energy output of X-ray sources, and
strong — or even extreme — magnetic fields significantly affect the emission in many white dwarf and neutron star
sources. Moreover, inverse Compton scattering in highly aspherical geometries are widely believed to be the main
X-ray emission mechanism from black holes accreting systems, both in Galactic binaries and in AGN.

2.1.1. Acceleration phenomena

Imaging X-ray polarimetry is vital to understand the structure and level of order of the magnetic field in Pulsar
Wind Nebulae and Supernova Remnants, without which our understanding of the acceleration mechanisms and
matter interactions in these sources — the acceleration site of the all-pervading cosmic rays - is necessarily
incomplete. In accreting compact objects, like radiogalaxies and microquasars, X-ray polarimetry will establish the
role of jets in the X-ray emission, while in inverse Compton-dominated blazars it will conclusively determine the
origin of the seed photons, the major missing piece to complete the puzzle of their Spectral Energy Distribution.

Pulsar Wind Nebulae

The Crab Nebula is the only astronomical source so far with a high-confidence polarimetric measurement in X-rays
(P=19.2+/-1.0%, Weisskopf et al. 1978). Magnetic fields in Pulsar Wind Nebulae (PWN) are rather well ordered,
so the emission is locally highly polarized in the radio and optical bands (up to 60%, close to the theoretical limit).
The pulsar emission itself is also highly polarized in the same bands. Recent INTEGRAL results (Dean et al. 2008;
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Region Gegree Gangle MDP (%)
(%) (deg)
1 +0.60 +0.96 1.90
2 +0.41 +0.65 1.30
2 +0.68 +1.10 2.17
4 +0.86 +1.39 2.76
5 +0.61 +0.97 1.93
6 +0.46 +0.75 1.48
7 +0.44 +0.70 1.40
8 +0.44 +0.71 1.41
9 +0.46 +0.74 1.47
10 +0.60 +0.97 1.92
11 +0.52 +0.83 1.65
12 +0.53 +0.85 1.69
13 +0.59 +0.95 1.89

Figure 1 Angular resolution of XIPE, expressed as
the Half Energy Width, superimposed on the Crab
Nebula image by the Chandra X-ray Observatory
(Weisskopf et al. 2000). Assuming conservatively
that the polarization degree in each region is that
measured by OSO-8 averaging over the entire
nebula (P=19%), the error on the measurement
carried out with a 20 ks observation of XIPE is
reported in the table.

Figure 2 The 5.0 keV synchrotron polarization
maps simulated with different pixel sizes for a
young SNR. The color bar indicates the degree of
polarization. The left one has a pixel size of 9
arcsec, the central of 18 arcsec and the right of 36
arcsec, larger than XIPE. The yellow frame shows a
field of view of 2.6 x 2.6 arcmin® The stochastic
magnetic field sample has the r.m.s. value B = 3 x
10~ G and a flat power-law spectrum of magnetic
fluctuations of index & = 1.0. The simulated SNR
shell has a radius of about 0.4 degrees (from Bykov
et al. 2009).

Forot et al. 2008) suggest a high level of polarization also in
gamma-rays. The X-ray emission of the nebula is highly
structured, as shown by Chandra, with a torus plus jet geometry.
Since X-ray emitting electrons have a synchrotron lifetime which
is far shorter than that of particles which emit at longer
wavelengths, X-rays are produced in the regions close to where
the electrons are accelerated and therefore provide a much cleaner
view of the inner regions than, e.g., optical. Detailed and spatially-
resolved measurements by XIPE will allow us to determine the
magnetic field orientation in the torus, the jet and at various
distances from the pulsar. This is of special interest because,
compared to the total synchrotron emission, polarized emission is
a more sensitive probe of the plasma dynamics in these nebulae
(Bucciantini et al. 2005). It is also the best tool to test the
emergent scenarios, based on 3D MHD simulations (Porth et al.
2014), which suggest a paradigm change for PWN dynamics: they
invoke the conversion of magnetic energy into particle energy in
the radiation region, downstream of the termination shock, rather
than upstream. Such scenarios require the growth of turbulence
and efficient magnetic field dissipation in a region which can be
directly probed by X-ray polarimetric observations. Information
on the pulsar wind magnetization and its evolution is essential to
clarify the sites and mechanism(s) of particle acceleration in these
nebulae, which are among the most efficient accelerators in the
Galaxy (Nakamura & Shibata 2007; Volpi et al. 2008). XIPE can
measure, in 20 ks, the degree and angle of polarization in many
subregions with an accuracy better than 1% in polarization degree
and of 1 deg in polarization angle (see Figure 1). Other young and
middle-aged PWNe will also be accessible, and similarities and
differences with respect to the Crab can be explored. In particular,
a subject of current debate is the dichotomy between nebulae
characterized by radial (e.g. Vela, see Dodson et al 2003) versus
toroidal (e.g. G21.5-0.9, see Zajczyk et al. 2012) field geometry as
inferred from radio polarimetry. X-ray polarization, with its
enhanced sensitivity to the inner regions can help to determine
whether the large scale field geometry is related to the relativistic
plasma dynamics or rather induced by the interaction with the
surrounding SNR.

