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XIPE Assessment Studyi Mission Summary

Key scientific
goals

Obtain unique physical and geometrical information on basically all classesayf sburces

through twostill unexploredobservable$ the degree and angle of polarization.

1 Particle acceleration processs map the magnetic field and locate acceleration reg
in the Crab Nebula and other PWN, and in SNR; infer the magnetic field structure
deriving jet composition in blazars and studying acceleration physics in GRBs.

1 Emission in strong magneticfield: derive vital information on accretion geomesnyd
physical parameteiis white dwars and neutron stars; constrain the equation of sta
ultra-dense matter; understand the mechanism that triggers inunshgnetars.

9 Scattering in aspherical gemetries: definitely test ifthe black hole at the center afir
Galaxy was active a feWwundredyears ago; constrain the geometry and origin of the
ray emitting corona in AGN anddBactic accretingblack holesStudy the geometry @
wind flow in AGNs.

1 Fundamental Physics observe vacuum birefringence in highly magnetized neutron ¢
take advantage of General Relativigftects to derive the spin ofalacticaccretingolack
holes; search for Quantum Gravity signatures and Abkienparticles.

Reference
core payload

The Payload consists of three identicalray telescopes with 4 m focal length and
instrument control unit. The mirrors haveaal effective ara of about 1500 cAwith an

angua r r esol ut i oTMhe BGasPikekDeteotstare desigh€ddas gas proportio
counters ht with a revolutionary readout, i.@n ASIC CMOS chip developed to thisaim. T
readout allowsisto measurehe X-ray polarizatiorof cosmic sourcem the 28 keV energy
range with high sensitivity bjmagingthe photoelectron trackf each eventThe energy
resolution is 20% at 5.ReV. The sensitivity(Current Best Estimate) is 2@2for an intensity
of 2x10%° erg/s/cm (10 mCrab) in 300 ks of net obsawgitime (the requirement is 248.

Each DetectoUnit comprises also a Filter and Calibration Wheel and the Back End Elect
that manages the ASIC, digitally convert the analogue signalstdigrine events with few

ns resolution ad perform the zero suppressiofhe Instrument Control Unit prodes on

board a set of Quickook data tdbe downloaded with high priority, usednwnitorthe on

going observations. It also formats and stores the data andtsenu to theon-board data
handling unit

The countries involved in the design and provisid the payload items are: Germany, lIte
Spain, United Kingdom, Poland. Involved in the study phase were also Sweden, Switz
the Netherlands, Finland and, to a small extent, also China.

Overall
mission
profile

XIPE is designed to beaunched wh a VEGAC vehicle intcan orbit of 556630 km and €°

inclination. With this orbit, eclipses last about 35 minutes. The decay time is well abo
nominal life time, extendable with a small amount of delt®ue to remaining macecraft
fragments the nssionis planned to end by controlled-eatry. The baselinergund station is
Kourou either for S/S or S/X telemetry band, albeit Malindi (or Singapore) is additic
available, if necessary, for additional downloading capability in case of particbiagiyt

sources. The mission duration is 3+2 yei®E will perform consecutive slews and lor
exposure pointirgwhile the observing plan includes also snapshot pointings for monit
purposes. Target of Opportunities are also foreseen with a reéintivelow 12 hours ir
working days and hours. The dataipplforeseeshat 5% of the time is dedicated to a@c¢
Program while the remainind% is dedicated to a competitive Guest Observing prograr

Description of
the spacecraf

The Spacecraft is composed by a Payload module and a Service niddufest hosts the
focal plane, the second hosts the three mirrors. They are connectedelagcmpe tube
maintained at a constant temperature ¢fQ0Two industrial studies assesdbd feasibility
of the mission design with this satellite configuration. The Service Module surrounds
mirrors. The focal plane platform will be accommodated at the other end of the telescoy
The solar panel, of about 6.7,nwill be fixed and &her configured as a single boedyounted
panel or composed of two sections with one deployed after launch. The field of
corresponds to ‘accessibilityof the skyat any time The spacecraft is-8xis stabilized wh
reaction wheels. Science anolisekeeping data are stored 228 Gbitmemory The dy mass
at launch is 1430 kg, including contingendye required power in the observation mod
1050 W.
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Foreword

Despite the many spectacular successes in the more than fifty years long histergyofstronomy, our
knowledge of Xray emitting sources is still sorely incomplete. For almost all of them, in fact, and with the
notable exception of the two brightest sources in tiraysky (the Crab Nebula and the accreting neutron star
Sco X1) we lack information on one fundamental characteristic of the radiatmolarization. Without
knowing the polarization degree and angit| physical and geometrical information is missing, often leading

to severe model degeneracies. Given thahy Xray sources are characterized by +tloermal emission
processes and/or by radiation transferred in highly asymmetric systems, it is atalyediear that Xay
polarimetric observations would often be crucial, much more than at longer wavelengths. Indeed, as discussed
in the Scientific Objectives section, almost all classes ahy<sources are expected to benefit from
polarimetric measureemts. Key information on phenomena like e.g. particle acceleration, radiative transfer
in strong magnetic fields (including vacuum birefringence, a QED effect predicted 80 years ago but still to be
unambiguously verified) and in deep gravitational potémtélls, and scattering in aspherical geometries, is
encoded in the polarization of-bay photons. Xay polarimetry may even be usto test Quantum Gravity
theoriesand to search for Axiotike Particles.

The only twocurrently available measurements,entioned above, were obtained in tt@r0s with non
imaging, narrowband Bragg polarimeters. No-tdy polarimeters were part of the payload of spaissions
afterwards. Fortunatelgnough, highly efficient Xay polarimeters based on the photoelectrieatthave
recently became available which, coupled with high througHpnotrheritage focusing mirrors, result in a
dramatic increase in sensitivity. Theray Imaging Polarimetry Explorer (XIPE) is designed to bring X

ray polarimetry into full maturityy providing astrophysically significant polarimetric measurements (time,
spatially and spectrally resolved) for hundreds of targets. This will allow us to extend the observations to all
classes of Xay sources of interest, and to observe many sourasechn of them, searching for correlations

of the polarimetric properties with the main parameters of the class. Such an approach is crucial to fully
understand the nature of these sources.

TheXIPE proposal was submitted in response to the ESA call for Mdioms and selected, in June 2015, for
aphase A study. The activities included an internal ESA study and two parallel industrial studies, which were
completed in early 2017. These studies did not only confirm the feasibility and high Technology Readiness
Level of XIPE, they also led to several improvements with respect to the original proposal. Among them: a
larger effective area (3@irror shells instead of the original 27), a longer focal length (4 meters instead of 3.5),

a larger Field of Regard (50% the sky instead of 30%). Scientific performances were correspondingly
enhanced, anXIPE now has a better sensitivity over the whole band, an improved capability to observe
transient phenomena and to perform coordinated observations with drased faidities.

The original Science Case has been revised, extended and sharpened by a Science Team, composed by mor
than 350 scientists worldwide, and structured in thematic Working Groups. Extensive simulations were
performed to assess quantitatively thdighdf polarization measurements to extract physical and geometrical
information and to distinguish between competing models. One of the main results of this work is the
confirmation that the baseline mission duration of 3 years is adequate, with sogie, teareach the main
scientific goals. A possible extension of 2 years will permit to explore more challenging and/or uncertain
scienceobjectives as well as to increase the statistical quality of the population studies. It is worth mentioning
that a ninber of our targets need to be observed in a particular flapemtral state. Ithe pessimistic case
thatno externafacilities will be operating at the time XiPE to provide the relevant triggera monitoring
program of up to 2-14 sources, to bebserved at regular cadence with very short exposisrésreseen to

assess their state. The 12 h repointing time will then allow us to go promptly to the target, if needed, as well
as to point to unexpected, externally triggered events.

In summary, the stdies have demonstrated thdPE is a simple, mature and low risk mission fully able to
achieve its ambitious science goals.
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1 Executive summary

In its more than fifty years long history;ray astronomy has brought enormous progress to our understanding

of the hot and energetic Universe. The physics of compact objects, astrophysical jets or explosive phenomena
could not have been explored or, often, even been discovered witkrayt obsevations. In spite of these
successes, however, large aspects of the physics ofrdaye sOurcesemainunknown, since, for almost all of

them, we are lacking information on one fundamental characteristic of the radigtaarization.In fact,
polarimety adds two more observables, in addition to the direction, energy and arrival time of every photon:
the degree and angle of polarization. The former gives direct insight into the emission mechanism and the
geometry of the source, while the latter may mfpeovide the only way to measure the orientation of the
system(e.g. the magnetic dipole axis with respect to the rotation axis in binary putbarsrientation of the
ionization cone with respect to the putative tarusAGNs or the orientation of thdisk or corona in black

hole binaries. Without their measurement, our knowledge and understanding of most classassufuXces

is necessarily incomplete.

Indeed, since the beginning of-rdy Astronomy- with the discovery that many -Kay sources were
characterized by nethermal emission processes and/or by radiation transferred in highly asymmetric systems
- it was immediately clear that polarimetry would be crucial, even more than at longer wavelengths. However,
X-ray polarimetry is still an undevambed astrphysical probe. @ly two highly signifcant measurements exist

so far. These werebtained in the 1970s with nemaging, narrowband Bragg polarimeters: a spatially
averaged measurement of the Crab Nebula, and a tight upper limit to the gewation star Sco-X. Since

then no Xray polarimeters were part of the payload of space missions. Fortunately, highly effig@nt X
polarimeters based on Gas Pixel Detectors (GPD) and using the photoelectric effect have recently become
available. Whertoupled with high throughput focusing mirrors, these detectors allow for a dramatic increase
in sensitivity. TheX-ray Imaging Polarimetry Explorer (XIPE) is oneof the missions exploiting this
techniqueo bring X-ray polarimetry into full maturitypy providing astrophysically significant measurements

for hundreds of targets, including the brightest objects of almost all classeagfssurces.

Among the astrophysical processes for whickra}( polarimetric observations are crucigarticle
acceleation playsa prominent role. This is most evident in the prototypical cosmic accelerator, the Crab
pulsar wind nebula. Comparison ofrdy images with those at lower energies shows that the former bring
direct evidence of freshly accelerated particles. entioned above, the Crab is the only source for which a
high spatiallyaveraged Xay polarization (19%) was measured in the early daysCBahdraimages show

a complex structure and therefore the total polarization is the sum of several distiigtpbigrized emitting

regions that must be analyzed separalRE, equipped wittspatiallyresolved polarimetric capabilities, will
perform such a detailed polarimetric map of the CrabneblREG s | magi ng capability
shell like spernova remnants, another wefitablished site of particle acceleration, as it can separate the
thermalized plasma from ndahermal (synchrotron) components and thus locate the region of ordered
magnetic field on the site of shock acceleration. Thisprvdvide unique direct evidence on the place where
cosmic rays are accelerated, and determine how ordered the magnetic field is. Not less irKpeEavit]

also study the acceldian processes in jets in bothalactic and extragalactic sources: micrazprg, blazars

and radiogalaxies. Comparison with polarization at lower frequencies will allow us to understand the magnetic
field structure in the jet. In those blazars in whictiays are part of the high energy peak, polarimetry will
constrain the compd®n of the jet (leptonic vs. hadronic) and, if leptonic emission will turn out to be
dominant, it will also determine the origin of the seed photons of the InGenspton emissiorXIPEG s abi | it
to repoint within 12 hours (down toifl the most favoutale conditions) will allowusto search for polarimetric
signatures in the afterglow of at least a few brigihdtly bursts, a crucial information to understand particle
acceleration, emission physics and magnetic fields in their expanding jets.

High levds of polarization are expected in aspherical geometsigsng magnetic fieldsin accreting white

dwarfs and neutron stars, which funnel the accreted plasma along the field lines, provide such geometries.
Unique information on the geometry and physicghaf accreting column and the magnetosphere can be
obtained through Xay polarimetry. Yet unknown key aspectst@se systems will be unveitdtie geometry

of the emission in accreting millisecond pulsars, necessary to measure th®-raaéss ratio,and then
constrain the equation of state of utlense matter in neutron stars; the structure of the accreting column in



XIPE Assessment Study Report page9

magnetized white dwarfs and neutron stars; the geometrical parameters of the magnetosphere in magnetars,
crucial to understand the gieganisms that trigger their powerful outbursts. Most fascinating of all, however,

is the possibility to observe vacuum birefringence in highly magnetized neutrgras@D effect predicted

80 years ago but yet to be unambiguously verified.

Scattering in  aspherical
geometries also produces
high level of polarization. A
case of peculiar interest is that
of the molecular clouds
around the supermassive black
hole in the centre of our
Galaxy. The polarization
degree and angle will
determine whether these- X
ray bright clouds shine
because they reflect the past
activity of the presently quiet
black hole at the Galactic
centre, and therefore provide
the ultimate proof that a few
hundred years ago theentre
of our Galaxy was millions
times more active than now.
The geometry of the Xay
emitting corona in Active
Galactic Nuclei (AGN) and
Galactic black holes can also

be determined b}IPE. Broad
Figure 1-1 XIPEwill provide a large number of polarization measureme pand spectral measurements

for many classes of-ky sources. At present, ortlye spatially averagec py NuSTAR provide the

X-ray polarization mesurement of the Crab nebula is available, toget coronal physical parameters

with a tight upper limit to the patization of the accreting neutron star S (temperature, optical depth)

X-1. but their geometries, which

are key to understand their

nature and originfds k per t ur b at ), arewvstyallyarkmwnt Ie @alagtie Black Héle systems,
when in soft state, a continuous changgh energy of the polarization angle of the Comptonized 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 QEihd GR effects are not the only examples of the useraf/polarimetry to probe
fundamental physics In fact, Xray polarimetry provides a tool to test theories predicting birefringence
effects as a function of energy aodsmicdistance. Such effectseapredicted by some Quantum Gravity
theories and can be tested by observing distant polarized sources like blazars. This kind of olssandtion
even more the search for polarization in otherwise unpolarized sources like CifigBaiaxies, will also
enable the search for Axidike Particles, onefahe most elusive, even if leastotic, candidates to be the
dark matter particle. While theseeasurementre admittedly challenging, they are potentially very rewarding
and, at least partly, are {pyodicts of observations that will be made for different purposes.

Although XIPE has been conceived and designed to address the specific scientific goals outlined above, it is
well possiblé” indeed likely- that many breakthroughs will arrive from unexpected quarters. This is a general
feature of many ambitious space projects,dwen more so in the caseXiPE: as the first mission to survey

the polarimetric properties of hundreds of targets belonging to all classesgfsdurces, it has inevitably

also an exploratory nature, with a great poteffitiaiscoveries and surpris€lhe nominal mission duration

is three years, although the extension of the planned operations will not be limited by any technical payload or
spacecraft constraint except extremely modest propellant volume. Given that the exposure time pel target wil
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range from a few thousandeconds to ~1 Ms, with a typical value of ksec XIPE will be able to

observe 15@00 targets during its nominal lifetime. Thidll allow usto reach our scientific goals with some
marginon the minimum available exposumme. In particular, it will be possible to observe, for most classes

of sources, several objects to search for differences and commonalities among them, and to exploregorrelation
with system parameters. Moreover, there will be room to observe varalrtees more than once, to search

for changes in the polarimetricqperties with the source state.

The observing program will include a Core Progi@3P6 of the total available timeg¢nsuring that the main
scientific goals of the mission will be achieyédit all availableXIPE Guest Observing exposure time will be
competitively assigned through peer reviewed proposals. It is important to remark that some oKtR&key
targets will be transient, i.e. variable in flux and/or spectral state. For teeotgsay kursts or previously
unknown transient sources, we expect to get alerts by misi@ditated to this science or featuring large field

of view instruments that will be operating at the tim&XW?E. For the most importan®114recurrent transiet

sources for which the location is already known, a dedicated monitoring program is being planned including a
number of periodical short pointings (38005s) to verify the source status.large fraction of the available
observational time will still bat disposition for the worlgvide scientific community in order to ensure that
competitive new ideas will find their way into the observing program.

Early in 2017, when this document was being completed, the IXPE (Imagiag Rolarimeter Explorer)
mission was selected by NASA in the Small Explorer (SMEX) program. The NASA SMEX program selects
missions within tight budget and schedule constraints; IXPE is due for launch in 2020X\®ilend IXPE

are qualitatively similar in terms of instrumental-apt as both of them plan to exploit the same technology
(the GPDs) for spatiallyesolved polarimetric measurements in thea} domain,XIPE provides two
important improvements over IXPE:

a) The effective area IPE is almost a factor of two larger thamat of IXPE. Therefore, to reach the same
accuracy in the polarization measurements IXPE needs, for a given source, about twice the exposure time. This
implies that the most demanding observationXtBE require unrealistic exposure times with IXPE. More
relevant, theXIPE observing program, based on-ge&ars mission duration, would require about 6 years for

IXPE to be completed. The nominal IXPE mission duration is 2 years:aibinlifetime will depend on the

actual orbital altitude, but the besti@nt estimate is 4.3 years beforeerdry. Therefore, it is likely that IXPE

will not be able to perform an observing prograsnambitious andrticulated aXIPESs. In particular, it will

be difficult for IXPE to explore, within a certain class ofr&y sources, the correlations of the polarization
properties with the various parameters, which of course would require the observation of several sources in
the class. Moreover, an observing plan based on previous results, on a richer sampéd@mgkaime scale

is more suited to set up campaignsset up monitoringpossibly multi-frequency campaignsextremely
important in some cases, most notably for blazars. Needless to say, these studies are vital for a comprehensive
understanding of the physiasd geometry of Xays sources.

b) The minimum time for repointing with IXPE is 4®&lrs, to be compared with the current <1@rking hr
requirement foiXIPE. This requirement implies that if a request for a fast repointing areagduring the
nominalworking hours of ESA (9:0618:00) from Monday tdériday, a repoiting of the spacecraft could be
completed in about 8 hours, a sufficiently short time to obtain a meaningful measurement of the polarization
degree in bright GRB afterglowsVith XIPE, we etimate that at least a handful of such observations can be
performed. No such observations are possible with IXPE.

To summarizewhile IXPE is expected to explore the polarization properties of the brightest sources of several
X-ray classesXIPE will extend theexploratory phasef X-ray polarimetric studies to fainter objects and
therefore new classesaBed on IXPE's heritag€lPE will built an optimized observing program able to bring

the field to amature phaseby performing population studies andtemxding the observations to more
challenging celestial targets (e.g., the GRB afterglows).
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2 Scientific objectives

The linear polarization of electromagnetic radiation quantifies to which extent the electric field &#ector,
oscillates along a preferred direction. For a maximum polarization fraet@060%, E would have a fixed

direction (Fig. 21, top left). The angle between the northern direction of the skig defines the polarization

position angleY. Of course, astrophysical sources usually have much lower polarization fraction. As a rule of
thumb, thenet polarization fraction rises with the degree of geometrical asymmetry of the system while the
polarization direction points out preferred axes in the source morphology, and such measurements can provide
key unique information about cosmic phenomena.

Strong polarization up to a theoretical limit@d75% comes from synchrotron emission originating in ordered
magnetic fields. In most synchrotron sources, such as pulsar wind nebulae (PWNe), supernova remnants
(SNRs), or the jets imquasars and active gatic nuclei (AGN), Xrays are emitted by the highestergy
electrons located at sites where the plasma is most strongly energizedrayhpofarization is a unique tracer

of the magnetic field at these locations. If the field is completely disorderédteqrobed spatial scales, the

net polarization washes out and is basically undefined (Fig.-2, bottom left). The same holds true for
thermal emission in regions of weak magnetic field.