Supernovae Remnants

Supernova Remnants (SNRs) are believed to be the acceleration
sites of cosmic rays up to very high energies. Diffusive shock
acceleration (DSA) is the most popular mechanism of particle
acceleration in young supernova remnants. To achieve the
observed multi-TeV energies of the accelerated particles in DSA
models, the magnetic field must be amplified well above the
adiabatic compressed magnitude (e.g. Amato 2014). Moreover, it
must be amplified in the shock precursor, most likely by cosmic
ray driven instabilities. The amplified magnetic field is likely
highly turbulent. Nevertheless, the fluctuating magnetic fields
produced by cosmic ray-driven instabilities can be studied with
high resolution imaging X-ray polarimetry which may provide
unique information or constraints on the magnetic field
amplification mechanisms in DSA. In fact, imaging polarimetry is
crucial to localize the regions of shock acceleration and to
measure the strength and the orientation of the magnetic field at
these emission sites (Vink 2012). Probing the regions where
thermal or non-thermal plasma is emitting in X-rays is particularly
important in small size SNRs like Cas A, Tycho and Kepler (see
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e.g. Araya & Cui 2010). The high X-ray polarization
degree expected where the synchrotron process is prevalent
(e.g. in the filaments usually located on the shell
boundaries) should be much reduced where the non-
thermal emission is just a fraction of the thermal one.
However in the SNR 1006, radio polarization maps
(Reynoso et al. 2013) show that where the synchrotron is
prevalent (e.g. in the two bright radio and X-ray lobes NE
and SW) the measured degree of radio polarization is just
17%, probably due to a partially disordered magnetic field.
Instead, in regions where non-thermal emission does not
prevail, as in the SE rim, the measured polarization degree
is 60% indicating a highly oriented magnetic field. A high
degree of polarization is therefore expected also in X-rays
whenever the instrument has the capacity of resolving the
regions of oriented magnetic fields (see Figure 2);
moreover, the XIPE imaging polarimeter will have the
capability to reveal polarized emission from the
synchrotron stripe structures observed by Chandra in
Tycho’s SNR (Eriksen et al 2011) for which a high degree
of polarization is expected as well (see Figure 3).

Similar considerations can be applied to Cas A for which
there is an indication of the presence of a tangential
magnetic field at its outer edges (Gotthelf et al. 2001).
XIPE can search for a polarized signal in the several
regions in which the non-thermal contribution is substantial
(about 20% of the total emission in the spectral region
between 4 and 6 keV, Bleeker et al. 2001). We show in
Figure 4 a simulated view of Cas A: with a 2 Ms
observation, we can measure in several spatially resolved
regions the degree and the angle of polarization with an
error of about 1% and a few degrees, respectively. Based
on the Einstein survey (Seward 1990), there are about ten
SNRs with a small (< XIPE FoV) size having sufficient
flux for X-ray polarimetry while the strategy for a space
resolved measurement can be implemented after having
analyzed the observation of Cas A. Oppositely large size
SNRs (> 30 arcmin) with a clear X-ray synchrotron
spectrum in their rims are SN 1006, RX J1713.7-3946, and
RX J0852.0-4622, which will be observed in selected
regions.

Jets

One of the challenges in high energy astrophysics is to
understand how matter is accelerated in jets, and how the
mechanism responsible for the emission works both in
Galactic and extragalactic sources. At present, about two
dozen Galactic X-ray binaries show high velocity, some
time superluminal, radio-emitting spots, moving away from
a compact core at apparent superluminal speed (Mirabel &
Rodriguez 1994). These objects can be extremely bright in
X-rays. The high luminosities and high masses indicate that
the compact object is a black hole in many of them. Their
structure -black hole, accretion disk, and relativistic jet-
and their multi-wavelength behavior, including gamma-ray
emission (e.g., Abdo et al. 2009, Bulgarelli et al. 2012) and
radio and optical polarization (Nagae et al. 2008, and
references therein) strongly suggest the sources to be scaled
down versions of radio-loud quasars, hence the name
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ray polarization properties (possibly combined with simultaneous radio C a
and optical polarization measurements) can shed light on the still unclear 4 -]
role of jets in the X-ray emission, on their formation and evolution, and ]
their relation to accretion disk emission. These studies may also be 3 B
applicable to AGN (e.g. Mirabel 2007), but in pQSO we have the o o 0,=90°
possibility, thanks to the much shorter time scales, to study their 2f —— =
behavior over a wide interval of accretion rates. Several different = e pa
sources, e.g. GRS1915+105, Cyg X-1, Cyg X-3, XTEJ1550-564, etc., 1 .
have a flux between a hundred mCrab and a few Crab and an MDP - : e
(Minimum Detectable Polarization, see 3.1) lower than 1% can be o :Io ' "'“:'(lm el
reached in less than 1 day of observation. This will enable time and r

energy resolved polarization analyses. pQSO are also good candidates to

search for General Relativity effects (see Section 2.2.2).

AGN are customarily divided into two subclasses, radio-loud and radio-

quiet AGN, depending on the level of radio (with respect to the optical)

emission. In radio-loud AGN, a relativistic, highly collimated jet is

present; in the subclass of blazars, it is directed close to the line-of-sight

and Special Relativity effects are very important. In particular, due to Doppler boosting, jets dominate the emission
at all wavelengths. The spectral energy distribution (SED) of blazars is composed of two peaks, the first one due to
synchrotron emission, the second one at higher energies due to inverse Compton Scattering (ICS) of either the
synchrotron photons (synchrotron self-Compton, SSC) or external photons, presumably from the accretion disk or
from the broad-line region. In some cases, synchrotron emission dominates in X-rays, and strong polarization is
therefore expected with a position angle depending on the main emission site (the base of the jet or a downstream
shock, Marscher & Gear 1985). In other sources, X-ray emission is instead dominated by ICS, and polarimetry will
offer a simple but powerful way to establish if IC is produced by upscattering of either synchrotron or external
photons (McNamara et al. 2009). While the polarization angles of synchrotron and SSC emission are expected to
be the same, and perpendicular to the magnetic field (Celotti & Matt 1994), those from IC from external photons
are related to the jet axis (Begelman & Sikora 1987), and the synchrotron and IC polarization angles need no longer
to be the same. In both scenarios (i.e. X-rays from SSC or from IC with seed photons external to the jet), the
polarization degree (see Figure 5) is expected to be very high, up to 50% or more unless the electrons responsible
for the IC emission are hot (see also Poutanen 1994). Multi-spectral-range polarization monitoring of blazar jets is
a powerful tool to locate the emission regions along the spectrum, and therefore to deepen our understanding of
their emission mechanisms (e.g. Marscher et al. 2008, Agudo et al. 2011). The polarized millimeter-wave and
optical emission often have similar polarization angles and can track each other as they vary, which provides an
unambiguous method for locating regions that emit at these wavebands. X-ray polarimetric monitoring of bright
blazars with XIPE now brings the opportunity to extend this method up to high energies, which will not only
establish the dominant X-ray emission mechanism (SSC or IC, as discussed above), but will also provide
unprecedented and robust information about the actual location of the X-ray emission on correlated events along
the spectrum. Multi-wavelength polarimetry, with X-rays being at the heart of it, will therefore provide unique
information on the emission mechanism, the location of such emission on the jet, and on its structure. XIPE can
reach an MDP of a few percent in a few days of observations for some of the brightest blazars. For example, an
MDP of <3% can be reached for Mrk 421 in 10° s. In non-blazar radio-loud AGN, the jet is directed away from the
line-of-sight, and the jet emission no longer dominates over the disk-related emission. Interestingly, for a few
bright sources (most notably the famous bright quasar 3C 273), Grandi and Palumbo (2004; 2007) have suggested,
based on spectral deconvolutions, that the two components are of comparable importance in the 2-10 keV band. X-
ray polarimetry offers a model-independent way to test this hypothesis: as the two components have different
spectra (the jet spectrum being harder), and are polarized with different polarization angles, a rotation of the angle
with energy is expected, in accordance with the energy dependent weights of the two components. For a nearby
(4.6 Mpc) radio galaxy like Cen A (the X-ray brightest extragalactic source), the imaging capability of XIPE offers
the exciting possibility to perform space-resolved polarization, testing the structure of the magnetic field along the
jet. An MDP of 5% can be reached in a 200 ks observation.