Nonetheless, unpolarized radiation can acquire significant polarization by scattering. This is illustrated in Fig.
2-1 (right) where a beam of radiation induces dipole emission from scattering electrass &hkey
mechanism to decode the emission and reprocessing geometry inside a given source from its polarization
properties. In notspherical geometries the resulting radiation must withhold a net polarization.

Some Xray sources harbour extreme physiahditions. According to theoretical prediction the very strong
magnetic field in certain rotating neutron stars should cause quatdatodynamic vacuum birefringence
that can only be verified by-¥ay polarimetry. Furthermore, curved spdioee aroundblack holes in Xray
binaries and AGN rotates the polarization direction @f¥s emitted close to the event horizon. This gives us
access to independent estimates of the black hole spin.

The two polarization observabldB, {) can be taken as a functiohwavelength and time. TRAPE mission
would also spatially resolve a number of PWNe, SNRs and even AGN jets adding a dependereoof (
the position in the sky. In summanp, ) are two more independent constraints on the morphology and
physics ofX-ray sources, in
addition to  established
imaging, spectroscopic and
! forwand timing information: without
g} scatering them, our knowledge of a
.*% 1o polarization . . .
G source IS inevitably
incomplete.

ordered
B-field

:
’ &

spiraling A A
synchrotron (%
electrons 38

So far, the only Xay
polarimetric ~ observations
were taken in the 1970s using
T a norimaging Bragg
i reflection polarimeter aboard
------ suong polarization 0S08. A handful of the
brightest Galactic Xay

sources were accessible to
| this  instrument,  which
measured a significant net
polarization of P=19% for
the Crab nebul§274] and a
Figure 2-1 Polarization of coherent (top left), incoheteipottom left) and tight upper limit of about 1%
scattered (right) radiation. to the polarization of
Scopius X1 [273] T not
surprisingly, the brightest-Xay sources in the sky. Since then, the detector technology has greatly improved
so thatXIPE will be able to observe hundreds of galactic and extragalactic sources.
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In the following, we lay out a number of astrophysical questions which can be solved-raigtpElarimetric
information at the quality thaIPE can provide. We show thXiPE can make contributions to several fields

of astrophysics and fundamental phgsigeatly supporting studies on almost all classestafyXsources and

even enriching research on Quantum Gravity and Dark Matter. Finally, it is important to bear in mind that
opening a new observational window leaves space for the yet unknown.

We oftenuse the Minimm Detectable Polarization (MDRefined as the minimum polarization degree that
can be measured I§IPE at a significance level of 99%r agiven source and exposure tigsee Sect. 3)

2.1 Particle acceleration processes

Acceleration phenomerdominate the energy output of manyay sources, but the underlying acceleration
mechanisms remains unclear. Fermi acceleration between magnetic mirrors onathe d@wvnstream sides

of a shockwave (firsbrder) or between randomly moving magnetic orsr(second order) plays an important

role. The magnetic field and its level of turbulence is a key ingredient in the Fermi process as well as in
reconnection events between neighbouring magnetised plasma tubes with opposite Relesityiection
triggersthe change to a less energetic magnetic cumfition efficiently acceleratingarticles. So far, a
detailed knowledge of the magnetic field geometry, its level of turbulence and its strength on different spatial
scalesis most often missing leaving thecgleration mechanism unconstrained.

Progress requires a complete observational picture. Polarimetry at radiogthérad opticaldV wavelengths

tells us about the structure and the level of turbulence of the magnetic field at different spatialadales

ray polarimetry has the advantage to probe accelerated particles very close or even directly at the injection
sites. The very short synchrotron relaxation time atX energies reduces eventual depolarization effects
along the line of sight and e¢hefore allows us to probe the acceleration conditions at the shortest accessible
spatial scales.

Imaging Xray polarimetry is vital to understand the structure and turbulence level of the magnetic field in
extended sources like Pulsar Wind Nebulae ané&®oya Remnants. Without the polarization observables,
our understanding of the acceleration mechanisms and matter interactions in suchi sthgreeseleration

sites of the alpervading cosmic raysis necessarily incomplete.

In accreting compact obgts, like radio galaxies amelquasars, Xay polarimetryestablisesthe contribution

of jets to the Xray emission. In Xay synchrotrordominated blazars it probéhe structure of the jet and
constrairsthe acceleration mechanismhie in other blazes it provides answers to questions as fundamental
as the composition of the jet (letponic tadronic). If Inverse Compton is at work in a leptonic }dRE
conclusively determirsthe origin of the seed photomghich isthe major missing piece to cotefe the puzzle

of their Spectral Energy Distribution.

While challenging in terms of slewing time and/or faintness of the souftieg, observations of transient
phenomena, likgrray bursts and tidal disruption events are nevertheless important andimgtggough so
thatno efforts will be spared tget significant measurements fatrleast a few events.

2.1.1 Pulsar Wind Nebulae

XIPE will constrain he plasma dynamics inside teebcomponds of several young PWNe, verifiythe
relative orientation between rotational and magnetic axes of pulsars in evolved PWNe correlates with the
nebula morphology, and test recent MHD models piynsolving the longstanding sigmaproblem.

Pulsar Wind Nebulae (PWNe) are bubbles &t stic particles and magnetic field formed by the interaction

of the relativistic Pulsar Wind with the surrounding Supernova Remnant (SNR). They are among the most
efficient particle accelerators in our Gald#y9], [268] and emit synchrotron radiation in ther&y band. At
present, the Crab Nebula is the only astromammisource with a highonfidence Xray polarimetric
measuremerdf P=19.2t 1.0%,[274]. Furthermore, pasNTEGRALresultg57], [81] suggest a high level of
softg-ray polarization.
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Figure 2-2 Left Simulation of the Crab Nebula as seenXdPE in 0.2 Msec. The toy model mimics tleandraimage
for a given polarization angle and fraction. The reconstruct#E intensity image on the right is magnified on the
and shows the optimal reconstructiof the polarization characteristics inside 8x8 arcsdthe light blue lines show th
reconstructed direction. Their size scales with polarisation degree. This demonxiREss capabi | it
between different hypotheseR)ght: Simulatims of the PWN MSH 152 as seen bXIPE in 2 Msec. The images a,
and c show the expected intensity map when applying three different polarization modelSharttimintensity map
and using the spectrum reported[@] . The toy models consist of a jet and torus structure for tfield with an ordered
toroidal component plus (a.) a fully ordered radiaffiBld, (b.) a fully disordered Bield and (c.) a fully orderec
perpendicular Bfield. Image (a.) and (c.) include a magnified dnel to show the reconstructeirection of the
polarization.

The magnetic field in PWNe can be probed by optical and radéwipetry. It is weltordered withP as high

as 60%, i.e. close to the theoretical limitrays are produced close to where the synchrotron electrons are
accelerated. Therefore, they provide a much cleaner view of the sites of active particle accilaradiptical
observations, which moreover suffer from depolarizing foreground effects. Detailed morphological studies
with Chandrarevealed a complex structure of PWNe, such as, e.g., theposigt structure in the Crab
Nebula[272], quite different from the morphology observed at longer wavelengths. In general, young pulsars
show an axial symmetry around what is believed to be the pulsar rotatigh48{i§123], [58], [28].

Spatiallyresolved observations wiiPE, at its angular resolutionoB8 0 0, wi | | det er mi ne t
orientation and the level of turbulence in the torus, the jet, and at vdisdasces from the pulsar (see Fig 2

2, left). This is of special interest because the polarized emission is more sensitive to the plasma dynamics in
PWNe than the total synchrotron emissjdfh]. Knowing how the level of turbulence changes with distance

from the shock could test recent MHD scenarios invoking the conversion of magnetic energy into particle
energy inside the radiation regif#04]. Moreover, comparing Xay to optical polarization for the inner bright
featureq182] may clarify if particle acceleration sites and mechanism(s) at different energies c{238He

[193].

The sigmaproblem: from a magnetically to a kinetically dominated winlince the first MHD description

of the plasma flow in the Crab NebUhl9], the low level of magnetization immediately upstream of the
pul sar windbés termination shock -calledsginean malemiio e x pl a
reproduce the Crab Nebul ads mj@d4ppledidisegeygy equiparttienn t 3
between the accelerated particles and thenetagfield at the shock front. Kink instabilities would cause the
magnetic field to become progressively more tangled. Dissipation thus would happen in the bulk of the nebula,
i.e. in the emitting region, rather than in the madiative cold pulsar windThe expected level of -Xay
polarization in such a scenario is lower than for alternative modetsy Molarimetry offers the best possible

tool to investigate this scenario, which, if proven correct, would solve the giggsheem and additionally

provide new insights into the relativistic plasma dynamics of PWNe. The poteh¥dPE to describe the
magnetic structure of the Crab nebula is illustrated in Fig.(2ft) featuring a toy model of the nebula
morphology to simulate a 0.2 MsEtPE observatn.
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Probing the morphology of the pulsar wind: jets, tori, and satructures Differently from young pulsars,

more evolved systems rather show a ficrushed?d

mo r [

and the host SNR. Sitill, a wide diversitymorphology and time variability is found within both classes of
young and evolved systems; PWNe around pulsars with similar characteristics may show striking differences

when compared with each other. A likely explanation for this relies on the retatdréation between the

spin and magnetic dipole axes. If this relative orientation evolves systematically with PWN morphology, it

would also cause a systematic evolution of the polarization position angle and frétRBrsimulations of
three differenscenarios (see Fig2 right, for a simulated 2 Mse¥IPE observation of MSH 1/52) show its

outstanding response to different valuesRyf¥). The polarization features are convolved with the detailed
Chandraimage and reflect three different toy models. The observational errors are below 0.1% and by more
than 1@ within the instrument PSF XIPE. Interestingly, recent observations have measured an apparent

helical motion in some jets (or misaligned outflowshich mght be related to kink instabilities or pulsar
precessioffi64], [161]. Resolving the jé magnetic structure witKIPE will allow us to distinguish between

the two hypothese#s precession can be related to oblatenessatbisprovides a schenmeidentify certain
pulsars apotenial sources ofravitational waves.

Polarized Intensity Significance Map

K

|
i}
m

.I

Figure22.3End t o end simulation of a portion of Tychot¢
input for XIPE Monte Carlo simulations including the instrument responses in #BekédV continuum band. Lef
Chandraimage of the Tycho SNR. Right: the total intensity, polarised intensity (polarised fraction times intenkit
pixels with a detection significane® s are shown), and significance map obtained from the Monte Carlo simulat

2.1.2 Supernova Remnants

XIPE will be able toimage in spatial detail the turbulence level of magnetic fields and thereby constrain

theories of diffusive shock acceleration in SMRd their contribution t&alactic cosmic rag.

Young supernova remnants (SNRs) are relativistic particle accelerators and the most likely sources of Galactic

cosmic rays. Xray synchrotron emitting regions in SNRs have been identifiseviaral sourcesee[97] for

a review, proving that electrons are accelerated up @@ TeV. At such energies, the time scale of radiation

loss is very short so that-bay synchrotron emission only occurs in regions of active particlel@@t®on: the
SNR shock fronts.

The X-ray synchrotron emitting regions can be very narrow, their widths being a measure of the average
strength of the magnetic field. In some cases, lik&Cfars A, Tychoo6s SNR anmedts Kepl

are arcseconds wide and can only be resolved byChendrasatellite. The filament widths indicate magnetic
field strengths of 106 0 0 ramdigwell above the Galactit i el d st r e n gnditating $trong 5
magnetic fieldamplification[19]. Irrespective of the magnetic field strengths;@y synchrotron emission can

only ocair for fast shocks (>3000 ks)/. It requires small mean free patiug the relativistic electronand
therefore very turbulent magnetic fields.

e G

XIPE can explore the turbulence level of the magnetic field, which plays a crucial role in theories of diffusive
shock acceleration, and detenes whether protons, accelerated under the same conditions as electrons, can
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be accelerated up to energies beyond 100[B&) The latter is needed to explain firecesses in collisionless
shocks which otherwise cannot be studied in laboratfiris.

Polarized Xray emission could be detected froiycfio's SNR with the sesitivity and angular resolution of

XIPE and would provide unigue constraints on models of diffusive shock acceleration with efficient magnetic
field amplification in SNRs. The left panel of Fig-32shows the 46 keV Xr ay i mage of Tyc
constructedrom a 1 MsChandraobservation. Most of the emission in thé 4eV band is expected to be of
synchrotron origin. The rectangular region was selected in the obs&maedraimage to produce a simulated
XIPEimage of the polarized emission within thenfigof the diffusive shock acceleration model.

Polarized Intensity The simulated three panels on the right
|

show the totalntensity in 46 keV, the
polarized intensity (being the product of
the total intensity and the degree of
polarization), and the degree of linear
polarization (indicatedh the colour bar)
respectively, convolved with the angular
resolution ofXIPE. To tes the ability of
XIPEto image the narrow filaments seen
in the 4.16.1 keV continuum band of
Cas A, we again constructed simuthte
XIPE observations (see Fig-4. In Cas

A there are also interior filaments
as®ciated with the reverse shof$8].
As an educated guess, we assumed a
polarization fraction of 20% for the outer

i 0
Figure 2-4 Modelling the XIPE view of the synchrotron filamer shock filaments and of 4% for the

structure in Cas A, showing its ability to map the polarization struc INt€ror continuum emission. To assess
(see text). the effects of blending, due to the PSF,

we assigned a tangential polarization
angle to the interior @ha radial orientation to the outer flaments. Remarkably, even though the narrow outer
rim cannot be resolved witkIPE, the images for the polarization fraction / polarized intensity show that the
rims can be detected thanks to its distinct polarizagadtern. The interior of the SNR has a lower polarization
degree in the simulations, but given the higher brightness the polarization can be detected also here (see the
bottomright panel for polarization detection significance).

Apart fr om TdCashobbtls of hNIRIKIRED Beld of view,the satellitecan observe other-X
ray synchrotron emitting sheype SNRs. This will allovusto assess the polarization properties as a function
of magnetic field strength and SNR size. SN 1006 and RX3]Z-8946are obvious other targetsut e.g.

Ke p | SNR&REW 86 and G1.9+0.3 also ought to be observed.

2.1.3 Jets in Blazars and radieloud Active Galactic Nuclei

XIPE, in conjuction with obserations at longer wavelengths, determines the jet structure taed
acceleration mechanism in HSP blazars. In LSP and ISP blaX#Pg discriminates between leptonic and
hadronic models and determines the origin of the seed photons in leptonic jets. It images the structure of the
magnetic field inside the-My emittirg regions of Centaurus A and M87, the closest radio galaxies to Earth.

Blazars are a very peculiar type of Active Galactic Nuclei (AGN, powered by efficient accretion onto the
supermassive Black Hole, SMBH, residing at the center of galaxies). They iastld®f strong variability of
nonthermal radiation from radio wrays. Their Spectral Energy Distribution (SED) is composed of two broad
peaks, the lower energy one being due to synchrotron radiation. Blazars are then subdivided into high (HSP),
intermaliate (ISP) and low (LSP) synchrotron peaked sources, depending on whether the synchrotron emission
peaks in Xrays, the optical or the IR band, respectively. The remarkable properties of blazars include
superluminal apparent motionas high as 40c or me{115], [139] 1 substantial changes in flux and linear
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polarization @ time scales as short as minutes, and extremely variableshéyly luminosities that can
exceed those at lower energies by several orders of magnitude.

. These phenomena rely on relativistic
PKS 15510-%5_9

_\ T 5T jets of highly energized, magnetized
& % % % | plasma that are propelled along the
SN Po\R3C 345 [ W S ; j . .
Y, T || [ | Y& o ; rotational axes of the SMBHisk
S I 07 . ; system (e.g., Blandford & Payne
o i _PK32155:304 A 1982'). Th(.ey. are bell_eved to be
2 =111 AN | physically similar in all kinds of jetted
o o i ) | astrophsgical objects, either
= BL Lacertae 31273 . . .
3 NEE . ‘. associated with supermassive black
§ JoRzataatoac sa | \; holes (as in AGN and tidal disruption
A . N events) or with stellamass black
| holes in micrequasars and gamma ray
| | . . bursts. AGN jets pointing within less
100 than about 10° of our line of sight
: : i A beam their radition and shorten the
: | variability time scales to give blazars

ll:ll'n o . Il‘Cl"12 o . ‘1‘0"11 . ‘].tl"m B 10-0 R 10-8 H H
Integral energy flux 2-10 keV [erg cm %5 '] thelr extreme propertleS'

Given their brightness and expected
Figure 2-5 XIPE sensitivity plot: integration times to reach a given MDP  high polarization degreeXIPE can

a pointlike source with a correspondin.g total flux in the range [2,10] K yptain significant polarimetric
The colcurgd rightangle wedge symbollz_ehe range of observed tot_al flu measurements in many blazars within
as a function of observed range of optipalarization degree for given . ;
blazar or NLSyl sourcelhe polarization fraction was taken here as modest exposure times (seig.F2-5).
upper limit of the expected-pay polarization degree. This upper lim Among the many problems thatPE
represents a realistic prediction of the actual polarization degree of HS can help to solve, we name: the role of
Lacs, e.g. the objects 1ES1959+650, Mrk 421, and Mrk 501. Their li magnetic fields in jet launching and
polarization can be measured BYPE in integration times between a fe collimation; the jet composition
tens and a few hundreds of ks. (leptonic, ee*, versus hadrteptonic,

ep’, or simply hadronic); the
dominant mode of particle aceeation; and the actual process of higtergy emission. It is important to point
out that many of the measurements described in this section require coordinated polarimetric observations at
longer wavelengths. Indeed, blazar science is the only casedin suth observations are crucial. Radio,-mm
wave, IR andoptical coordinated polarimetric campaigns on blazars already masty of them lead by
members of thXIPE consortium (e.gl4], [5], [6], [11], [12], [131], [139], [215]). It will be astraightforward
possibilityfor XIPEto join these efforts.

HSP. The Xray synchrotron emission caseThe optical synchrotron emission from blazars is polarized,
typically between ~3% and ~30%. A perfectly ordeBefileld in the optical emission region would result in
polarization fractions of ~7@5%.

Hence, the observations indicate a partially disordered magnetiofietdthe size of the dominant optical
emission region. In HSP BL Lac objects (e.g. 1IES1959+H8BK, 501, and Mrk 421), the Xay emission is
dominated by the highnergy end of the synchrotron component and is therefore expected to yield a similar
polarization fraction. The Xay polarization may be even stronger if thea¥ emission regions are aiter

than the optical ones as suggested e.[.56] and[290], [291]. Therefore, HSP BL Lacs offer the chance to
measure the relative size of thea§ emitting regions with respect to the optical and radio ones as well as the
magnéic field properties in the most energetic blazar zone.

XIPE alsohasthe potential to measure fast polarization angle swings by more thatike8ihose frequently
observed in blazars in the optical, §1332]. If such rotations happen always in the same sense, they can be
directly associated to the underlying helical magnetic field, which could be measured in the innermost regions
of the jet withXIPE observatns in the case of HBLs, sg9].

HSP. Turbulent blazar models: constraining the particle acceleration mechanisnin an effort to explain
the superposition of erratic variability and systematic trends in bld2&&j,proposed that the erratic aspect
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of blazars is caused byrhulence in the jet which, combined with shocks, can explain the observed fluctuations
in polarization and redoise power spectra of flux variations (e[d3], [46], [2]).