2.1.2.Emission in strong magnetic fields

Ordered magnetic fields cause radiation to be polarized not only because of synchrotron emission (as in the
acceleration phenomena discussed above) but also, if strong enough, because the matter may be channelled along
the field lines, resulting in strong asphericities in its distribution. Therefore, X.ray polarimetry can determine the
properties of the accretion column in magnetized white dwarfs and neutron stars in binary systems, solving e.g. the
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long standing issue of the form (“fan” vs. “pencil”) of the radiation pattern in X-ray pulsars. Moreover, plasma
opacity in an intense magnetic field is different in the ordinary and extraordinary modes, leading to strong
polarization of the emerging radiation. X-ray polarimetry, therefore, offers a unique opportunity to probe the
magnetosphere of magnetars, where the magnetic field reaches extremely high values.

Magnetic cataclysmic variables

Magnetic cataclysmic variables (mCVs), which include polars and intermediate polars, are binaries with a strongly
magnetized white dwarf (WD) accreting material from a Roche-lobe filling low-mass star (see Warner 1995 for a
comprehensive review). The magnetic field is strong enough (1-100 MGauss) to channel the accretion flow
directly to the WD, preventing the formation of an accretion disk in polars and magnetically truncating the disk in
intermediate polars. The accreting matter is heated to keV temperatures in a standing shock near the WD surface.
The post-shock material is cooled by emitting optical-IR cyclotron radiation and bremsstrahlung in X-rays. The X-
rays are in part scattered and reflected by the WD surface, the disk (if present) and the magnetosphere. Scattering
opacity in the accretion column need not be negligible for high accretion rates, and the emission may be polarized.
The polarization depends on the viewing inclination of the accreting column and it is sensitive to the system
configuration. The polarization signal is therefore periodic, with an amplitude reaching 4-8% (Matt 2004;
McNamara et al. 2008). Reflection from the WD surface, which is relevant above a few keV, is also expected to be
significantly polarized, providing a characteristic energy dependence of the polarization properties (Matt 2004). X-
ray polarimetry can therefore help in testing accretion models and determining model parameters. Several bright
intermediate polars, and certainly the brightest polar, AM Her, when in high state, can be searched for phase-
dependent polarization. In the latter case, an MDP of 2.6% can be reached in 10 phase bins with a 1Ms observation.

Accreting millisecond pulsars S0/20  us/uS 7545 80/4S 80760
Accretion in close binary systems can spin up the L , -
neutron-star rotation, resulting in accretion-powered 5 PN VaVVaVVASVAN YAVaVAY,
millisecond pulsars (aMSPs). At present, more than a - P WMM
dozen sources are known, with periods ranging from o NN LA~ . :
1.67 to 5.49 ms. Their spectra consist of a blackbody 8 . MMMMM
component, likely originating in a hot spot on the = _ ANANNANANAN NN
neutron star surface and with typical temperatures of £, KN\ NNV NNV WV
about 1 keV, and a hard power-law component, probably 7 aNVANVANVAVVAVVANVAN VAVIVAV,
due to Comptonization in a radiative shock surface, with P2 VANVANVAVVACVAUVAN VAVAVAY
a temperature of 30-60 keV and Thomson optical depths T ———————+
<1-2. The observed pulsations indicate that the shock © . S IR Jnfemastes
covers only a small part of the neutron-star surface. The ST T R Y A A A AR A AT A A
scattered radiation should be linearly polarized (see © NNV IVN
Figure 6), with the polarization degree and angle varying =~ & f———F"—F~"""" AN
with the phase (Viironen & Poutanen 2004): X-ray fy
polarimetry is essential to test the Comptonization model L NN FaN S N VoWV W WaW W
for the hard component as well as to determine S gt A A NPV VA Ay A
geometrical parameters such as the inclination and the =T PNV VARNVWVY ]
magnetic inclination angles, which are important to NN N AN I I
constrain the neutron star mass and radius. Millisecond S N RS ATAE
pulsars are usually transient objects. In a 100 ks ol AR AR A
observation of SAX J1808.4-3658 in outburst, an MDP N i AR A
of 2.1% can be reached in 10 independent phase bins. E: %m%%
Accreting X-ray pulsars : ¥ mw%
Accreting X-ray pulsars are binary systems in which the P ARV aVaV
compact object is a neutron star with very strong N M R
magnetic fields of 10”-10" G, as derived from 6. 1 o 1. o 1. 0. 1. 0. 1.
cyclotron lines. In such strong magnetic fields, radiation PHASE  PHASE  PHASE  PHASE  FPHASE