8 ———— R e I
Mkn 421 X-ray Polarization at 2-8 keV
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Figure 2-6 Histogram of timevariable %

ray polarization from Mrk 421 expecte
for two different versions of a turbulent |
model [156]: maximum electron reergy
dependent on magnetic field directi
relative to the shock front (black) ar
independent of field direction (red).

singlezone model (e.g., magnel
reconnection) predicts-¥ay polarization
similar to optical, with median ~6%.

The model predictthat for a given value of the observed optical
polarization in HSP blazars the medianray polarization
depends on which particle acceleration process occurs in the jet.
Statistical results of multiple Xay and optical polarization
measurements for avgin HSP blazar can therefore determine
which of the abovenentioned electron acceleration processes
operates. The specific predictions are: (a) Skzgige model
(reconnection): similar Xay and optical polarization; (b)
simple shock compression: the shaalX-ray volume causes
higher median Xay than optical polarization and greater
fluctuations (Fig. 2, red); (c)Shock compression + diffusive
particle acceleration: even smallefray volume causes even
higher median Xay than optical polarization angdreater
fluctuations (Fig. 2, black).

LSP and ISP. Leptonic against hadronic Xray emission
While the radio through optic&lV nonthermal emission from
blazars is well understood to be synchrotron radiation from
relativistic electrons in the jet, tharigin of the high energy
emission (down to Xays in ISP and LSP) is still under debate.
In leptonic models, the high energy emission results from
Compton scattering of various soft radiation fields by the same
population of electrons producing the syrathon radiation
(see below). Hadronic models require also the acceleration of
protons to ultraelativistic energiesH,0 1'®@V) to dominate

the highenergy radiation output via proton synchrotron
radiation and synchrotron emission of secondary particles

resulting from photepion interactions and subsequent electromagnetic cascades.
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Figure 2-7 Frequencydependent polarization of 3C278&0J 287 in the case of a leptonic (red) and a hadronic (gr
singlezone model. Lower panels: Fits to t¥ i gray Spectral Energy Distribution with both models. Upper pan
Maximum percentage of polarization (assuming a perfectly ordeffegld} as a function of frequency. These predictic
can be rescaled to a realistic Bield configuration using the observed optical polarizatiosra} polarization from both
3C279 and OJ 287 can be detectedtyE under the assumption of a similar polarizatidegree as in the optical ranc
(i.e. hadronic emission models, see text). F[2&9].
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Leptonic and hadronic models have different implications on the origin and acceleration-bighiteaergy

cosmic rays and possibly the origin of the TB®V IceCube neutros, e.g[201]. The two scenarios also
predict different total jet energetics and mechanisms for jet launching and acceleration. Finally, they impl
different modes of particle acceleration requiring large magnetic fields and extremely efficient acceleration for
hadronic processes. SED fitting alone is unable to distinguish between the two models, and the cleanest
signature of hadronic processes, tlee identification of blazars with the sources of @&V neutrinos,
remains unfeasible in the foreseeable future. On the other [28%)ishowed that, for ISBnd LSP blazars,
hadronic highenergy emission is expected to exhibit a polarization degree that is comparable to the (optical)
synchrotron radiation, while a lower polarization degree is expected in the case of leptonic models (e.g. Fig.
2-7). Highly polaized (>30%) Xray emission with polarization angle changes similar to those seen in the
optical, would unambiguously and for the first time identify a hadronic origin of thegmigtgy emission.

LSP and ISP. Leptonic emission: SSC versus EC-Mys. For LSP sources, in the case of a leptonic origin

of the highenergy emission, the tgnergy radiation is a combination of synchrotseti-Compton (SSC)

and externaCompton (EC) emission, the latter caused by scattering of seed photons originating from outside
the jet, such as the brodide emission or the IR radiation of a dusty toriee SSC radiation is expected to
exhibit about 1/2 of the polarization degree as the original (synchrotron) seed photon population that can be
measured in the optical, yielding a maximum of ~15% polarization degree, with a polarization angle identical
to the synchrotron radiatigd 2], [165]. Conversely, in the EC emissicase the polarization angle relates to

jet axis rather than to the magnetic figl@]. This provides a simple, but powerful, tool to make for the first

time unanbiguous measurements of the relative relevance of SSC emission against ECiaysp&ctra of
leptonic jets in blazars.

Jets physics in norblazar radio-loud AGN. Contrary to blazars, in ndslazar radidoud AGN the jet is
directed away from the linef-sight and can be, for the closest and brightest candidates, directly imaged in X
rays on arcmin scales. The imaging capabilitieXIBfE will bring crucial clues concerning the physical
properties of the jet. Indeed, the expected polarization signature strongly depends on the emission process at
the origin of the jet Xray emission. If it is synchrotron emission, as in the case cptmme radio galaxies

such as Centaurus A and M87, the baseline model is that the polarization should be similar totipticatlio
provided the emitting regions at the different ranges argpatial. Any deviations from this model would

imply a complex maggetic topology and stratification of the outflows with highergy (Xray emitting)
particles distributed in different regions and experiencing different magnetic fields tharelosvgy (radio

and optical emitting) particles (e J@83]). For X-rays produced by inverséompton scattering (EC or SSC),

the expected polarization depends mainly on the seed photon field. For SSC the incoming photon field is
polarized g¥ing rise to polarized Xays (e.g[128]). Observations of bright, radloud AGN jets will allow

us to discriminate SSC from EC processes [89]). Furthermore, simulations show tbdPE will even offer

| ]

XIPE1-Ms-
| Centaurus A

Dec (J2000
nts/pixel
Dec (J2000) |

Counts/pixel

RA (J2000) RA (J2000)

Figure 2-8 Simulation of a 2 Ms (léftand 1 Ms (ight) XIPE observation of M87 and Centaurus A, respectively.

green contours correspond to tl@handraimage and the white circles to thdPE PSF. Assuming a jet-iay

polarization of 20% and a polarization angle parallel to the jet axis, the errors om#asured polarization degre
and angle are expected to be of 25% and 10°, respectively, in most parts of the jet.
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Figure 2-9 Monte Carlo simulations of the-pay
polarization arising from photons scattered
energetic electrons in black hole jets at relativis
bulk speeds, including Comptonization of d
photons as well as scattering of the intrinsice
polarized synchrivon photons emitted within the ji
(SynchrotrorSelfCompton, SSC). Shown here
the expected polarization degree P of SS@X
photons as a function of the jet inclination angle
The solid line refers to the case of a uniform s
photon fieldthroupout t he j et (
the dashed and dotted lines are for seed pho
emitted at the jet b
(e=0.5), respectively
parameters, a minimum polarization degree of
per cent is expected, in stazkntrast to the few pe
cent level expected from disc Comptonizati
(adapted from[165]). A 100 ksecXIPE exposure
will detect polarization deges of the order of 1%
or less for a handful of nearby Galact
microquasars, including the prototypical high me
black hole Xray binary in Cygnus ..

the possibility to perform for the very first time
spatiallyresolved polarimetry along the jet for
sources like M80r Centaurus A within a reasonable

exposure time of-2 Ms (Fig. 28).

2.1.4 Micro-quasars

XIPE will be able todiscriminate jet emission in
during different
spectral states and thereby constrain the relative
importance of Xay power dissipated by the

micro-quasars/Xray binaries

accretion and ejection flows. FurthermoddPE will
investigate  systematic  differences in -ray

polarization between black hole and neutron star

systems and follow jet precession in SS443.

Owing to the nearly ubiquitous presence of relativistic

radio jets in the soalled hard state of Galac X-ray
binari es, al | such
guasamga ae[t7p]§76]. XIPEwiIll be able

to solve the longtanding puzzle about the physical
nature of their harK-ray emission. Scenarios with

Comptonization of thermal/quatiermal disc

photons in a hot electrgmositron corona compete
with synchrotron models of a relativistic jet (see
Section 2.3.2 on Xay binaries for a complementary
discussion on the nature thie nonthermal emission

in X-ray binaries). Comptonization models predict
polarization fractions up to ~10%. Synchrotron
emission from the base of a magnetized jet, which in

turn can Asubsume J154] &wre
expected to vyield polarization
exceeding 1€20% per cent (e.g[42], [165]; see Fig.

2-9). Hence, high sensitivity Xay polarization measurements will break this degeneracy.

The high mass black hole-bay binary and micrguasar system Cygnus-XXmay provide one of the best
examples for whakIPE can accomplish for Galactic jet sources. Repeated, -maitelength campaigns
undertaken over the course of the last two decades, and making use of coordinated campaigns from the radio
all the way to theggammaray band, have gathered a plethora of fjghlity spectral data covering different

fractions well

sodrces

r ol

accretion modes of the system. Yet, in spite of such massive data acquisition and modelling efforts, the
contribution of the relativistic jets to thefdy portion é the spectrum remains a matter of contentious debate.

It was shown early on that, jet models provide as good of a description to the broadbaidregdépectrum

of Cygnus X1 as singlecomponent corona moddlk54].

The recent claim of high level polarization (exceeding 75% between 370 and 850 keV) in therggmma
spectrum of Cygnus A, as measured by the IBIS and SPI instruments albtdaEGRAL[133], [116] would
suggest that thgray emission originates from the same relativistic jet that is resolved at GHz frequencies.

[222] argue that the mukivavelength flux and polarization spectrum@jgnus X1 in the hard state are

broadly consistent with a simple phenomenological model including a strongly polarized synchrotron jet, a
virtually unpolarized, Comptonizing corona, plus a moderately polarized interstellar dust component, where
the X-ray polarization signature arises from optically thin synchrotron emission at the jet base.

Neverthelesdan the absence of higtonfidence, energgependent, polarimetric measurements, the nature of

the X-ray emission in this and other systems remains coeaisial[288], [144], [91]. Thanks to their nearby

distance and relatively high luminosity there is a handful of Galactic sources for whi¢BR lower than
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1% can be reached in less than 1 day of observation. As also discusseation 363.2, a 180 kseXIPE
observation of Cygnus X will yield a percent level measurement of the enedgpendent polarized flux.

This will at once: i) discriminate between inverse Compton vs. synchreimigsion, and, ii), in the former
case, discminate between sphericas. wedge coronal geometrigs.similar experiment can be carried out

for several other Galactic miciquasars (such as GRS1915+105, GX33€ygnus X3, Circinus X1, Sco

X-1, SS433) with medium {2 day) exposures, thereby pravig us with a robust estimate of the relative
energetic importance of the accretion flow with respect to the relativistic outflow. It is worth stressing that the
integrated, radiative power from the radio jets of migoasars is typically dwarfed by thetegrated Xray

power emitted by the disk/corona system. However, if thrayXemission originated from the base of the jet
itself, this would require a paradigm shift, implying that the relativistic outflow dominates the power output.

With a carefully planed observational campaign (~100 ks pointings taken in different states after internal
and/or external triggers), it will also be possible to chart polarization changes associated with different spectral
states. Aside from testing the jet contributionthe X-rays in the hard state, this will yield polarization
constraints on the Xay power law that persists during the soft state, when the compact, relativistic jets are
suppressed. While quasiermal Comptonization has long been thought to be at tlgnoof such a
component, the possibility remains that a highly 1
rise © high polarization fractions.

Finally, the list of targets includes dynamically confirmed black holes (e.g., Cygiusnd GRS1915+105)

as well as known and/or likely neutron star systems (such as-Ciand SS433), so as to investigate any
systematic difference between different classes of accretors. Thequasar SS443, in particular, features
spectacular, largscale, biconical jets. Optical and-¥ay emission lines arising from the jets arersto shift

in energy as the jets precesses around their axis with an opening angle of approximfit@B].2&A exposure

of 1 Msec would cover ~10 per centoéth j et sé precession period (160 d
polarization signature from the core vs. the jets by measuring-depsedent changes.

2.1.5 Gamma Ray Bursts

XIPE may detect, for the first time, the82keV polarization of bright GRBs arldereby allow us to study
particle acceleration, emission physics and magnetic fields in the expanding jets of GRBs duringfithe late
flares, plateau or réorightening phases.

Gamma Ray Bursts (GRB) are the instantaneously most luminous explosioadJimykrse and are thought
to be produced by the birth of stelaiass black holes during the death throes of massive stars or the merger
of compact objects such as black holes and neutron stars.

Figure2-10L e f t : artistés impression of GRB expanding
come from interpretation of l i ght curves. Right :
polarized light when pointingptvards Earth XIPE offers a uniquely powerful probe of spatially unresolved jets.
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Figure 2-11 Left: All SwiftX-ray light curves for GRBs observed for duration of 6 hours or more post burst (Negro
comm). Monster GRB130427A is shown in red. Right: schematic of canosimalight curve revealed bgwift& to be
probed byXIPE (van Eerten, priv. comm). Qpél/gray light curves display only a subset of these features.

In the process, highly collimated higipeed jets of plasma are ejected that travel outwards at speeds close to
that of light and produce bright gamma ray flashes detectable at Eartithehjeh points towards us. Long

lived afterglow emission is produced at longer wavelengthsm X-ray to radio- as the expanding ejecta
propagate outwards through the circumburst medium 2-1g).

The mechanisms that produce the prompt radiatiorerieegetics of the explosions aindhost importantlyi

the nature, origin and role of magnetic fields remain largely unkndfith.high Lorentz factors, strong gravity

and magnetic fields, GRBs are ideal extrgshgsics laboratories. Detectable to thgeslof the observable
Universe (most distant, spectroscopically confirmed, GRB at z[223], [250], they act as beacons for
cosmology and, ultimately, probes gpacetime itself [257]. However, as distant stellar sources, it is not
possible to make spatially resolved images of their jets. Instead, polarization opens a uniquely powerful new
observational window to probe magnetic fields properties, jet physics and gebmety done before in X

rays (Fig. 210).

Realtime, autonomous discovery and rapidfolawp o f GRB s Swiftsatellitéd{Ba]Bas previded
an unprecedented collection of welimpled Xray afterglow light curves measured from the first seconds
after the higkenergy burst up to weeks after (F&y11). They show structure indicativaf complex shock
physics, longived central engines arlastwaveenergetics over a wide range ofray flux densities (1

- 10% erg cn? st at 0.155 keV), but the underlying origin is still unknown. If latene flares, plateaux and
re-brightenirgs originate from the central engine, we expect the degreeraj ¥olarization to be high and
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Figure 2-12 Left: recent detections of polarized optical afterglows (P%~30%) soon after the GRB hold promise fo
XIPE detections of ordered magnetic fields in GRB [[€8§]. Right: detection of sudden change in polarization posi
angle of 900 in latetime optical measurements GRB121024A (red) & GRB091018A (greenX#PBwill probe unique
signature of jet geometf278].
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detectable withXIPE i allowing the first direct determination of particle acceleration and emission
mechanisms. It is worth remarking that detection of pragaply flares with polarization degrees as high as
80%([55] and references therein) and early optical afterglows with reverse shock polarizations up to 30% have
been clained (Fig.2-12). Bright, reverseshock optical flasheand hence the opportupito measure their
polarizationare rare; the reason is unclear, but likely due to magnetization properties of the flow before and
after the reverse shock. TherXy polarization will probe this magnetized flow directly, at higher energy
density and for a statistically significant sampl

In the XIPE era, the ChinesErench satellite SVOM52] will replace Swiftto provide GRB discoveries,
notifications and welsampled early Xay light curvesin the most favourable case§PE will be able to
repoint within 8hours in response to external triggers; with &&€c exposureXIPE will provide detection

or constraints down to MDP <5 % for a very bright GRB like 130427A. In addition, MDP of fe4dor a
sizeable fraction of GRBs Wbe easily achievable (Fi@-13). Even with these relatively high MDPsIPE

has the potentiality of directly probing magnetic fields in softaj)( emitting plasmas of GRBs; it will
revolutionise GRB theories, disguishing between synchrotron radiation and inverse Compton processes,
hadronic or leptonic plasmas, baryonic or Poynflog-dominated jets across GRB central enginedifeles.

778 GRBS, At = 500008, tpoint = 21600s §pa e 602 GRBs, Aty 500005, fropoine 216005

12, : e -
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Figure 2-13 Left: MDP for 508ksecXIPE exposure starting 6 hours post burst. Left: dggam ofSwift GRBs from Fig. 2
11 showing MDP<5% for bright GRBs like 130427A; MDP<20% (40%) for 20 (100) GRBs respectively. Right: as ft

of integrated prompgray flux over first 600 sec since buitowing target selection optimisation. Brighter GRBs ¢
XIPE first-choice targets, allowing the polarization across the proaffgrglow transition to be probed.

2.1.6 Tidal Disruption Events

XIPEwill shed light on the origin and site of ther&y emission in TDEs. It will discriminate between different
emission models for nethermal TDES, and between the two interpretations-tfyXQPOs.

Tidal Disruption Events (TDES) are associated to a suthdeease of the accretion rate when a large mass of
gas, for instance a star, falls into the tidal sphere of influence of a black hole and is torn apart and accreted.
While TDEs can reach the luminosity of a quasar, they are rafé X@0yr?! per galay) and only last for

several months or years at most. TDEs display both thermal aritheronal emission from relativistic and
nonrelativistic mattef124] that exends from the radio up to hardrAys.

The emission of TDEs is dominated by an accretion diséi(1¥0erg $ J peaking in the fatJV/soft X-rays
[141]. However the Swift Burst Alert Telescope (BAT) discovered three TDE candidates in the haagl X
band[27], [32], [44], [30]. A multi-frequency followu p f r o m -raya tevealed & new glass of non
thermal TDEs. Their emission was associated to a relativis{izg6}, [287], [23], [23] being responsible for
the hardness of the-May spectrum and to increasing radio emis$i@7] that was detected a few days after
the tigger. Finally,[7] and[264] discover the first radio outflow asso@dtwith a thermal TDE, suggesting
that jets may be a common feature of TDEs.
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The discovery of nothermal TDESs has raised several
guestions: what is the jet production efficiency in these
3 events? What is the role of the transient accretion disk
g1 and of the spin fothe BH in the mechanisms of jet
: launching? These are general questions, transversal to

different classes of astrophysical sources. Non
Rk et ol thermalTDEs, from otherwise #active galaxies,
LR i ed " T " MMl ]  provide us with important new insight into the
Lo o, mechanisms of jet fornian, evoluton, and shut

‘ : | down, on the shortime scales of years, and in an
ki otherwise quiescent environment, without any past
activity.

0 T atter 2011 Mareg at izatsaoi vy 0 Given their brightness (peak luminosity ~*1@10%
, , erg s') nonthermal TDEsare good targets fofIPE.

& Lk | TheXIPE polarimetric capabilities provide a new and
THY unique diagnostic to understand the properties of the
transient jet. Broadly speaking, many of the arguments
1 and objectives discussed for blazars (see Section 2.1.4)
apply alschere. Observing a transient jet will allow us
to track the variable polarization signatures and to
determine how the magnetic energy converts to
radiation. The spectral energy distribution (SED) of
1 the best studied event, Sw J1644+57, is heavily
debated ad it is not clear if Xrays are produced by
synchrotron[32] or inverse Compton (IC) processes

108 o [27]. Its connection with the radio emission is
Time{siaiter 2011 Mar 28t 2:41:52.201:UT) therefore uncertain and dfre are some arguments
based onhe timescales of radio antray variability
that suggest different sites in the jet where the emission
is produced (theadio emission originates farther away
from the central black hole). More specific to TDEs
are quasi periodic oscillatms (QPOs) observed in-X
rays.It was found225] that the dips in the light curve
of Sw J1644+57 (Fig2-14) were not random but
occurred preferentially at time intervals of a few 40
and their higher order multiples. Several models have
been proposed to explain the QPOs; in general, they
can be lassified in two categogs: periodic injections
or jet precessions. 3D simulations of periodic
injections of magnetized plasma show that in thie cas
the polarization degree woulik modulated together
with the light curve, while the polarization angle
would stay constarf292]. On the other hand, in the
periodic precession model both degree and angle are
20 % 4 modulated.
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Figure 2-14 QPO signature irBwift XRT light curves in
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Adapted fronj225].
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Figure 2-15Top: relative flux change along therdly light o505 with respect to other transients, such as GRBs,
Cg:\ifdigs?#-rgéggnsygf:(;g}m%ggﬁlo?ﬁfssg;%mﬁ)? '2 it is important to repoint promptly. The reaction time
P J ) . of 6-12 hours forXIPE is reasonable in this context.

polarization degree (PD) variation. The polarization ang - o
(PA) does not vary in this mod@92] in contrast to what 1 he capability to detect polarization degrees of a few

is predicted for the precessing jet scenario. percent strongly depends on the phat¢he TDE
evolution observed b¥XIPE, which in turn depends

on the delay of the external trigger. The triggers ofth@mmal TDEs are expected to come mainly from future
radio surveyg$263], [59], [171]. The Square Kilometer ArraysKA) will be operative in the 2020s and will
provide a deep survey of 2/3 of the $R¢0]. A huge number of events will be triggered per day and a proper
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multi-wavelength followup involving VLBI and optical telescopes (for the transient localization within the
host galaxy) is foreseen for a first rough identifica{i@@], [L96]. We expect ~ 100 events per year triggered
by SKA.

The best Xray counterparts of radio caiddtes forXIPE are those with F(8 keVy 10 erg cn? st at the
beginning of the followup. We expect (even if with large uncertainties), a few of such events per year. This
threshold in brightness will allow us to perform polarimetric measuremeniffexent epochs of the TDE
emission, at least up to 2 weeks since the beginning of the observation. In this way, it will be possible to trace
the evolution of the magnetic field and to investigate the processes shapintpthkgkit curve (overall trend

plus dips) and the change in the Spectral Energy Distrib[RRInThe evolution in polarization degree (with

MDP in the range-40%) and angle (a few degrees) could be constrained by recurrent observations, each with
a 50 ks integration time.

Finally, when evidence of relativistic reverberatiitil8] is provided by Xray spectroscopic data, asSwift
J1644+57 XIPE observations will put interesting constraintstba geometry of the Comptonizing material
during the supeEddington phase of the newly formed accretion disc, to be compared with tBedinlgton
accretion flows of standard radio quiet AGN (section 2.3.2).

2.1.7 Active Stars

XIPE may provide the first everbservation of

an active star by an-Xay polarimeter and, if the
star produces a strong flare, measure the prompt
polarization and localize the flare on the stellar
disk.

10.0

MECS count rate

Two sources of polarization in stellar flares are
potentially observable in thdlPE spectral band:
the accelerated electrons, producing the
impulsive phase of the flare; and the reprocessing
of the flare emission (impulsive and gradual
phase) by the stellar photosphere. The continuum
‘ ‘ ‘ ‘ ‘ ‘ emission from noithermal electrons during

/| | stellar flaes can only be observed

| unambiguously in the Xay band above ~15 keV
as in the soft Xay band the continuum emission

| is dominated by thermal emissidth94]. The

\ thermal emission of the flare can be reprocessed
| by the stellar photosphere, which produces
(unpol arized) fluorescent
! from neutral iron; e.g.[63], [253], [67]) and a

f 1  polarized scattering contribution toet observed
— emission that strongly depends on the geometry.
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Figure 2-16 A superhot giant flare on Algol observed k conducting radiative transfer simulations. We
BeppoSAXn 30 August 1997. Top: the flare light curve ver: gjmulated the pHosphere with an opticay
binary phase; the inset shows the binary star configuratiol thick sphere and put the isolated flare emission

phase 1.45 before the eclipse of the flare on AlgdRZs]. . . -
Bottom: flare flux versus time frof#i4] converted to th&IPE azt a typical hehlght O.f 0':]1' stellar rzd;; (e.fji&;]l,
energy band. [253], [67]). The ratio of scattered flux to flare

flux increases when the flare moves from the star
limb to the star centre. The polarization fraction varies in the opposite way with a maximum value of 0.25%
for a flare located close to the star limb (corresponding to a viewing angle of ~77°).
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Bright flares from active stars are obviously unpredictable.eS#eE has slew capability of ~6 hours, we
cannot take profit of other facilities (e.&wiffBAT) to detect the flare impulsive phase and trigger a target
of-opportunity observation. ThereforXIPE observations of flares from active stars are challenging.
Nevertheless, we include the active stagoAin the observation program.

Al gol (b Per) is a triple star, including a close
days that is the prototype of shperiod eclipsing binaries with an eatlype primary, emitting no Xays,

and a (near) maieequence lateype secondary, active in-Xays. Remarkably, a supbot (~140 MK) giant

flare was observed on the limb of the secondary componentBeippoSAXN228], [74], Fig. 2-16, top).

Another flare was caught ByMM-Newton[229], [284]. The duration of the giant flare was 150 ks with an
average flux of 0.048x10erg cn¥ st in the 28 keV energy (bottom panel of Fig-16), which corresponds

to aXIPEbasdine MDP (28 keV) of 2.3%.

Our modelling shows thaXIPE would not detect the polarization of the scattered flaring flux in Algol.
Nonetheless, it would be able to measure the polarization from accelerated electrons during the impulsive
phase of a brightiare if the nonthermal flux and the intrinsic polarization are large enough, which can be
achieved when the flare is close to the limb (d&b] for a review of the Xray polarization during solar
flares). Moreover, any dip in the flare light curve during the secondary eclipse will independently constrain
the location of the flaringegion on the disk of Algol BAlgol B would not be a high pridsg source in the
observation program &IPE. Still we consider it worth to be explored as no active star has ever been observed
with an X-ray polarimeter. If there is discovery space for active starsXiRk, Algol B would be a promising
candidate.

2.1.8 Clusters of Galaxies

Bright clusters, e.g. Perseusill serve as convenienhpolarized extended calibration targets fotiPE.

Clusters of galaxies are the largest reservoirs of hot gas in the Universesraheidission is dominated by

thermal bremsstrahhg and line emission, and is therefore expected to be largely unpolarized. However, some
polarization may arise due to the mechanism of resonant scatf@2vd, [ 4,812 93] Pol ari zat i c
only in the resonant | i ne 6.7 keVilinelofeHalikeyirore beeauseé he s | CMn
has a significant optical depth in these | ines ar
search for this signal wayl drbehtllet BiEhtasshavehatCli uns tt
the 6.7 keV emission can be polarized up-tD5er cent. However, due to the limited spectral resolution of

XIPE, this polarized signal will be strongly diluted by the unpolarized emission in the neighboring part of the
spectrum, so that theetipolarization will not exceed 0.5% in the8&eV energy band. ThuX]PE will not

be able to detect the polarization in the 6.7 keV line even witB01Ms of exposureAn ot her poss
pol arization mechanism is tbeeaedtarlonbremssdulrdd2]] amig:
Computations have shown that the resulting polari

Thuxsl,PvE || not be able to detect this kind of pol a
Theowdmenti oned pol arization degrees are of the o
expectXe ®EfSor, for all practical purposes, Cluster
sources and therefiome pluepaosed. f MomeavYemsaandthery
obsereweseaxichnkerpArticles (see Sec. 2. 4. 4) .

2.2 Highly magnetizedcompactobjects

Strong or even extreme magnetic fields are present in a variety of compact sources. If the field is ordered,
polarized synchrotron emission may be produced. Moreover, d-dietds frequently channel matter along

field lines thereby creating largely agpltal X-ray emission and scattering geometries. Thusay)X
polarimetry will give us new insights into the accretion processes onto magnetized objecxdP&;jth will

be possible to probe the origin and the structure of the emission from magnetidwadnfs and neutron

stars in binary systems. Fundamental parameters of the accreting objects such as the mass, magnetic field
topology, mass accretion rate and binary inclination, can then be constrained. Understanaing X



XIPE Assessment Study Report page26

polarization emerging from aceting millisecond pulsars can also provide strong constraints on the equation
of state of ultradense matter. In addition to this, since in strong magnetic field$ G1tbe plasma opacity
differs between the ordinary and extraordinary polarizationenadignificant linear polarization is expected

in the X-ray band. Therefore,-¥ay polarimetry can probe the physics of extreme objects such as magnetars.

Last but not leasiXIPE will test vacuum birefringence (a QED effect yet to be verified) in higidgnetized
neutron stars (see sec. 2.4.1 for more details).

2.2.1 Magnetic CataclysmicVariables

XIPE will allow us to break degeneracies in the accretion structure parameters in motiztate magnetic
field strength WD, by adding the sgiependent polarization degree and anglespectra and pulse shapes.
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Figure 2-17 XIPE simulation for a bright hard Xay mCVs, such as GK Per=351.3 s) in a dwarf nova outburst{F
skev=1.1x10"0erg cn? s!). The figure showXIPEG s capabi | i t-rgsolMedemisson and polanzdtiendra
an 800 ks observatiod.he binary inclination is 60F181]. A high specific mass accretion ratelofg cm? st is
assumed in outburf?69] . The expected polarization degree is adopted from McNagtaah (2008a). Top lefiXIPE
X-ray spectrum across-2 keV for a spectral model derived from>M-Newtonobservation of the outburst spectrut
bremsstrahlung (kT=16 keV), broad Gaussian line at 6.4 keV (EQW=170 eV), tetad (®Bk10?? cn?) and 70%partial
(Nk=3.4x10?% cnm1?) cold absorptior{269]. Top right: TheXIPE 2-8 keV spin pulsation using as input model XhéM-
NewtonEPIC-pn spin light curve and spectral model above; Bottom: polarization angle (left) and percentage
variability during the spin period. Blue points are detections abae 2

Cataclysmic Variables (CVs) contain a white dwarf (WD) accreting from a Robbkdfilling, low-mass star.
They are the most abundant type of Galactichoass Xray binaries (seR70], for a review). In recent years,
new discoveries in the radio, hardrXy and higkenergygray domain have shown how incomplete our
knowledge of the accretion and emission properties in these systeéngs Xtilay polarimetry can shed new
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light on the physical conditions and geometry of accretion flows because linear polarization emerges from
scattering in aspherical matter flows, such as accretion columns and discs, or during the ejection of matter in
nova outbursts.

It is still not entirely understood how the accretion flow is shaped by the intense magnetic field of a WD and
how matter settles onto its polar caps in magnetic CVs (m8¥s,~ 13-10° G). In systems with strong
magnetic field Bwo > 10 MG), such as polars, the WD rotation is orbitally locked, which prevents the
formation of an accretion disc. Therefore, matter is channelled directly onto the magnetic poles. For a weaker
field (Bwo < 510 MG), such as the one in intermediate polars, the MdtBtes asynchronously. Then, a
magnetically truncated disc can form and matter is transferred onto theoW®through a curtaishaped

flow [220]. The gas in the accretion column/curtain is heated up to tens of keV in softahdck below

which it cools via optically thin bremsstrahlung irraéys and cyclotron radiation in the optical/nIR bands
[130], [282]. A certain fraction o -rays is absorbed and reprocessed in the polar regions of the WD.

Thereprocessed gotrum shows prominent neutral Fe &line at 6.4 ke\[68], [102]. The relative proportion

of bremsstrahlung to cyclotron radiation strongly depends on the magnetic field strength of the WD, with
cyclotron cooling being dominant in strong field systd@2®il], [80]. The moderat¢o-low field mCVs are
bremsstrahlunglominated and represent ideal targets{iitE. Testing models for the accretion structure is
going to provide constraints on fundamental system parameters and the emission mechanism.

The optically thin radiation from the pestock region and the optically thick blackbody emission from the
heated WDare not polarized. However, in systems accreting at high specific mass rates, the accretion column
may have a high Thomson optical depth, thus making Compton scattering an important process. Pioneering
work on X-ray polarization in mCVs assumed a unifazolumn and predicted a polarization degree up-to 4
6%1[159]. More recent simulations include a stratified psisdck flow, with the key parameters being the WD

mas amd radius, the specific mass accretion rate and the ratio of cyclotron to bremsstrahlung[t6@ling

For systems accreting at high rates and seen throughded columns at perpendicular orientation, the
predicted polarization can reach values e8%. The polarization position angle depends on the binary
inclination and the magnetic colatitude.

The joint analysis of spin pulse profilesy&y spectra, and spin phagependent polarization degree and angle
will eventually fully determine the geometry of the accretion flow. For intermediate polars, where-an arc
shaped column likely occurs, the expecteth)( polarization should be even lard&87].

Bright systems such as the intermediate polars, GK Per (during a dwarf nova outburst) and EX Hya, and the
prototype polar AM Her (in its high state) are key targetsXi®?E to perform phase resolved studies. In
particular, GK Per is an old nova (Nova Per 1901) with an impressive nova shell rgmshdau8]. It is thus
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Figure 2-18 Left panel: Polarization degree of the pulsed gn al , and the associate

both CO and CX are assumed to have the same polarization degree and polarization angle as the optical puls
in the corresponding phase bin; black curves: CO is the same as before, mia&€0med to have zero polarizatic
Right panel: corresponding sign&d-noise ratio of the curves presented in the top panels.
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an interesting target to search for polarized emission in its surrounding nebula. EX Hya is an eclipsing system
making polarization measures extremely promising. The protatypelars, AM Her- to be observed in its

high state- can provide a key comparison with the results obtained from optical obserjatbna XIPE
simulation bllowing [167] for a system like GK Per in outbuf&69] is shown in kg. 2-17, where an 800 ks

long observation can allow us to detect polarizedaX variability at the 351.3 s WD spin period. The
simulation assumes a high specific mass accretion rate (18 gy ratio of column height to radittr=10,

Mwp = 0.5 Msun, @ magnetic colatitude @=30° and a binary inclination @£60°.

2.2.2 Rotation powered pulsars

XIPE will perform phaseesolved polarimetry of the pulsedrXy emission from the Crab and several other
pulsars. This will provide relevant information on thepology of themagneticfield, and allow us to
disentangle different components of the pulse@yXemission and thereby to put new constraints on the
pul sards emission geometry.

Rotation powered pulsars (RPP) are very promising targetsifay olarinetry because their-xay emission

is expected to be highly polarized, similar to what observed in other spectral bands. Polarization data are
important to model the geometry of the magnetic field and to locate the acceleration and emission sites of high
erergy electrons.

The Crab pulsar.For Crablike pulsars, and for the Crab pulsar itself, the OPTIMA instruni2d8] is

providing very precise measurements of lmgalarization in the optical banXIPE can verify whether the

X-ray polarization shows the same characteristics as in the optical, and therefore whether the emission site is
the same or not. This requires accurate phaselved polarimetry in particular those phase intervals where

the polarization degree is expected to change rapidly, such as the main peak (P1, the maximum is assumed as
phase zero) or the secondary peak (P2[22#). Another interesting problem refers to the different energy
spectra at the two peaks, usually illustrated by the P2/P1 ratio increasing with photon energy from the optical
band to lowenergygrays. Until today, there is no cleexplanation for this behaviour.

In the scenario presented[it60] the pulsed Xray emission is due to the superposition of two components
with different phase distriltions and energy spectra, and therefore wkilyi different site of originThe first
componentCo, has the same pulse profile as in the optical. The second compGxeist,set to have the
highest relative intensity of hard-bay to low energygray emission. Furthermore, the su@yo+Cx, must
reproduce the observed pulse profile. It turns outGr@mcreases monotonically up to phase 0.4 before having
a sharp cubff. FurthermoreCo+Cx reproduces the observed pulse profile in the range of 1 ketévo eV

only by multiplying Cx by an energy dependent factor. The net linear polarization is given b@cthe
polarization, i.e. the observed optical polarization, plus the polarizatiGr, & be measured witkIPE.

iﬁ% -(a)' 0=50° 1=20°] -(b)' 0=20° 1=50°] L(c) " 9=20° i=80°] _(dl)' 9=80° i=20°] Figure 2-19 The pulse profile

S Lop l3 17\ \JLy/\_/\{ and spindependence of th
5 OZGM _\N’\_ Eoo s S, dF < T~ 2 Ppolarization degree and angle
£ o4l ] IF ~-" Nt ~. ~-". 4 The black solid line denote

the contribution of two
antipodal spots, while the
dashed and dotted line
correspond to the contributiol
of each spot separately. Tt
pulse profileand polarization
degree are degenerate !
exchanging i
polarization angle shows
dramatically different
behaviour allowing both
angles to be measure
(adapted fronj267]).
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Any polarization model must take into account that the pulsar is embedded in a PWN emitting highly polarized
X-rays as well. FromBeppoSAXandNuSTARJata we estimate the nebular to pulsar flux ratio equal to 11.4.
Considering that the nebula will be paty resolved byXIPE, only a fraction of its emission will contribute

to the polarization measured in the pixel containing the pulsar. Introducing a solid angle scale factor of about
1/4 of the total nebular flux, the resulting nebular to pulsar ratiteipixel is 2.86The offpulse signal, which

must be added to the pulsed signal to simulate theXfRlE observation, is assumed to haRe19% at a
position angle of 156°, as given [A74]. The normalizatiosof the pulsed and negpulsed components are
defined in a 1 keV window around 3 keV: f&tPE, they are equal to 10.5 and 30.0 counts per second,
respectively. We then simulated a tataposure of 100 ksec. In Fig:18, right panel, we present the signal
to-noise ratio of the polarization degree and, inléfiepanel, the polarization degree with thieuncertainty

strip as a function of pulse phase; red curves are for a pol&izddack curves for a zerpolarizationCx.

We can conclude that the proposed exposure is comfortably sufficient to measure a polarization similar to the
optical one. More important, based on its polarization properties, it will be possible to disti@gifrisin Co

in the framework of the twoomponent model.

Other pulsars to be observed wWiKIPE. The sensitivity ofXIPE allows us to reach a 10% MDP ina 1 Ms
observation down to a flux limit of 2x#®erg cn? s*. Thereby, a purely nethermal Xray spectrum with
photon indexG=2 and hydrogen column densg=10?* cm? is assumed. Most pulsars with a fbermal

X-ray flux above 2x1¢& erg cn? s* are embedded in bright PWNe, which narrows down the selection to
about 20 sources where the PWN flux, integrated over a region of 30 arcsec, is less than 0.1 of the pulsar flux.
The list includes well known pulsars, such as PSR BE&@151 ms). We exclude the LMC puldaSR
B054069 (50 ms), becausdth XIPEG s  larmegalution its Xray emission is dominated by the bright PWN.
Other pulsars, e.g. PSR B1058 and PSR B0656+14, are ideal cases for clean polarization measurements as
they are not associated to PWNe. We can never rule out that a faint PWN is gty giplarized than a

bright pulsar, but since all of our targets are als@)pulsars, we may always disentangle the pulse from the
nonpulse polarization by phasesolved polarimetry.

2.2.3 Accreting millisecond pulsars

XIPEwill unambiguously constrain ¢hobserver's inclination wittespect to the rotation axis drthe hot spot

in AMPs. Theseneasurementare crucial for the determination of the equation of state of neutron stars from
timeresolved spectroscopy. For bright sources, the energy dependaheepolarization will also constrain

the angular displacement between the accretion shock and the thermal emission region.