propagates in two, linearly polarized modes: the ordinary
O- and the extraordinary X-mode (parallel and
perpendicular to the B-field, respectively). A
birefringence effect, due to the different plasma opacity
to the ordinary and extraordinary modes, arises, resulting
in strong linear polarization of the emerging radiation.
Detailed calculations (e.g. Meszaros et al. 1988) show
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that the linear polarization depends strongly on the geometry of the emission region (accretion column), and varies
with energy and pulse phase, reaching very high degrees, up to 70% for favorable orientations at the cyclotron
energies. In particular, phase-resolved polarimetry can distinguish between “pencil” and “fan” radiation patterns, a
long standing problem still awaiting a firm solution. Because the degree of linear polarization is maximal for
emission perpendicular to the magnetic field, the flux and degree of polarization are in-phase for fan beams, but
out-of-phase for pencil beams. Both fan and pencil beam components may be present, each component dominating
at different energies, resulting in an energy dependence of the polarization angle. The phase swing of polarization
angle, instead, is a direct measure of the angle between the rotation and the magnetic dipole axes, usually a free
parameter in the models. Many X-ray pulsars are within reach of XIPE: for example, an MDP of 3.0% is achieved
in 10 independent phase bins with a 100ks observation of Her X-1.

Magnetars

Soft-Gamma Repeaters (SGRs) and Anomalous X-ray Pulsars (AXPs) are isolated neutron stars which emit strong
(10%-10™ erg/s), short (0.1-1 s) bursts of X-/gamma-rays. Their spin periods are in the 2-12 s range and they
exhibit relatively high values of the spin-down rates (10 — 10™* s/s). The inferred values of the magnetic field,
108-10" G, are the highest ever measured and provide evidence that these sources host an ultra-magnetized
neutron star, a so-called magnetar. This is further supported by their (persistent) luminosity being higher than the
rotational energy loss rate, implying that they are powered by their own huge magnetic field. SGRs/AXPs are
bright, persistent X-ray sources with luminosity 10*!-10% erg/s (2-10 keV), and a typical thermal plus power-law
spectrum. The thermal component is believed to originate from a heated region on the star surface, while the
power-law tail results from resonant cyclotron (up-)scattering (RCS) of thermal photons onto magnetospheric
electrons/positrons. The different opacity in the two polarization modes implies that the initial polarization state of
seed thermal photons may change upon scattering. According to state-of-the-art simulations (Taverna et al. 2014),
phase-resolved, polarimetric measurements in bright magnetars (like the AXP 1RXS J1708) are within XIPE
capabilities with exposure times of a few hundred ks. They will yield invaluable information on the magnetic field
strength and geometry and can, for the first time ever, provide a direct confirmation of QED effects (see Section
2.2.1).

2.1.3.Scattering in aspherical geometries

Scattering is one of the most common way to polarize radiation. X-ray polarimetry is therefore an invaluable tool to
study sources in which scattering occurs in aspherical geometries (e.g. accretion disks). For instance, it will
determine the geometry (which is related to the origin) of the X-ray emitting, hot corona in X-ray binaries and
radio-quiet AGN, and it will proof or reject the hypothesis that the black hole at the center of our own Galaxy is,
intermittently, a low luminosity AGN.