Accreting millisecond pulsars (AMPs) contain weakly magnetized neutron starBati€h-10° G), spun up

to ms periods by accretimgatter from a lommass companiofd79], [200]). More than a dozen sources, with

spin periods ranging from 1.67 to 5.49 ms, are knownytoddl of them are transients going into outburst
every few years. In the neutron star vicinity, accreting matter follows the magnetic field lines hitting the surface
close to the magnetic poles. AMP spectra consist of a blackbody component, origimatireyHot spot on

the star surface with typical temperatures of about 1 keV, and a hard-pgwesmponent, probably due to
Comptonization in a radiative shock surface, with a temperaturei 603V and Thomson optical depths

<1i 2 [206]. Rotation of the hotspot causes a modulation of the observed flux with phase because of the
changing projected emission area and of Doppler boosting. The information aboutsbi®repattern, the
rotational velocity and the neutron star compactness are recorded into the pulse profiles. Therefore, their
analysis can, in principle, recover the neutron star mass and radius and thus constrain the neutron star equation
of state[207], [140], [211], [175]. Degeneracy between parameters, however, has not allowed to get strong
constraints ol andRfrom existing dat§207], [134], [136], [135]. Polarization measurements will be crucial

in breaking this degeneracy.

Radiation scattered in the shock is expected to be linearly polarized up to 20%, depending on the pulse phase,
the photon energy and the geometry of the sy§2&.
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Figure 2-20 Constraints on M and R from the pul:
profiles of AMP SAX J1808.3658 coming from
RXTE data (blue dashed contour, 4e@7]. With
XIPEmeasurements of the
the phase dependent polarization angle
constraints significantly improve (red solid contou
The spectral evolution during petist cooling stage:
of the photosphere can help to further constrain
and R(dotted curves). The pink curves corresponc
models for different EOS of cold dense matter.

Both the observed polarization degree and angle change
with the rotational phase (Fig-19) following variations
of the angle at which the spot is observeditnprojection

angle onto the sky. Once the

rapid rotation and

gravitational light bending are taken into acco(ifi],
[78],[267], the phaselependence of the polarization angle

allows us to constrain both( t h e

0bseationer 6s

andd (the inclination of the hot spot).

In a 1 Ms observation of bright AMPs, like SAX J1808.4
3654 or XTE J175B05,XIPE will reach a MDP of 2% in

10 phase and 3 energy bins and to measure polarization
angles with a 2° accuracy (fB=10%). Thiswill allow us

to determine the main geometrical parameters suiciras

d (Fig. 2-19) with an accuracy of about 5°, breaking the
degeneracy between the parameters and significantly
improving the constraints oMM and R. The energy
dependence dP will enalde us to have an independent
measure of the electron and seed photon temperatures in
the shock and to test the Comptonization model for the
hard component. The energy dependence Yofcan
constrain the displacement of the shock from the
blackbodyemitting region. For weaker AMPs, a 1 Ms
exposure will not determine the energy dependence of the
polarization, but the geometrical parameters can still be
measured with nearly the same accuracy.

X-ray bursts and their spectral evolution during the photospherimgdall (observed e.g. with NICER and
Athena) from the same AMPs will give additional, independéfRR constraints (e.g245], [209], [190]).
Combined with the polarimetric measurements, this will put even stronger constraimseguation of state
of cold dense matter (selotted black curves in Fig:20 and the resultingyl-R error box).
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and provide an independent
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geometry in XRPs.

(Apencil 6 beam) and high (fAfano Accreting  Xray  pulsars
opacities are significantly diffent for ordinary (dashed) and extraordinary (soli (XRPs) are among the
modes below the electronds <cycl ot brightest Xray sources and

cyclotron energy as illustrated in right panel (figure fr{265],[265]).

represent prime targets for- X
ray polarimetry. In these

systems, the strong magieetield channels matter supplied by the binary companion onto the polar caps of
the neutron star. Close to the neutron star surface, the accretion flow stops either by Coulomb interaction or
by the pressure of the emerging radiation. The accreting plesmpées to magnetic fields 8~10'2 G and

therefore the emerging-Mays are expected to have strong polarizadRE will be able to detect it in tens



XIPE Assessment Study Report page3l

of X-ray pulsars. The analysis of the observed polarization signature will not only help ugtses@kal long
standing questions regarding the astrophysics of XRPwill also probe some yet unexplored aspects of
fundamental physics such as vacuum birefringence (see Sec. 2.4.1).
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Figure 2-22Intensity (top row), polarization percentage (midaie/) and angle (botton ~ Perpendicular
row) as a function of pulse phase - orentaton of the

scenario. From left to right we assume different orientations of the neutron star ar ©lectric field vector
of sight with respect to the observer (according to the oaigivork by[170] for the With respect to the
angles i1/i2 of 50/20, 45/45, 75/45, 60/45, 80/60). The error bars in lower plot illus €xt€rnal  magnetic
the expected uncertainty ine polarization angle assuming a 1604®E observation fi€ld B. For photon
of a bright pulsar similar to Vela 4. XIPE would allow us to discriminat €nergies below the

unambiguously between the two beam patterns. electron  cyclotron
energy

hw<Ec,—=h(eBmc)~12 By, [keV] the opacity of the X modek is drastically smaller than for the O moag
([103]). Radiative transfer through suclirddringent plasma implies a high degree of linear polarization.
Magnetic fields of accreting pulsars typically exceetf @and, therefore, strong polarization is expected for
the XIPE energy band. Polarization degree and angle depend on the integraték® along the line of sight
and thus on the photon energy and the orientation of the neutron star with respect to observer.

Analysing the variation of the polarization properties with energy and pulse phase allows usetthprob
structure of the emission region. The scattering and absorption cross sections exhibit resonant peaks around
the cyclotron energy. When observing the corresponding features in the-dapemdent polarization we can
measure the magnetic field strémgn the line forming region. Whil&. is expected to lie above€IPES s

energy range for most pulsars, there is at least one exception, the bursting pulsar GRZ3 Jiibtéover,

for a number of sources magnetic field estimates are lacking or areablesld that polarimetric observations

could be crucial.

Despite several decades of studying, the configuration of the emission region in XRPs remains uncertain.
Generally, it is believed that in low luminosity objects accreting matter impinges the sufrtheeneutron

star close to the polar areas where the energy is released more or less isotropically. At higher luminosities
(abovelLy~1C* erg/s) radiative pressure overcomes gravitational drag by the neutron star and the emission
region extends fartheut to form the saalled accretion columfi6]. The beam pattern in these two cases is
usually visualised as either Alpm@Enosities) perns asdllustrated mi n o
in Fig. 2-21. The transition luminosity between the two modes depends on fundamental properties of the
neutron star such as the magnetic field, mass and radius. A robust determination of the emission geometry in
X-ray pulsars would allow us to estimate them and, aliy, provide constrains on the equation of state of
supra nuclear matter.

Nonetheless, reconstruction of the intrinsic beam patternsray Xulsars based on the observed pulse profile
alone is currently strongly model depend@a®7], [127]). On the other hand, the sweep in the polarization
angle with pulse phase and th@responding change in polarization percentage have opposite trends (from
negative to positive near the pulse peak for a fan beam and reversely for a pencil beam 223 .Fiis

effect is easily detectable, and can break model degeneracies gstimeea emission geometApart from

this, the sweep in the polarization angle can also act as a trdlceBefield geometry in XRPs, which remains

a subject of longtanding debate. Any rapid change of the polarization angle may be an indicatioonef a n
dipolar magnetic field. This is an essential step to understand the formation mechanisms of spectra and pulse
profilesin XRPsan&XIPEG s contri buti on would be indispensabl e
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fluxes and polarization expected K-ray pulsars, the high sensitivity &fIPE is especially suitable for
studying in detail the pulse phase variability of the polarization properties. Already for moderate exposure
times, such a study is possible for tens of persistent and transier@ss(iig2-22).

2.2.5 Magnetars

XIPEwill uncover the magnetar geometry (inclination of the line of sight and of the magnetic axis with respect
to the spin axis). This will give crucial, quantitative information on the magnetosphere of magnetars (magnetic
twist, currents) and on the mechanism that triggers their powerful outbursts. Furtherm@g pdlarimetry

with XIPE is a unique tool to test the magnetar scenario itself against other accretion mixtiels.
polarization measurements will also be fundamemmauiding the modelling of short burst emission, which

is a complex theoretical challenge, presently still largely undeveloped.

X-ray polarimetry offers a

unique opportunity to unveil

the intimate nature of ultra
magnetized neutron stars, or
magnetars, observationally
associated with
repeaters and the Anomalous

X-ray Pulsars (SGRs and
AXPs). X-ray timing and

spectral obarvations already
allowed us to gather insight

in their physical properties.

There is a vast consensus that

the persistent emission of
magnetars requires thermal
photons produced by the
cooling star surface to be
reprocessed inside matter flowing alongthe o sed f i el d B-fieidétlse sadlled Resdnantvi st e
Cyclotron Scattering, RCS, scenalfi@55], [259]). The appearance of a toroidal component is associated to

the transfer of internal magnetic helicity to the external field, as the star crust deforms in response to the huge
magnetic stresses. A reservoir ofarnal helicity is responsible foine activity of magnetars discriminating

them from other neutron star classes having a compadigtd but no SGRike behaviour. Putting the RCS
scenario to an ultimate test is bound to answering the more fundamesstibn of how magnetars do form

and how they are related to other Galactic populations of isolated neutron stars.

Current spectr al model I i ng is oft @3 andatsedhdoretical a i
predictions are in general agraent with the observations of SGRs/AXPs across th&®KeV band. Still, a

number of key issues are unresolved. (1) Spectral measurements alone cannot provide the basic geometrical
angles (inclination of the linef-sight, ¢, and of the magnetic axis, with respect to the spin axis), which are
fundamental in assessing the geometry of the emitting region. (2) Spectral fitting is largely degenerate and
fails to constrain unambiguously the model parameters, thus hindering us from a precise charactdrizatio

the magnetospheric properties (charge velocity, amount of twist). (3) There are strong indications that the twist
is limited to a bundle of field lines (the curres@rrying orj-bundle). Again, spectral analysis is not sensitive
enough to the magnetfield topology and cannot tell us what the real magnetic configuration is.

Figure 2-23 A dipolar field (left) and a globally twisted dipole (right); from Turoll
Zane & Watts (2015).
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FurthermoreXIPE can probe the
topology of the magnetic field, discriminating between a globally twisted field and othepotemtial
magnetic configurations. FigeiR-25 shows a comparison of simulat&tPE data for two different theoretical
models again based on the method2B4].

The first model (solid line) was calculated with a globally twisted dipole field, the second one (dashed line)
assuming a selfonsistent, forcéree magnetostatic equilibriufi266] with B,=2x10" G, kTs,:=0.74 keV,

6=0.6 andFynap=1.8x10'" erg cn? st in the 210 keV band. The simulateédPE data were then generated
assumingDfn.s=0.3 rad,b=0.2 and an exposurame of 250 ks. The spectra in the two cases are nearly
undistinguishable, while the polarization degree is smaller by about 20% in the global twist model, well within
XIPE capabilities to discriminate.

5.0 ' ' ' 1 & 100 ‘ ' X-ray polarization
I measurements witKIPE
s O 2 %Oy & 4 4 4 4 . & ¥ can test theRCS model
g S el 1 (and hence the magnetar
80 g scenario itself) against the
2 - Fo | alternative accretion
B . § a0k T 1 scenario[258]. Fig. 2-26
3.0 L= cibo’ st a4 ‘ - shows the polarization

N

3 4 5 6 o 4 LT, percentage, as a function
E (keV) Phase (rad) of rotational phase, for
two photon energies, 1.6

Figure 2-25 Left: phaseaveraged Xray spectrum (counts are in arbitrary units) for tt keV (left panel) and 3.8
two magnetic configurations discussed in the text. RIHRE simulated polarization keV (right panel). The
fraction according to the globally twisted field in th&XeV range, as compared with tl  simulations are based on
two models. Here=40° and x=0°. the RCS model (with the

same parameters as in the

case of 1RXS J1708) and the accretion column mod§gL'Hy); in both cases=75° and3=45°. Phase and
energyresolved polarization measurements will make it possible to put competing scenarios to a definite test.

The emission of short (~G1I0 s),intense [x~10*°-10* erg s') X-ray bursts is a hallmark of magnetars. The
strongest events, known as intermediate flares (IFs), are emitted erratically during periods of intense activity,
likeinthesecal | ed #fAburst f or est[ldl] dHe IF$E&runii9 hdmall With iwa 2 0 (
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blackbody components &i~5-9 keV, and believed to originate from a cooling, magnetically confined pair
fireball whichwas produced by a sudden injection of energy into the magneto§pbé}eNo detailed model

for the Dburstads radiati on pr otwe comporests cermei fom she |t
photospheres of the X and O mod&%1]. Therefore, Xray polarimetry is the key method to understand the
physics governing the bursimission.

The bursting phase may last a few days; if a trigger instrument is available {iPiB s | i f et i me
repoint to observe suitablefdy bursts. Simulations show tRPE will successfully measure the polarization
fraction and angle in aright, single IF down tdP=20%. Much lower MDPs can be reached by summing
together the data of different flares if their polarization angles are found to be consistent.

It is important topoint outthat the above calculations were performed including tB® @ffect already

mentioned. The discussion on howra§ polarimetry can provide the ultimate test to this effect is deferred to
sec. 2.4.1.

Figure 2-26 Polarization

g K 190 fraction vs. phase a
s 80 § sof 1 computed for the RC!
3 3 magnetar model (blu
g 9 1 % GOM line) and the accreting
® a0k 1 2 a0l | column model (orange
5 ] = P dashed line). !_eft:
g =0f T 1 & 20r 1 E=1.68 keV. Right:
LI B R P -y AW
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Phase (rad) Phase (rad)

2.3 Scattering-induced polarization

X-ray scattering by free or bound electrons gives rise to polarization. The sgatedaged polarization depends
on the geometry, andig null only if both the emitting region and the radiation field are perfectly spherical. Many
X-ray sources are believed to be strongly aspherical and scattetiragd polarization provides an important
diagnostic of their (spatially unresolved) intarstructure.

In general, such Xay polarization is due to (multiple) scattering events between radiatively coupled media,

for instance black hole coronae and their underlying accretion diskay Kinaries or active galactic nuclei.

The nonthermal Xray emission in these objects is believed to emerge from Comptonization of soft photons

in the very hot plasma of the corona. For many years the nature and structure of the corona has been a matter
of controversy, as parameter degeneracy does not allmwumambiguously determine the coronal geometry

from X-ray spectral data alone. Modelling of the radiative coupling and scattering in the corona allows us to
relate the observed-iay polarization to the coronal geometry and viewing angle.

In Active Galatic Nuclei, scattering processes can serve to test the geometry of outflows on larger scales. X
ray polarimetry of the molecular clouds in the Galactic Centre is going to provide the uliisiatethe
Supermassive Black Hole in Sgr A* was active a femdred years ago.

2.3.1 X-ray binaries

XIPE can discriminate between different geometries of the hot coronardly Kinaries and disentangle a
possible jet component. Furthermore, phessolved polarimetry would probe the nature of low frequency
QPOs and teghe LenseThirring precession model.

For X-ray binaries, the main goals XIPE are to determine the geometry of the corona, to constrain the
contribution of synchrotron jet emission, and to test models for the observegeruadic oscillations.
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Figure 2-27 Predictions for theXIPE polarization spectrum expected from a wec
corona (red) and a spherical corona at the centre of a truncated disc (blue). Th
energy emission is due to Comptonization of satiy<disk photons by hot therm:
eledrons in the hot corona (k¥80 keV, f=1.7), the parameters were fixed
approximate the spectrum of CyglXn the hard state. The model also include
reflection component from the outer disc as well as all the relevant specia
general relativisticeffects. The Mont€arlo code used is equivalent to the one u:
by [232] but also includes the KleiNishina effects[128]). The crosses sho\
simulatedXIPE data for a 180 ks observation of CyglX

Polarization Degree (%)
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Figure 2-28 Simulations of the expected modulated polarization in GRS 1915
(200 cps and a 1 Hz QPO with a 10% fractional rms amplitude). The broad
noise is generated according to a Lorentzian power spectrum and the simulate
curve is then multiplied bthe QPO oscillations predicted by the LT precess
model. The amplitude and relative phase of the flux, polarization degree
polarization angle as a function of QPO phase are chosen to match the calcul
from[110]. The quasi periodic nature of the oscillation is also taken into accou
filtering method is then used to phase fold the simulation data. Full curves: n
Crosses: simulatefi2 ksXIPE observation of GRS 1915+105.

Probing the nature of the X
ray emission.The primary
X-ray spectrum of Xay
binaries is supposed to be
produced in a hot corona
surrounding the compact
object and Comptonizing
soft photons from the
accretion disc The
polarization level and its
dependence on-Kay photon
energy encode decisive
constraints on any coronal
model (231]). The two
scenarios of a spherically
commct or a wedge
geometry have a very similar
X-ray spectrum and a weak
polarization level (a few
percent at most).
Nonetheless, for the wedge
corona the polarization
degree in theXIPE band is
nearly  independent  of
photon energy, while in the
case of a sphigal corona, a
significant  increase in
polarization  fraction s
expectedWe show in Fig2-
27 that XIPE is sensitve to
the different geometries
(e.g., using 180 ks exposure
on Cyg X-1). Besides the
geometry of the corona,
polarization will provide
complementary information
on (i) the source of the seed
photons for the
Comptonization i.e. disc
emission vs synchrotron (as
in advection dominated
accretion flows), (i) the
electron energydistribution
in coronae: thermal vs nen
thermal and their Thomson
depth, (iii) the dynamics of

the corona, i.e. outflowing/Ba-of-jet vs static/accretindt is often argued that rather than a Comptonizing
corona, synchrotron emission from the compaeitnastic jets may dominate the néimermal Xrays of black

hole binaries. The synchrotron emission from jets is expected to produce significantly more polarization (10%
or more) than Comptonization in the corona. Any measurement at such polarizatiby N would prove

that the Xrays come from the jet rather than the accretion flow (see S2®).

Probing the nature of QPOd.ow Frequency Quad?eriodic Oscillations (LFQPOS) in the range of ~D0L

Hz are regularly observed inpay binaries. The is no consensus on the originLéfQPOs. A popular model
associates the oscillations to the Lefbdrring (LT) precession of a hot accretion fl¢209]. The ha flow

mostly resembles geometry with a truncated disc and an inner hot corona as described in the previous
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subsection. LT precession is a frame dragging effect caused by the misalignment of the angular momentum of
an orbiting particle and the BH spilhleads to systematic precession of the orbit. Numerical simulations have
shown that in the case of a hot, geometrically thick accretion flow, this effect leads to global precession of the
hot flow[85]. The hot flow precesses like a solid body, and the net precession frequency is a weighted average
of the LT precession frequencies between the inner and the outer radius of the hot accretion flow. Due to the
much longr viscous time scale, global LT precession does not affect the outer thin disc. A mixture of
relativistic Doppler beaming, gravitational light bending and Compton anisotropy modulates the emission of
the precessing hot flow. The model predicts the righge of observed LFQPO frequencies. Their amplitude
depends on the details of the geometry and the viewing angle of the observer. The rms is usually larger at high
inclinations and can reach 10 percent. Interestingly, the model also predicts a modildwopolarization

fraction and angleseg110]). Detecting such a modulation wittPE will allow us to test of the LT precession

model and provide new, indepamt constraints on the geometry of the cormma inclination angles. Fig-

28 shows thaXIPE would allow us to recover the polarization modulation using the phase folding method
[262].

2.3.2 Radio-quiet Active Galactic Nuclei

XIPE can constrain the geometry of the hot corona in ragliet AGN, measure the orientation of the dusty
torus, and investigate variations in the morphology of the circumnuclear material.

X-ray polarimetry will bring new and uniquefiormation on the environment of radjoiet Active Galactic
Nuclei: from the ery close neighbourhood of thepermassive black hole (hot corona, accretion disk), to the
diffuse regions at pc scales (tusorus, sattering outflows).

20 . . . The neighbourhood of the

e ‘0::" y ]  supermassive black hole: hot

P I A ] corona and underlying accretion
ES % disk. The coronal emission of
g - ] AGN is supposedly produced like
E _SLAB:*TT::W § " ] in X-ray binaries (see previous
5 3f k] section), the main difference
. — spene: 0! 8 —®— 1 being ttzat the accretion disk emits

. ; // | at optcallUV instead of Xray

[ — = 20 a0 60 80 w0 temperaturesProducing hard X
Energy (keV) WoHDAtief AN 1000 ray photons thus requires more

subsequent Compton up
Figure 2-29 Bestfit models applied to the Seyfdrtgalaxy IC4329A. Twc scattering than for XRBsThe

different disecorona geometries are assumeLAB in blue, SPHERE in re¢ ~qronal emission is expected to be
The besfit values of the corona temperaturec:ldhd the vertical/radial optical polarized, with the polarization

depth U ar e i nd[Ro).deftetde twomgeometries give agve . .
similar spectrum Right: polarizaton degree (integrated over-& keV) as a percentage dependln_g mainly on
function of the inclination angle for both geometries. The polarization degr the geometry and oppcal depth of
always larger for the slab. An MDP of ~2% would be sufficient to discrimii the ®rona [128].  Figure 2-29
the two geometries from each other. compares the expected
polarization degree from a slab

like vs. a sphertike geometry. Although the two geometries can produce a similar spectral shape (but with
different coroml temperature and/or optical depth), the polarization is always stronger fofiesigdsometry

and will allow us to discriminate between the two scenarios, breaking the degenétatties.total time
investment of ~2 MsXIPE can measure the polarizat degree of a representative sample of 6 bright,
unobscured (e.g. free of obscuring and scattering environment) Seyfert galaxies (i.e. IC 4329A, MCG
8+11+11, GRS 173292, NGC 2110, NGC 5506 andCG 523-16). Together with broad band-rdy
spectroscopime asur ements of the coronads physi XIRHwillpar am
provide a full characterization of the inner accretion flow structure.
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Figure 2-30 Left: Sketch of the possible geometry of the circumnuclear  jssye, as well as to determine

in NGC 1068. Right: expected polarization degree P and ahglemeasured its orientation and relation

from the direction perpendicular to the torus axis) as a function of ph with the optical ionization

energy for different inclination angles([94]). A misalignment between tt cones (IR interferometric

ionization cone and the torus axis would translate into a measul measurements indeed

polarization angleY. The grey area corsponds to th&XIPE energy range. suggest a misalignment,
[213]). The integrated iB

keV polarization should vary from a few percent at low inclinations (unobscured objects) up to tens of percent

at larger viewing arigs (obscured objects, see €@4] and Fig.2-15). Such Xray polarization measurements

will be easily reachable for bright sources. A 3 Ms observing plan (with a few hundreds of ks per object) of

the 4 brightest obscured AGN (Circinus, NGC Z58lkn 3 and NGC 1068) will reach a MDP of 5% for each

object. Xray polarimetry will also help constraining the level of fragmentation. A clumpy torus as postulated

by [191] would best explain the recently observed handXvariability in NGC 1068[149]).

Polarization is also sensitive to morphological changes, likerthe expected from a receding torus or cloud
eclipses[(148], [150]). Variations of the polarization degree by a few percent and significant variation (>10°)

of the polarization angle are expected during the successive covering and uncovering of the inner part of the
accretion flow by eclipsinglouds {148]). An MDP of a few percent will allow us to study these effects by
monitoring (on a timescale of months/years) a dedicated sample of AGN known tedipses (see Table 2

in [219] and Table 3n [155]).

2.3.3 Sgr A* and molecular clouds in the Milky Way

XIPE will measure the polarization of the reprocessed radiation in the molecular clouds around Sgr A* and
verify if it is due to irradiation by Xay emission from a past active phase of the supermassive black hole. In
this case XIPE observations would allows to construct a 3D map of the molecular clouds around Sgr A*.

A special application of scatteringduced polarization around a SMBH can be found for the Galactic Center.
At a distance of ~ 8 kpc from Earth, the object known as Sgr A* is the closesh ISl dBH, with a mass ~4
million times the solar one. Sgr A* is extremelyry dim with a quiescent level of ~10the Eddington
luminosity. However, it was found 1§246], [126], [218] that several prominent molecular clouds withirf00

pc from Sgr A* are hard Xay sources, their spectra being characteristic -odyXreflection by cold gas
illuminated by an external source-(dy Reflection Nebulae, XRNe, Fig:31).
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Figure 2-31 Simulated polarization map of the Galactic Centre [9]. The polarization frac |uminosity was 1034
is colourcoded: white colour indicates no polarization and datie is for maximum erg/s. What we see
polarization (100%). Th&IPE field of view (FoV) is shown on the toight corner and he today would then be

spatial resolution of the map corresponds to the pixel resolutidhRE.

the position of Sgr A*. Black segments are representative of the estimated polar

position angle (dashed line) and its associated error (solid line).
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Figure2-32Top: spectrum extracted from a circle around the .
B2 clouds XMM-Newtondata). The red and blue lines show t
decomposition of the spectrum into XRN and hot pla
components [4]. Bottom: expected polarization of the pure >
component as a function of energy for scattering angles of
and 135° [8].

Ablue starindicates o reflacted radiation

delayed by the light
travel time across the
~100 pc region. If true, this means that in
the recent past our Gattic Centre hosted

a lowluminosity AGN and we can
reconstruct the history of its energy release
using the XRNg[47]).

Alternativeirradiation €enarios do exist:
X-ray transients that power different
molecular complexes[153] or the
interaction of low energy cosmic ray
electrons with the molecular g4260].
The former mechanism cannot be
excluded, but it requires a population of
sufficiently powerful transients to be
located close to each molecular complex.
As for the latter hypothesis, the XRN
fluxes vary on time scales of ) years
[187], [203] excluding the possibility that
cosmic ray electrons are responsible for
the bulk of the emission. Still, both
alternative mechanisms could contribute
to some exnt to the observed XRN
signal.

X-ray imaging polarimetric measurements
would fundamentally improve our
understanding of XRNs. The reflected
emission from a compact illuminated
source must be polarizef9], [147],

providing direct evidence that it comes
from an XRN. Additional constraints

would come from the energyependence dhe polarization degree (Fig-32). Finally, the direction of the

polarization has to be perpendicular to the projected line fro
Therefore, the observation of one XRN wiiPE would be

m the molecular cloud to the illuminating source.
sufficient to verify if Sgr A* can be the

illuminating source. Observing two different XR would even locate the coordinates of the illuminating
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source ina modelindependent way (Fig2-31). The polarization percentage is a strong function of the
scattering angle, implying that, additionalXiPE can find the position of a given XRN on thiee-of-sight

(Fig. 2-32). It is thus possible to reconstruct the 3D distribution of the molecular gas in the Galactic Centre
regioni an insightful mapping that is very difficult to obtain by other means. Notice that this will also be
useful toreconstruct the lighturve of the past flare of SGR A*.

The reflected fluxes from Sgr B, Sgr C and the 0AB
would yield a clear measurement and an error on the position angle below 2 {iegrgethe flux of each

XRN varies on time scales of several years. The actual observing program will be updated accordingly.
Simulations show that it is highly unlikeflgat all currently bright XRNs will have faded away on times scales
shorter than 100 yeargt7]).

2.3.4 Ultra-luminous X-ray sources

XIPE can observe the brightest UkXproviding valuable information on the geometry of stipaédington
accretion flows in Xay binaries, and crucial informatioto understand the nature of pulsating ULXs.

Ultra-luminous Xray sources (ULXs) are namuclear accreting compact objects in fhgagalaxies. Their
apparent luminosities exceed the Eddington limit of Galactic stellar mass black Bdle¥ &g s for a 20
solar mass black hole). A natural explanation is that they may urabksck holes with masses in between
stellar mass blackdbes in binary systems and sumpssive black holes in the cembf galaxies. Extreme
ULXs like ESO 24249 HLX-1 and M82 X1 may be good candidates in this res{p&8}, [199]. However, X
ray observations withXMM-Newton favour the interpretation that most ULXs ariely powered by
supercritical accretion onto stellar mass black h@2k

X-ray polarimetry may play an important role in understanding the nature of ULXthanmborly known
physics of supeEddington accretion. Massive outflows are expected for supercritical accretion and the
emergent Xray emission may be more or less collimated and/or strongly Comptonized in the wind. Models
suggest that the specttahing properties of ULXs are related to their accretion rate and the viewing angle
[247], [172]. 3-D MHD simulations by114] also suggest that the polarization degree and angle are a function
of the viewing angle. Therefore,-day polarinetry constitutes a new channel to constrain the ULX models
and an efficient probe of the accretion geometry in the supercritical regime. Due to their large distances from
Earth ULXs are much fainter than Galactic accreting black holes. For the bright¢sIRE could observe

a MDP of 5%10% assuming a 1 Ms exposure.

Surprisingly, the transient ULX M82-% with a peak luminosity over 1Qerg s' was found to be an accreting
pulsar[14]. Recently, two more ultruminous accreting pulsars were discovered in NGC 7[192]. [86])

and NGC 5907[112]). How a pulsar can exceed its Eddington limit by such a large factd) {s bysterious.

Models range from magnetard 88]) to low-B nascent millisecond pulsargl21]). The ULX pulsars are
interesting targets fOfIPE, as high degree of polarization is expected from highly magnetized systems. X
polarimetry may help distinguish whether these sources are magnetarsBntwtron stars. M82-R is not

an ideal choice because it resides in a crowded region in the center of the starburst galaxy M82. The ULX
pulsars in NGC 7793 and NGC 5907 are the brightest sources, respectively, in their host galaxies and can be
observed withXIPE. They are transnt sources, with a flux of roughly #0erg cnm? stin 2-8 keV at the peak,
corresponding to an MDP of about 10% with an exposure of 1 Ms.

2.4 Fundamental Physics

Cosmic sources and the Universe as a whole are natural laboratories to study effectaraertaidPhysics

that are extremely difficult or altogether impossible to test on EarthyXolarimetry is particularly valuable

in this respect as distinctive signatures on the polarization are expected from radiation transfer through strong
magneic ard/or gravitational fields.

It is one of the most exciting goals XfPE to test vacuum birefringence, a QED effect in extreme magnetic
fields that was predicted 80 years ago, but never unamisbyugerified. While producing no effect in the
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flux modulation, vacuum birefringence should induce characteristic signatures in the phase modulation of the
X-ray polarization of magnetars (and possibly also in sources with less extreme magnetic field).

The polarization properties of radiation emerging fri vicinity of a black hole event horizon depends on
the gravitational theory assumed. In principlesa¥ polarization could thus test General Relativity (GR). Still,
the polarimetric differences between competing theories are too small to be of amabuse [108]). On

the other hand, once GR is assumed, the ersdgggndent polarization percentage and rotation of the
polarization angle with photon energy Black Hole Xray Binaries in the soft state provides a new,
independent tool to measure the black hole spin. A-tiependent rotation of the polarization angle may also
be used to measure the spin in supermassive black hole of AGN, though the requisedlectime may be
prohibitively long, and certainly help solving the lestgnding debate on the true origin of the broad feature
around 6 keV relativisticallydistorted iron line vs. complex absorption).

On a more speculative side, enedppendent rotains of the polarization angle from distant sources may
occur by a vacuum birefringence that is related to a Lorentz Invariance Violation (LIV) as predicted by some
Quantum Gravity theorieXIPE will search for these effects by observing blazars at diftedistances and,

in case of a negative resydyt tight upper limits on the LIV.

Axion-like particles (ALPs), one of the dark matter candidates, are expected to interact with photons in an
external magnetic field, significantly modifying their polation properties, either reducing the polarization
degree of a background blazar or introducing polarization in an otherwise unpolarized source. A polarization
degree of even a few percent in a Galaxy Cluster would be an exciting indication of the présdris

2.4.1 Quantum electrodynamics

XIPE can unambiguously test the QED birefringence expected in the extreme magnetic field of magnetars and
X-ray pulsars, verifying the effect predicted eighty years ago but yet to be unambiguously confirmed.

One of the fist predictions of quantum electrodynamiesen before it was properly formulategas vacuum
birefringence in strong magnetic field89], [276], a prediction that remained robust when QED was
formulated more carefullj231]. In a weak magnetic field B«Boep=4.4x13* G), the difference in the
refraction index between photons whose electric f
and X7 raspattvely) simply is[{04]):

po 22 (Lf
T4 15\4.4x 103 G/ °
while for B»Boept h e d e p e mdndBrisdirear.d-dr temgstrial fields this is vanishingly small and has

not yet been measured in the eighty years since the prediction. On the other hand, astrophysically this effect
can be important for neutron stars and white dwlli@5]. For these objects, although the difference in

refraction index is stildl mn(l@hwherehisthelleagth ovehwhiohthen i t y
refraction index chages anda-is the wavelength of the light, may be very large. This means that the
pol arization states of the | ight evolve adiabatic

the Ximode even i f the dihepgomttofviewofthefobserer the direetiordof ¢ h a
the polarization will follow the direction of the magnetic field as the light propagates through it.

Magnetized neutron stars naturally produce polarizeédyXradiation and, furthermore, the field strdrsgare
sufficiently strong and the length scales sufficiently large for vacuum birefringence to decouple the
polarization states with dramatic effects on the observed polarization. The recently observed optical
polarization in the isolated neutron star BX856.53754[174] is consistent with vacuum birefringence, but
other models are not yet ruled out.

Although black holes themselves do not harbour magnetic fieldsnt calculations indicate that the vacuum
polarization may be important for the propagation of radiation near black hole accretion disks if magnetic
fields provide the bulk of the viscosit$5].
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Figure 2-33 From left to right: light curve and polarization fraction for AXP 1RXS J1708 (upper panels) and SGR
20 (lower panels). Thermal surface photons are assumed to be 100% polarized in the extraordinary mode. The d
(filled circles with error bary were generated according to the model shown with the dashed blue line. The full line
the simultaneous best fit, while the dashed red lines correspond to the same models but without QED eff
geometrical angles are=90° and x=60°.

The QED effect is strongest in magnetars, whdfields range from 1% to 10° G, and it is for these objects
that the calculations are most comprehensive. Vacuum birefringence increases the expectedrdipear X
polarization at the surface of a neutstar from about 20% to nearly 10094107]).

Radiation coming from the surface of an ultnagnetized neutron star is expected to be strongly polarized
becausedf he much reduced opac]l9€]putded?2])). Piatomsondl thenpebooanttyn s (
scatter on magnetospheric charges and this can change the polarization state (mode switching), and finally
reach infinity (see e.d259]; see Sect. 2.2.5As radiation propagates outwards, the strong magnetic field
forces the direction of the wave electric field to instantaneously adapt, over a lengéh sdalgn ¢1 cmat

X-ray energies near the surface, to the direction of the local magnetic field, so that the photon keeps its linear
polarization, either X or O (mode locking or adiabatic propagation). This is a pure QED effect and it will take
place until the length scade® r/6 over which thd-field evolves is larger thada. The adiabatic region extends
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up to the polarizatiofimiting radius,ra~30 By/10** G)*® (E/1 keV)® Rus, after which the electric field
direction freezeq105], [106]; see als§251]).

The existence of the adiabatic region is crucial for the observed polarization properties of highly magnetic
neutron stars. In order to compute the polarization fraction and angle of the detected radiation, the Stokes
parameters of the singf#hotons, each of which is referred to the magnetic field direction at decoupling (i.e.

at +a), must be rotated to bring them to a common frame (the instrument frame). This rotation strongly
depolarizes radiation, more so for the smaller values.diVoud the adiabatic region have vanishing depth

(ra coincident with the star radiuRyg), fully polarized radiation at the surface would appear at most 20%
polarized at the observer on Earth. This is, therefore, the maximum polarization expected in treeathsenc
QED effects. On the other handrjf is some tens of stellar radii, as expected in magnetars, the effects of
rotation are much less dramatic and radiation is received with alreasigtnal polarization degrd§252],

[107])).

Resonant Compton scattering typically occurs within ~ 1§ Rell inside the adiabatic remi, so that the

photon polarization state between scatterings does not change, decoupling scattering and QHED9gffects
[251]. The wave equation, then, needs to be solved only outside the scattering region, typically from just below
ra to infinity. Results of MonteCarlo runs for the lightcurve and the polatiaa degreeare shown in Figz-

33 for two bright persistent magnetar sources, AXP 1RXS J1708 and SGR2Q8@&gether with the
simulatedXIPE response for an integration time 100 ks each. The same Manke simulations were then

run without accounting for vacuupolarization efects, and also shown in Fig-33 for comparison. While

the flux is the same, the pol ariddtdi oresdid grsed odr d
degree cannot be reconciled with the data for any combination of thd pardeneters, proving that an
observation wittXIPE can indeed disambiguate the two possibilities and provide the first evidence for vacuum
polarization effects in a strong magnetic field. QED effects can also be probed in 4U 0142+61, where the
contributian of resonant Compton scattering is less important irKtR& band, but the results for QED are
equally dramati¢36].

Vacuum birefringence also modifies the scatte@mgl absorption cross sections, which exhibit resonant
features close to the ®alled vacuum resonance enerf366], [168]). As a result, strong variations of the
polarization dgree and angle at corresponding energies are expected. The resonarEetepgyds on the
magnetic field strength and the plasma derSityl 3ne 27/%/Bi2 (herene 22is the plasma density in units of20
cnt®). For magnetars, the low plasma density high magnetic field imply that this energy is belowXheE

band, while for Xray pulsars it is expected to lie within t@PE band for most sources (Ghosh 2013).
Polarimetric observations of-Ky pulsars will thus also allow us to test the vacuum birefringence. We note
that while QED effects are stronger in magnetarsay pulsars are typically much brighter sources and,
therdore, easier targets to observe. Once the importance of QED effects is confirmed, an estimate of the radius
of the neutron star may in principle be obtaif@&d, but the effect is probably too subtle to be accessible with
XIPE in reasonable exposure times.

2.4.2 Strong gravity

XIPE can provide independent constraints on the black hole spin in Galactic black -najebiharies and
discriminate between complex absiiwp and relativistic reflection models in Active Galactic Nuclei.

Galactic Black Hole Xray Binaries.Stellar mass black holes are the most promising sources to probe strong
gravity effects and to put constraints on the angular momentum (spin) of blaskalith XIPE. They provide

us with large Xray count rates and the cleanest method to measure the spin when icdliedsbigh/soft

state. In this state, the dominant spectral component across3tke\2 band is thermal emission from the
accretion dis. Strong gravity effects rotate the polarization angle of the disc radiation prograEsigga
geodesic towards the observer. The rotation angle depends on the location of the emitting point on the disk.
When integrating the emission across the diskatt, a net rotation remains. The closer to the black hole the
emitting point is, the larger the net rotation. Since the emission is locally thermal anchsitezeferature
decreases with the disk radius, eventually a rotation ofptharization angle glong with variations in
polarization degree) with energy should be obsery2d1{, [50], [163], [61], [62], [230], [231]). Such
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measurements can be taken WtRE and compared with the black hole spin estimated from fitting the thermal
disc spectim, X-ray reflection or quagberiodic oscillations.