X-ray binaries

Even when the magnetic field of the compact object is not strong enough to channel the accreting matter,
asphericities are present because the matter usually forms accretion disks. GR effects are expected to be important
for the emission originating in the inner regions of the disk, close to the black hole or the neutron star. These effects
will be discussed later on. Here we just emphasize that in accretion-disk-fed sources the hard component (which is
the dominant one in the 2-10 keV spectrum when the sources are in the so called hard state) is likely due to
Comptonization of disk photons in a hot corona, and it is therefore expected to be strongly polarized (e.g. Haardt &
Matt 1993; Poutanen & Vilhu 1993). The polarization degree will put constraints on the, so far unknown, geometry
of the corona (Schnittman & Krolik 2010, Tamborra et al. in prep.) and on the inclination angle of the disk, a key
parameter to robustly determine the mass and spin of the black hole. For the brightest sources, variations of the
geometry of the corona with the accretion rate can be searched for by observing the sources in different spectral
and flux states, including quiescence. Part of the primary emission is intercepted and reflected by the accretion disk
itself, giving rise to the so-called Compton Reflection (CR) component. This component, which becomes relevant
above 7 keV, is also highly polarized, the polarization degree depending mainly on the inclination angle of the disk
(Matt et al. 1989).

Radio-quiet AGN

It is believed that the innermost regions of radio-quiet AGN are scaled-up versions of those present in galactic
black hole systems with the very important difference that here the Comptonization component always dominates,
as the disk thermal component is in the UV/Soft X-ray band, due to the T ~Mgy ¥ relation. For the
Comptonization and CR components, the same considerations made in the previous paragraph still hold (but see
Section 13 for a test of GR effects based on time/flux variability). An MDP of 3% can be reached with a 100ks
observation of the Seyfert galaxy 1C4329A. In addition to the accretion disk, other reflecting regions are present in
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Figure 7 Left: Sketch of the possible geometry of the circumnuclear matter in NGC1068. Note the misalignment of the ionization
cone and the torus axis, suggested by IR interferometric observations (Raban et al. 2009). Right: expected polarization degree
and angle as a function of energy for different inclination angles of the system (p=cos(i); for NGC1068 p is likely to be low,
Greenhill et al. 1996). From Goosmann & Matt (2011). If the misalignment is real, a non zero value of v, the polarization angle
measured from the direction perpendicular to the torus axis, should be found.

radio-quiet AGN, first and foremost the so-called dusty torus envisaged in Unification models (Antonucci 1993).
Despite the name, the actual geometrical shape of the ‘torus’ is basically unknown, and polarimetric observations
can help to solve this issue, as well as to determine its orientation and relation with the optical ionization cones
(Goosmann & Matt 2011, see Figure 7). In the case of NGC1068, an MDP of 2% can be reached with a 500ks
observation. Investigations of the scattering geometry in AGN will benefit from synergies with polarization studies
at longer wavelengths (Marin & Goosmann 2012).

X-ray reflection nebulae

There are a few molecular clouds in the Galactic Center region whose X-ray spectra are well reproduced by a pure
Compton Reflection component, indicating that such clouds are reflecting the X-ray radiation produced by an
external source (X-ray reflection nebulae, XRN). The most famous example is Sgr B2, but also the X-ray emission
from the Sgr C complex was proposed to have the same origin (Murakami et al. 2001). The puzzle here is that there
is no X-ray source bright enough in the surroundings. It has therefore been proposed that these clouds reflect past
emission by the central black hole source (Sunyaev et al. 1993, Koyama et al. 1996, Ponti et al. 2013), which
should therefore have undergone a phase of strong activity about three hundred years ago. If the emission from the
nebulae is indeed due to scattering, it should be very highly polarized (Churazov et al. 2002), with a direction of
polarization perpendicular to the scattering plane, and therefore to the line connecting the cloud to the illuminating
source. The detection of polarized X-ray emission from one or more of these clouds would place a strong limit on
the position of the source which illuminated them in the past and, if the polarization plane is indeed perpendicular
to the direction towards Sgr A*, it will be proved that not many years ago the Galaxy was a low luminosity AGN.
In addition, measurements of the polarization degree will provide unique information on the position of the clouds
with respect to Sgr A* along our line of sight. An ambitious campaign (about 3 Ms in total) on the Sgr B and C
complexes will be able to prove or reject, once and for all, the fascinating hypothesis that our own Galactic Center
is episodically an AGN (see Figure 8).