The latter three methods are not related to the polarization method and do not always mutually agree with each
other. Thus, Xray polarimetry withXIPE will add new, independent constraints on the blagle spin and
help us to understand the final stages of the gravitational collapse of very massive stars.

Figure 2-34 shows simulations (based ¢81]) for a 110 ks exposure of the black holeray binary
GRS1915+105 in the high/soft state, assuming different spin vaaBs(zero spin)a=0.9 anda=0.998
(maximum spin). The energy dependence of the polarization degree and angle are different in the three cases,
clearly indicating thaXIPEwill discriminate between them. In particular, simulations show that the spin value

can be recovered with a statistical ef@asf about 0.1, 0.01 and 0.001 fax0, 0.9 and 0.998. The relativistic

effects are more pronounced, and the intrinsic polarization hidberhigh inclination angles, making
GRS1915+105 (70 degrees inclinatig?B0]) theideal source. However, other less inclined sources can still

be profitably explored with reasonalgxposure times (a few dayAylditionally, about 6 transient BH binaries

are expected during 3 yeaws XIPE operation, which may bether good candidates to search for General
Relativity effects

Active Galactic Nuati. In AGN, the disc thermal emission is outside the working bandiBE. However,

thermal photons are Comptonized and scattered in the hot disk corona, whose precise geometrical shape is
unknown and will be studied witkIPE (see Section 2.3.2). Parttbk X-ray corona emission hits the accretion

disc, where it is reprocessed grattly reflected towards the observer. There is increasing evidence that the
X-ray emitting corona is very compag217], [66]), with a mean height varying with time (e.fL77], [70],

[198]). The polarization degree and angle of the reflected radiation must vary accor@gplyirf a way that

depends on thepin of the black hole. The effect is likely to be small, however, and its search will be a by
product of AGN observations performed for, e.g., coronal studies (see Sec. 2.3.2).

The reprocessed emission may also bear imprints of GeneedivMRgleffects, such as the broadening of the

iron line in theXIPE energy band. Such a broad iron line was reported for the first time in-8A8EL5

([249]) andthen confirmed by several other masements with different-Xay satellites (see, e.§280], [69],

[178], [152]). However other authors argued that the spectral shape of the broad iron K line in this and other
sources could also be modelled as a-redativistic feature arising from partial coverifd76]). X-ray
polarimetry may help to resolve this debate because the partial absorption in a clumpy outflow intercepting the
line of sight generally induces low polarization and alwayslpees a polarization degree and position angle

that are constant across the iron line band. On the contrary, in the reflection case the polarization is large, the
polarization degree changes with the energy, and the position angle varies systematisalyhadron line

([151]). Simulations show that in the case of MB@G0-15 and NGC 1365, two of the most debated sources,
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Figure 2-34 Simulated 110 K&IPE observation of GRS 1915+105 in the soft state for 3 angular momenta of the blac!
the Schwarzschild case (a=0), a moderate black hole spin (blue, a=0.9) and the extreme Kerr case (red, a=0.¢
figure shows the polarization degree (left) and péarization position angle (right) as a function of photon energy.
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in the rather conservative assumptior2¥f intrinsic polarizationXIPEis able to distinguish between the two
models with the large, but still affordable, exposure time of a few Ms.

2.4.3 Quantum Gravity

XIPE can put tight constraints on effects, like vacuum birefringence, expected in some Quaatimn Gr
theories by searching for rotation of the polarization angle from distant blazars.

One of the most ambitious efforts of modern physics is to develop a theory that unifies gravity with the other
fundamental forces within a single theoretical framewBikerent approaches to Quantum Gravity (QG) are
being pursued such as Loop QG, String, andecmnmutative spacgmes. A common feature of most of the
approaches (but not all, eJ@21]) is that deviations from known physics, specifically Lorentz Invariance
Violation (LIV), are predicted near the Planck scale (energies 8fel0or lengths of 1& m), far beyond

what is currently achievable in the laborat{®y. Thus, efforts to find good observational tests have turned
towards astrophysical measurements where tiny effects at accessible energies can be transtesexvatitz o
effects when accumulated over (literally) astronomical distances (for a revi¢¥6d¢and[138]). One such

effect is vacuum birefringence, i.e. a dependence of photon propagation in vacuum on pol§iZjation

There are two ways, in whicIPE could play a crucial role: (1) detection of a net polarization integrated over
the whole energy band from astrophysical sources at very large distancud®)of the rotation of
polarization angle as a function of energy over cosmic distances. In the first case, by integrating e8er the 2
keV band, LIV would generate fluctuations in the polarization cancelling each other, so that the net signal
would bezero. Therefore, any detection of polarization from a cosmic source at did(ancaplies the lack

of vacuum birefringence and therefore a constraint on LIV. A strong advantage of this option is that a detection
of polarization is enoughno modellingof the cosmicsource is required. Howeverpn-detection could result

from a lack of intrinsic polarization at a level detectable WiRE rather than birefringence, so it is important

to use high redshift sources for whidiPE can establish the polarizan degree of their low redshift
counterparts. The scale of the constraint is given by the dimensionless pargmeleéch is inversely
proportional to the difference of the squares of the photon energies (fixedtdPtieandpass) and the source
distance. The best constraints will come from the most distantedar whichXIPE can achieveolarization
detection. A blazar in outburst Wit 28 keV flux in excess of 5602 erg cn? s* will require an exposure of

about 500 ks to reach an MDP of 7%efe are a few sources known to reach such fluxes. The BL Lac AO
0235+164 is one of the highest redshift blazars where ey ¥and is dominated by synchrotron radiation

and thus likely to be significantiyolarized[82]. Its redshift 0fz=0.94 would lead to a constraint {102,

At higher redshifts, it is possible to find only gaes but in those sources thera¢ band is dominated by
external Compton processes, making it difficult to assess the level of intrinsic polarization; a question that the
study withXIPE of nearby quasars will help address. A detection-odyXpolarizatbn from the quasar PKS
2126158 (=3.268; MDP=5% with a 500 ks exposure time) would allow us to set a tight constrafitQof

13 TheINTEGRALpolarization detection of GRB 140206A placed a limit of4[05], but this was performed

with instruments neither designed nor calibrated faa)Xpolarimetry.

The second case, the study of the rotation of the polarization angle may allow for more sensitive constraints.
However, even a positive result will require careful analysis of the astrophysical processes to determine the
angle at the source (based on theoretical modelling aoldéarvations at longer wavelehg) and to rule out

all possible astrophysical explaratis of the rotation. The fact thélPE observes Xays offers the advantage

that the measurement is not affected by Faraday rotation, as it is the case for radio observations. A 500 ks
exposure of a source with@keV flux of 5x10' erg cn? s and 10%polarization, will allow us to measure

the angle with an error of about 1.8°, which in turn translates into an improvement on the uppeixlioyit of

a factor ~5XIPE could also measure the irband rotation, so overcoming the difficulties outlinedvayo

but at the expense of very long exposijeefew Ms) on bright sources.
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2.4.4 Axion-like Particles

XIPE can perform sensitive searches for Axlilke Particles by searching for polarization signatures in
Clusters of Galaxies.

A generic prediction of many
extensios of the Standard Model
for elementary particles is the
existence of axiotike particles
(ALPs) (for a review, se§l13].
They are extremely light pseudo
scalar lmsons which couple only
to the photon through the temm,

a EM in the Lagrangian, wher

is the ALP field,E is the electric
field of the propagating photon
and B the external background
magnetic field. ALP masm and
Oao are unrelated parameters.
Outsde the GalaxyB is poorly
known but it is usually supposed
to have a domaitike structure,
with coherence length-10 Mpc,
strength up to 1 nG in all domains
but random orientation in every
domain[212]. In such a situation,
two relevant physical phenomena
can take place. Because of the
above photofALP coupling term,
only photons polarized inside the plane define@®lyd the photon momentum mix with ALPs, whartieose
with polarization perpendicular to that plane do not. So, such a term acts like a pfldfteX-ray photons
emitted by a background polarized source propagate in the déikearandomB network before reaching us.
Because of such eandomness, the initial lineaolarization is expected to get smeared [dif]. The
probability density functioff is evaluated for all possible linear polarizations, assuming 0! GeV*! and
m=10%eV. The results are shown in FR§35for a sample of source zt0.03 and four possible initial linear
polarizationgP,=100%, 70%, 30%, 0. On¢dPE has defined the polarization properties of e.g. blazars in the
local Universe, by observing more distance objects one can check whether the polarization is modified along
the trgectory towards the observer.

,gm,:lo*uGerl HO =1.0/1
Fz=0.03

fu
O - N WD U O N 0O
T
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Figure 2.35 Expected probability density function ,f for the final linear
polarization after propagation in the extragalactic magnetic field considerir
sample of sources at z = 0.03 with initial polarization of 100%, 70%, 30%, O

An even more compelling test is suggested by Zi8h, which shows that on the right of the peak there is a
nearly constant long tail, which is the polarization imprinted by the magnetic domain closest to us. So, even
by looking at a fully unpolarized source one may detect a linear polarization degree. Galaxy Clusters are the
best candidates. The-pdy emission can be totally explained with thermal bremsstrahlung. The presence of a
nonthermal component is seriously constraingy SwiffBAT [7] and NUSTAR[88]. The polarization
expected from anismpies in the collective motion of electrammounts tanly ~0.1%[122], lower than the
systematic uncertainties BIPE (see sec. 2.1.8). Another source of polarization may be the resonant scattering
of photons in line$227], which is also expected to be very low and in any caséeaasily removed with

the spectral sensitivity ofIPE. The imaging capability oKIPE can be used to remove regions of radio halos

as well as any other suspicious part, such as AGNs or regions in the process of merging. Therefore, for all
practical puposes Cluster of Galaxies are expected to be intrinsically unpolarized, and the detection of a
polarization of even a few % in a Galaxy Cluster would point to something that cannot be explained in terms
of the cluster plasma itself. With an observatiori@fs of Abell 2199 (z=0.031) and Abell 496 (z=0.036),

XIPE can reach a MDP of 4.9% and 5.2% respectively. For a single cluster a long pointirigs afatObe
foreseen, in order to arrive to a MDP<1.5%.
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3 Scientific requirements

The scientificcasegresented in Section 2 require polarimetry of source emission in-tiag ¥nergy range;
moreover, the measurement of polarization has to be spectrally, temporally and angularly resolved. In this
section, required sensitivity and scientific performances arneat fromthe scientific objectives described
above, in order to exceed the expectations from theoretical models. This wilKdP&to meet its scientific

objectives with an adequate safety margime mainXIPE scientific requirements are presented able3-1

and discussed below.

Table3-1 Summary oKIPE main scientific requirements.

Polarimetric <10% In the 28 keV energy range
sensitivity for a flux of 2x10' erg st
cn1? for an observation of
100 ks
Mirror effective. >1100 cm At 3 keV
area
High-energy mirror  >600 cnt At 7 keV
effective area (>800 cm)
Focal plane detectc >10% At 3 keV
efficiency
Focal plane detectc >30% At 3 keV
modulation factor
Spurious <0.5%
polarization
Energy range 2-8 keV
(1.512 keV)
Energyresolution <25% At 5.9 keV
Energy resolutior <20% At 5.9 keV
for point sources
Angular resolution <30 arcsec At 3 keV, HEW
<20 arcsec
Field of View >10 arcmin Diameter
Timing resolution 8 us
Time 4 s
synchronization
with UTC
Reaction to targenf <12 h From trigger of the SOC;
-opportunity reques during normal working
hours
Mission lifetime 3 years
(5 years)
Observation 5ksi 4 Ms
duration
Number of targets >150 Not including monitoring

per years

observations (if necessary

Detect polarization foKIPE targets

Apportioning of  Polarimetric
Sensitivity requirement
Apportioning of Polarimetric
Sensitivity requirement
Apportioning of Polarimetric
Sensitivity requirement
Apportioning of Polarimetric

Sensitivity requirement
Detect polarization as low as 1%

Tradeoff among XIPE scientific
objectives

Detect polarization variation witl
energy

Detect polarization variation witl
energy

Resolve main structures oXIPE
extended targets

Observe most oKIPE targets with a
single pointing

Fold light curves of milliseconc
pulsars

Compare XIPE observations witk
those of other observatories

Observation of transient sources

Carry outXIPE observation plan.

Achieve a sufficient sensitivity t
perform spatially, spectrally an
time-resolved observations

Carry outXIPE observing plan
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Number of >350 If necessary Observe periodically key variabl
monitoring sources if no external trigger
observation per yea available
Forbidden direction None Not prevent observation of an
potential target
Field of Regard 50% of the Carry outXIPE observing plan
sky
Stability on degree <5% Compare observations at differe
of polarization (<2%) epochs
measurements
Angle of 5 arcmin With respect to celestial | Comparison with other observatori
polarization reference frame
knowledge
Background O 8%clsh Assuming 3 detectors = 1/3 of the counting rate of the fainte
cni? ket XIPE target
detector
Maximum flux 2 Crabs Corresponds to 4x10erg s' = Observation of bright targets
(without grey filter) cnt2. With a dead time
<10%
Dead time <300 Observation of bright targets
Pointing accuracy 3 arcmin Diameterdistance, 4 Maintain the target in the center of t|
field of view to limit vignetting
Misalignment of <7% Observation time loss due 1 Limit the vignetting
telescope(s) vignetting
Astrometric 10 arcsec Diameter, at Zi Locate unknown sources
accuracy

3.1 Measurement of linear polarization in X-rays

In the X-ray energy band, linear polarization is usually measured by means of the azimuthal response of the
instrument, which is callechodulation curveFor photoelectric polarimeters as thoseboard XIPE, the
modulation curve is practically the histagn of the photoelectron directions of emission, measured on the
plane orthogonal to the direction of incidence. If the radiation is polarised, the modulation curve shows a cosine
square modulation, whose amplitude is proportional to the degree of padarizatl whose phase is related,

and coincides for photoelectric polarimeters, with the angle of polarization. The amplitude of the cosine square
modulation obtained in case of completely polarised photons is catiddlationfactor e ; usuall vy, [
be measured or derived by accurate Monte Carlo simulations as it is never 100% for real instrument and most
often changes with energy.

The measurement of polarization can be extracted from the modulation curve with different approaches which
are, howevers ubst antially equivalent. The fAclassical 0 o
modulation curve with a cosine square functib( (wjth free amplitude and phase:

wheredd 6] 6 ¢O isthe measurecbsine square golitude The polarizatiorP is derived by normalising
the measured amplitude for the value corresponding to completely polarized photons, expressed through the
modulation factor:

Cx

0 O
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The angle of polarization coincides wiikin theinstrument frame of reference, and then it can be referred to
sky coordinates by means of the knowledge of the pointing direction.

3.1.1 Minimum Detectable Polarization

Sensitivity of polarimetric observations is limited mainly by the statistical fluctuations imstremental
azimuthal response. Other limiting factors are the presence of spurious systematic modulations, which may
mimic the presence of a cosine square variation in the modulation curve, or the background of the observation.
However, as it will be dmussed in the following, none of these contributions has a practical impact on the
XIPE sensitivity.

In case of photoelectric polarimeters, the modulation curve is the histogram of the photoelectron direction of
emission. Although such distribution isstatistically speaking flat when the incident radiation is not
polarized, the number of events emitted in each azimuthal bin is Pdiistobuted and a fit with a cosine
square function always returns a certain amplitude and hence polarization valpelarization signal which

can be attributed to statistical fluctuations, at a certain confidence level C.L., is called Minimum Detectable
Polarization (MDP) and it is calculated §371]):

. » G llp 688 Y Y 1@0ODY Y . Y
00U Y ~ Y oV W o wBa8h

whereRs andRg are the source and background counting rate, respectively,ianlde observing time.

MDP is usually calculated at the 99% confidence level. This implies that if the polarization detected in a
specific measurement is higher than the corresponding MDP of that measurement, then there is less than 1%
probability that he detected signal is caused by statistical fluctuations. On the contrary, if the detected
polarization is lower than the MDP, there is more than 1% probability that the signal is random, and therefore
the measurement is not significant at that confidémasl. Alower MDP corresponds to a better sensitivity.

It is worth noting that the equation expressing theRviiighlights the fact that-¥ay polarimetry requires a

huge number of photons, with respect to spectroscopsnaging to achieve a sufficient sensitivity. For
example, even in the besaisescenario of souredominated measuremeni:£0), it would take2x1® counts

for an instrument with u=0.3 to achieve a MDP of 1%, which is adequate to discern the expected signal from
many COSMIcC Sources.
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Figure 3-1 Number of counts needed, in units @bp to achieve a cert
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3.1.2 Significance

If the background is negligible, as it is for meEPE observations (see Secti@2.9, the formula above
allows to relate the number of counts collectédp the MDP:
N~y L Wp
0 0Ov ﬁi_ h
o
whereN=RsT. It follows that the number of couni&pp which has to be collected to reach a MDP equal to a
certain assumed polarizatiéns:
" Tq W
) i 8
0
The Nwop value can be related to the number of counts needed to achieve a certain Signal t8/Nas6)(
of the measurements, defined, as is customary, as the ratio between the measured polarization afd its error
In Figure3-1, the number of counts required to reaatertain value db is reported as a function bf

The two curves refer either to the measurements of the degree of polarizatipar(ly, or of both the degree
and the angle of polarizationisq). If both the degree and the angle of polarizattsa measured, a
measurement with P=MDP (N{Ne=1) corresponds to a S/N of 2.02Mninstead, if only the polarization
measurement is interesting, a measurementRatIDP (N/Nvpp=1) has &/Nof 3.03 in this parameter (see
[244] for more details). The two curveshigure3-1 are well represented by the following relations:

1 parameter case 1 3

2 parameters case—— | r
At the 99% C.L.p 2 and the relation among the signal to noise, the polarization and the collected
countsN is:

1 parameter casel -0

2 parameters case ™ xuh* 0

The uncertainty on the polarization ang@iven by s ¢ 8iff
3.2 Requirements

3.2.1 Polarimetric sensitivity

Polarimetric sensitivity requirement fofIPE is expressed through the MDP: The Minimum Detectable
Polarization at the 99% confidence level shall be lower than 10% for a reference source with fithex10

s cm2in the 28 keV energy range and power law spectrurthvimdex 2 (i.e., 1 mCrab), sisming an
observation lasting £0seconds. This is completed with a requirement on the possible contribution of
instrumental spurious signal, which shall be lower than 0.5%.

The expected polarization from theoretical models is reported for several regtiesesources belonging to
different classes iifable3-3. In the same table, tRdPE sensitivity for any specific observation, derived by

the requiement specified above, is also reported, together with the Current Best Estimate (CBE) sensitivity.
The table shows tha€IPE polarimetric sensitivity requirement allows for solid margins to achieve mission
objectives, and that the expected signal is niugher than the possible contribution of spurious instrumental
effects.

Polarimetric sensitivity requirement breakdown

For a fixed reference source spectrum, the MDP depends o8dsBen3.1): (i) the modulation factor, (ii)
the number of collected counts and (iii) the background countingXH& measurements will be largely
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sourcedominated (by orders of magnitude) for the reference source specified above (see als@2egtion

as a consequence, it is safe to assume that the @gnsiiguirement translates into requirements on the
modulation factor and the number of collected counts. The former is a specific characteristic of the technique
used for measuring the polarization, and of its practical implementation; the numbeeatecotiounts, given

a source flux and an observing time, depends, instead, on the quantum efficiency of the detector and on its
collecting area.