2.2. Fundamental Physics

High Energy Astrophysics makes natural laboratories of Fundamental Physics accessible, allowing for tests of
physical theories which would otherwise be impossible. X-ray polarimetry is a privileged probe to exploit many of
them, as explained below. Distinctive signatures on the degree and angle of polarization are expected during photon
transfer in strong magnetic or gravitational fields. In particular, it will permit to test a QED effect in extreme
magnetic fields which was predicted almost 80 years ago, but is still to be verified; and to measure the black hole
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from neutron stars (NSs) should be

highly polarized because the opacity

of the atmosphere to photons

polarized perpendicular to the

magnetic field (X-mode) is smaller

than that for parallel polarized

radiation (O-mode) (Lodenqgual et al.

1974). Although this basic result

holds in general, the polarization

properties of the NS thermal emission

crucially depend on the still poorly

known conditions of the outermost stellar layers. For very large magnetic fields, the surface may be in a condensed
state, or, if a phase transition does not occur, it could be covered by a gaseous atmosphere (e.g. Medin & Lai,
2006). Regardless of the polarization state of thermal radiation, X-ray polarimetry of NS emission gives the
opportunity to observe a genuine quantum-electrodynamic (QED) effect (Heyl & Shaviv 2000), that is the vacuum
polarization induced by a strong magnetic field, predicted nearly 80 years ago (Heisenberg & Euler 1936) but still
to be verified experimentally. In the presence of ultra-strong magnetic fields (as in magnetars), the components of
the vacuum dielectric and magnetic permeability tensor depend on the magnetic field intensity. This effect
influences the propagation of the photons: the typical scale length along which the properties of the wave electric
field evolve is proportional to B (Fernandez & Davis 2011, Taverna et al. 2014). Near the stellar surface, where
the magnetic field is stronger, the direction of the wave electric field is strongly coupled to that of the local
magnetic field, and the photons’ polarization mode does not change (adiabatic propagation). In the external region,
however, where the local magnetic field intensity has sufficiently dropped, the local magnetic field direction
changes more rapidly than what the photon electric field can do. As a result, the electric field direction freezes and
the polarization modes begin to change. Theoretical models (Taverna et al. 2014, and references therein) show that
vacuum polarization affects both polarization angle and polarization degree (see Figure 9). X-ray polarimetry can
confirm the occurrence of vacuum polarization effects and also provide a proof of the presence of ultra-strong
magnetic fields in these sources (currently such a magnetic field was estimated only in SGR 0418+5729, Tiengo et
al. 2013).

Should an atmosphere be present, detailed calculations (van Adelsberg & Lai 2006) have shown that a resonance,
occurring when the contribution to the dielectric tensor of the plasma and of the vacuum compensate each other,
would produce a transition between the two photon modes analogous to the Mikheyev-Smirnov-Wolfenstein
mechanism for neutrino oscillation (Lai & Ho 2003). For not-too-strong field regimes (<7x10™ G, when the
occurrence of an atmosphere is most likely), the resonance lies outside the photospheres of the two photon modes
and the total emission is dominated by one mode or the other depending on the energy. The net effect is a rapid 90
degree shift of the angle of polarization which, for typical atmosphere parameters, occurs at a few keV. Instead, for
stronger magnetic fields, as expected in magnetars, the polarization angle should not flip between low and high
energy photons because the resonance occurs inside the O-mode photosphere.

Phase-resolved polarimetry allows us to probe the geometry of the source, i.e. the angles that the line-of-sight and
the magnetic axis make with the spin axis (Fernandez & Davis 2011, Taverna et al. 2014). Furthermore, when
modes are coupled again at a distance which is large with respect to the radius of the NS, the local magnetic field is
almost parallel and therefore photons coming from different regions of the NS surface add coherently. Since the
modes of lower energy radiation couple first, but in the meanwhile the magnetosphere rotates with the NS, an
observable prediction of the presence of vacuum birefringence effects is that the angle of polarization at low energy
should lag behind higher energy photons (Heyl & Shaviv 2000).
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