An apportioning of the polarimetric sensitivity requirement in its fundamental contributions is reported in
Table3-2. As all of these quantities depend on the energy, a reference energy of 3 keV, which is representative
of the required energy range (see Secd@1?), is chosenXIPE takes advantage of grazing incidence mirrors

to achieve a sufficient collecting area, whereas the requirements on the focal plane detector pregsgbe the

of stateof-the-art photoelectric polarimeters to achieve a good quantum efficiency and modulation factor in
the energy range of interest.

Although the collecting area at 3 keV is representative oKtRE& polarimetric sensitivity for many targets,

same sources, e.g. molecular clouds in the Galactic center or NGC1068, are strongly absorbed at this energy
and the study of the (polarized) scattered radiation requires having a sufficient sensitivity at higher energy.
This drives theXIPE requirement on # high energy collecting area, which is 60¢ avith a goal of 800 cfh

at 7 keV, assuming a detector efficiency of 1% at this energy.

3.2.2 Energy range and spectral capabilities

The large number of different scientific objectives of XIPE mission can be pursued with polarimetric
observations in the Xay energy range; notwithstanding, any specific goal can be better (or more easily)
achieved in slightly different energy bands. Table 3-4 the feasibility of the differenXIPE scientific
objectives is compared in differentrdy energy intervals, roughly corresponding to polarimeters based on
di fferent techniques. | €t | ias s &¢ag endrgynaige batween aliolt & and a b |
10 keV is the best traef for achieving all theXIPE scientific goals, and that photoelectric polarimeters are
required in this energy range. This setsXtieE requirement on the energy range, which-8 K&V with a

goal of 1.512 keV.In many cases, e.g., the identification of acceleration regions in SNRs, a peculiar
dependence on energy of both the degree or the angle of polarization is expected. To rageadi/these
observablesXIPE observations shall have to be resolved in at least 3 independent energy bands. Expressing
this requirement in an easily and measurable way, the spectral resolutiitEthallbe better than 25% at

5.9 keV.

It is worth maationing that the spectral resolution requirement is at least partially related to the sensitivity
requirement, because the number of energy bins in which a certain observation can be split depends also on
the capability to collect in each bin a sufficiewimber of photons to detect the expected sidgt@lever, for
intermediatebright, pointlike sources (e.g., galactic binari@sd some extended sources like @rab PWN

and the brighteasSNRg, XIPE will be able to collect sufficient statistics to spatly resolve the observation

in more bins, and therefore an additional requirement is set, that is, that the energy resolution shall be better
than 20% at 5.9 keV for pohfike sources. This will be beneficial, e.g., for the measurement of black hole
spin in galactic Xray binaries.

Table3-2 Apportioning of theXIPE sensitivity requirement.

SCI-POL-R-010: MDP<10%

Contribution Value Conditions
Mirror effective collecting area >1100cm | At 3 keV
Focal Plane Detector efficiency >10% At 3 keV
Focal Plane Detector modulation factor >30% At 3 keV

MDP<10% Between 28 keV, for the referenc
observation
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Table 3-3 Comparison between requirement sensitivity, derived fromXiR& polarimetric sensitivity

requirement, andheoretical predictions for a number of representative sources of different cla4Bés.
polarimetric sensitivity requirement allows to concisekpress the facXIPE sensitivity will be sufficient to
detect the expected signal for many classes of sources, with a solid safety agBBE column reports
the Current Best Estimate XfPE performanceThe flux is given in units of $0cgs, whileTeypis in ks.

Object

Crab Nebula
PWN

Vela PWN
PWN
Cas A
SNR

Cyg X-1
£ QSO
Mrk 421
Blazar
Cen A (jet)
Radiogalaxy
Am Her
MCV
SAXJ1808
AMP
Her X-1

LMXB Pulsator
1RXS J1708

Magnetar

GX3394
(outburst)

XRB
GX339-4
(quiescence)

XRB
NGC1068

AGN
IC4329A

AGN
SGR B complex

Molecular cloud

GRS1915+105

MCG-6-30-15
AGN

F2-8 kev Texp MDP (%)
pP<1. 3¢
1950 20 pi <2deg
regions
6.0 100 MDP=8.9%
= 0 0
116 1000 MDP 4.1/.07.2/0
in 7 regions
1000 | 100 MDP=0.44%
27 100 MDP=2.7%
4 200 MDP=4.8%
10 1000 MDP=4.4% /10
phase bins
100 100 MDP=4.4% /10
phase bins
90 100 MDP=4.7%_in 10
phase bins
4 250 MDP=14% in 10
phase bins
500 100 MDP=0.62%
4 1000 MDP=2.2%
0.5 1000 MDP=6.3%
10 100 MDP=4.4%
PP <6. 3%
0.3 1000 @i <5 A
PP<0. 78%
1300 | 500 <1 deg
1000 MDP=2.2%

CBE

pP<0. 8

<1. 3d
regions

MDP=5.7%

o

MDP=2.6%4.6%
in 7 regions

MDP=0.28%

MDP=1.7%

MDP=3.1%

MDP=2.8% /10
phase bins

MDP=2.8% /10
phase bins

MDP=3.0% in 10
phase bins

MDP=9% in 10
phase bins

MDP=0.40%

MDP=1.4%

MDP=4.0%

MDP=2.8%

PP <4 %

PP<0.50%

<1 deg

MDP=1.4%

0

anc

Expected
Polarization
>19%

([273], [268))
>10%
([268])

>10% in selected

regions
([34], [71])
<5%@2.6 keV
(1275))
>10-20%
([208], [43])
>10-20%
([208], [43])
5-10%
([162])
>5-10%
([267])
>10%

(1170])
>50%

([251], [261])
>afew %
([231])

Unknown

10%
(194D

> a few %

([231])
>20%

([49], Marin et al.

submitted)
>5%

([61], [230])
5%
([62])

Science goal

Map of the
Nebula

Mean
polarization

Map of the
remnant

Jet, corona

Jet

Jet (spatially
resolved)

Accretion
column

Scattering
corona

Fan vs. Pencil
beam

Vacuum
polarization

Corona

Corona

Torus
geometry

Corona

Past activity of
SgrA*

BH spin

BH spin
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3.2.3 Imaging capability

Imaging capability has traditionally allowed for a tremendous
increase of sensitivity, especially in case of the study of high
energy sources. Imaging allows to resolve complex fields and
extended sources, and to pugss the background of orders of
magnitude, making possible the observation of faint sources. For
XIPE observations, imaging requirement is driven by the study
of extended sources. Current higisolution measurements show
that SNRs, PWNe, extragalactitg and the Galactic Centre have
complex structures, each twi different processes going on.
Therefore, spatiallyesolved observations are requireXIPE
angular resolution requirement is to achieve a-Hakrgy Width
(HEW) of 30 arcsec, with a goal @0 arcsec, which allows to
resolve the main structures of extended sources which will be
observed byIPE, e.g., the jet in Cen A or main featureghe

Crab PWN and in SNRFor SNRsthepolarimetrycapability of
Figure 3-2 Requirement and goal HE\ XIPEi s substant iHimil t gddsitmtt lse¢ i car
angular resolution oKIPEcompared with above, so a better angular resolution would be of limited
Crab nebula structures. improvement for achieving th¢IPE scientific objectives.

Another XIPE characteristic is driven by the observation of extended sources, that is, its field of view. This
shall be larger than 10 arcmin in diameter to observe most of the extended(tacgeatell-like SNRs)with
a single pointing, including uncertainties in the satellite pointing.

3.2.4 Timing

A number of keyXIPE targets will be highly variable in time, from millisecond to yearsy scales. This has
not only an impact on both the time resolution and accuracy with iR shall record the arrival of the
photons (timing requirement), but also on the observiragegy as it will be discussed in Sect®a.5

Timing requirement is driven by the fastest phenomenaXtRE shall observe, that are, pulsations from
accretirg millisecond Xray pulsars. These sourcegvk periodicities of a few miieconds, and therefore a
(much) better temporal resolution is required to effectively bin and fold their light coisshall timetag

the arrival of the photon with a resoli of 8 ps, which allows also for an adequate space for unexpected
discoveries.

The timetag in XIPE data shall be adequately synchronised with a referenceXifE.targets have usually
a remarkable mulivavelength signature, which can be observedthgraobservatories both in space and on
ground. To allow for a meaningful comparison with data collected by these instruXi&igjme shall be
synchronised to Universal Coordinated Time with an uncertainty of 4 ps.

3.2.5 Observation strategy

XIPE observatiorstrategy shall be based on a-gdetermined sequence of long staring observationsoas
targetshave aknown position in the sky which can be observed as they become accessible during the year.
Notwithstanding XIPE observation strategy shall also taki® account that some scientific objectives can be
achieved only by observing targets when peculiar physical conditions occur in the source, that is, in specific
flux or spectral states. The most straightforward example is the measurement of spintiof lgalzic hole,

which can be derived only by observing the source when the accretion disk extends very close to the compact
object, that is, in the soft stafehe interesting state in which most of the key XIPE targets have to be observed
last from severadays to months, and thus do not impose strong constraints on the repointing capabilities.

The spectral state of variablerdy sources is usually monitored by dedicated instruments; interesting changes
are quickly reported to the scientific communityetacourage observations with other instruments and-multi
wavelength campaigns. It is expected that, WRIEHEwill be in-flight, the occurrence of spectral state relevant

for the achievement of the mission scientific objectives will be signalled by obisenatories, e.g. the
ChineseFrench satellite mission SVOM or groubdsed optical and radio telescopes, at least for same specific
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classes of sources. For this reas¥iPE shall implement Target of Opportunity (ToO) observations within 12
hours(goal within 8 hours)¥rom the triggeto the SOC during working hours, interrupting the-gegermined
observation planning be resumed after the ToO.

Table 3-4 Energy ranges in whictXIPE scientific objectives can be achieved and comparison with
measurement techniques.

Sources < 1lkeV 1-10 keV > 10 keV

Acceleration phenomena

PWN Yes(but large Yes Yes
absorption)

SNR No Yes Yes

Jet (Microquasars) Yes(but large Yes Yes
absorption)

Jet(Blazars) Yes Yes Yes
GRBs Yes Yes Yes
TDEs Yes Yes(difficult for Yes(non-thermal

thermal events) events only)

Emission in strong magnetic fields

WD Yes(but large Yes Difficult
absorption)
RPP Yes(but large Yes Yes
absorption)
AMS No Yes Yes
X-ray pulsator Difficult Yes(but no Yes

cyclotron lines)

Magnetar Yes(better) Yes No

Scattering in aspherical geometries

Coronain XRB & AGNs Difficult Yes Yes (difficult)
X-ray reflectionnebulae No Yes(but long Yes
exposure)

Fundamental Physics

QED (magnetar) Yes(better) Yes No

GR (BH) No Yes No

QG (Blazars) Difficult Yes Yes
Axions (Blazars, Clusters) Yes Yes Difficult

0.1 Ikev 1.0 Ikev 10 rev 100 ke\lI

Diffraction on multilayer mirrors _ ;
Photoelectric polarimeters | __
Compton polarimeters ; -
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Even in case no external facilities will trigger its observati®hBE shall be able to perform key observations

on variable sources to achieve the mission core scientific objectives. This shall be fulfilled by implementing a
specific observation strategy on a handful (about a dozen) of the most relevant targets in®athariable
sources. Such targets shall be observed on a regularly baskIREHor a short time (about 300 s) during

the passage from a pdetermined observation and the following. Such monitor observations will be used to
check the source spectsthte:when an interesting spectral state is detected, a longer observation to measure
the polarization is triggered.

3.2.6 Observationplan

Scientific objectives oKIPE will be achieved by observing sevekaly sources for each class. The indicative
number of targets, for each class, tK#PE shall observe to achieve its scientific requirement is repamted
Table 35; in the same table, there is also the goal number of targets that shall be observed addasijtiee
extended phase.

Given theXIPE sensitivity requirement (see SectiBr2.1), the duration of the nominal mission shadl ®
years, with a possible extertdeuration of 2 yearsptobserve thé&ey sourceddentified in Table 35. To
collect a sufficient number of photons, the duration of each specific obsarvalioange between 5 ks and

4 Ms, depending not only on the source flux but also on the nuniliens(temporal, spectral or spatial) in
which the collected data has to be split to achieve a specific scientific obj@d¢tev@bservation scheduling
shall be able to accommodate at least 150 scientific targets and at least 350 monitoring obséfvations
necessary) during 1 year. None forbidden directstwagild occur to prevent observation of any potential target

The requirement to observe aiurces in th&XIPE observing plan for a sufficient time drives the requirement
on the Field of Regard (FoRthat is the fraction of the sky that shall be visible at timg. To achieve a
sufficient flexibility in observation scheduling]PE shall have a FoR of 50% of the sky; this shall also assure
thatXIPE will have a high probability (50%) to be able toserve a transient event appearing randomly in the
sky.

Table 3-5 Summary of the number of sources tKERE will observe during nominal (required targets) and
nominal + extended mission duration (gtatgets).

Class Required key Goalkeytargets
targets

Accreting millisecond Xray pulsars 6 10
Blazars 19 31
Cataclysmic Variables 5 8
Galaxy clusters 1 2
Magnetars 5 7
Molecular Clouds 2 3
Pulsar Wind Nebulae & Rotatigmowered Pulsars 5 8
Radiogalaxies 5 8
RadiocQuiet AGNs 6 10
Supernova Renmants 5 8
X-ray binaries with black hole 7 11
X-ray binaries with neutron star 5

X-ray binaries with unknown companion 2

X-ray pulsars 8 13
TOTAL 81 131
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3.2.7 Polarimetric r esponse&knowledge

An essential observable to achieve tKH’E scientific objectives will be the measurement of source
polarization at different epochs. To achieve tMBE response stability to polarization shall be better than
5% of the measured polarization, with a gohR%, after applying all the calibration factors. Polarization
angle shall be referred to sky coordinates with an uncertainty lower than 5 awdmtch, is 1/3 of the
uncertainty on the most significaktPE measurementp allow for strict comparison Wi polarization angle
measured at different wavelengths.

3.2.8 Background

Background limits the sensitivity to polarization, as discussed in S&:tiphut it has litte practical impact

on XIPE observations. The majority ofIPE targets will be relatively bright Xay sources, because of the

need to collect, in a reasonable observing time, the huge number of counts required to achieve an adequate
sensitivity. XIPE takesadvantage of grazing incidence mirrors to reach a sufficient collecting area, and this
has also the benefit of increasing the signal to noise ratio of the measurement to a point which makes the
background contribution negligible.

However, there are exdggns, i.e., faint sources which will P@PEtargets because the expected polarization

is very high. The most important (and potentially rewarding) example are the molecular clouds in the centre
of our Galaxy. These sources are diffuse and faint, a féfetg s' cnm?, sothey drive theXIPE background
requirement , t*éttstem? kel Adetectob(@ssuMingd3xddte@tors), which is about 1/3 of the
target counting rate. For comparison, the counting rate for the reference source secifyotheXIPE
polarimetric sensitivity requirement is 0.18 ¢tdetector.

3.2.9 Maximum flux

XIPE shall be able to observe bright sources, up to two times the flux from the Crab nebula, with a dead time
lower than 10%. This requirement stems from the fact that many targets are variable sources, which needs to
be observed in their brightest spectrakeiThis implies that the instrument dead time shall be less than 300

€ sThis requirement is at the base of the provision of filtarshe Filter and Calibration WheeTlhe
observation of sources characterized by a flux higher thamal2 €vall be obseable through thesage of a

grey filter.

3.2.10Pointing and alignment requirements

XIPE shall observe extended sources with a single pointing; during observation, the source shall remain in the
central part of the field of view of the instrument to limit thes of collecting area due to vignetting. This
implies that the target source shall be psthivithin the nominal FoV withmaccuracyo f 3 ar cmi n at
that the misalignment of tRdPEtelescope(s) shall be such that the observation time losis, tthee collecting

area |l oss, is below 7%. Astrometric accuracy shal
precision the position of unknown variable sources.
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4 Payload

XIPE payload comprises of three identical;al@mned, telescopes, eashecomposed of a Mirror Unit (MU)
and of a orresponding Detector Unit (DUJand one Instrunmé Control Unit (ICU).The DU is the sensitive
part of the payload, hosting the focal planeay polarimeter based on the Gas Pixel Detector (GPD). This

design is chosen to achieve the collecting area requirement discussed above with an optimized response in the

energy range of interest, while satisfying the mission requirement on, e.g., therafpdaencher and total

cost. The use of three telescopes (instead of just one) is at the cost of an increase of a factor 3 of the

measurement background, which however is not driving(tR& design.

4.1 Mirror Assembly

A Mirror Unit consists of (seEigure4-1):

1 A set of nested reflective shells shaped as paraboloids and hyperboloids according to the geometry of

a Wolter | Xray mirror;O
A cylindrical case containing the shells;

An optional thermal blankgt
A thermal baffle.

= =4 =4 -8 -8 -

Rear

Front

Thermal Front
cover baffle spider Case

Figure 4-1 Mirror Unit elements.

Mirror Module

holding structure\/

Mirror Modules

Figure 4-2 Conceptual drawing of the mirror assembly

spider

Rear
cover

—_— Mirror cover (x3)

Thermal baffle (x3)

Two end structwgs (spiders) which support the shells at their fand rear end;
A rear cover blocking the opening of the innermost shell;
A mounting flange interfacing with the Mirror Unit holding Structure

These mirror units are based on a very
consdidated and proven technologyully
developed in Europe amdready used fahe
mirror units of BeppoSAX JET-X, Swift
XRT, XMM-Newton and eROSITA The
XIPEMUs foresee a two spiders structure for
the integration of the shells into the MU. Note
that this is different than in the @asf XMM-
Newtonor eROSITA whose MUs are with
only one spider. However, this is not a new
situation. In fact, the first MU with
electroformed shell in Nickel have been
developed and realised with two spiders. Four
MUs with two spiders have been realised f
the BeppoSAXatellite and five for the J&

X project.Iln any case a single spider structure
could be envisaged also folPE, reducing
the weight. Te final decision will be taken
during the phase B.

The XIPE MUs are made of 30 nested
electroformed rukel shells with a length of
60 cm and a diameter ranging from 19 to 40
cm, with a thickness in the range of 0.2.3
mm. The thickness of each shell is determined
on the basis of the thin and light design
studied and developed for previous missions
and Dllows the rule (thickness/radiusy
1.7 108, down to 0.2 mm thickness. For the

smaller shells for which the above rule would have given thinner thiskheghickness is fixed at On2m.
The reflecting surface is made by a 30 nm Ir + 10 nm of amorpDarkson coatingXIPE shells are thinner
and have a reflecting coating different than the ones developed for mission that haventygleted (gold in
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the case of JEX, as well as oBeppoSAXand XMM-Newtor). Notwithstanding, hinner shells have been
alrealy realised foeROSITA while for the SimbolX and NHXM projects thinner shell with much more
complex coating have also been developed. Therefore, the realisation of the MU fore3@Bi ferbased
on solid technology

Thermal baffles radiatively controlling the Mirrors
are foreseen to control the temperature and the
temperature gradient of each Mirror Unit. Each

Focal Plane Assembly

Structural Tube

thermal baffle is mounted on thgternalring of one
Payivad of the two pider structures of a Mirror Unit. In order
Module g to minimize contaminatiorgovers are also foreseen.

Each nirror cover is in principle, mounted on the
front section of a baffle. A thermal blanket can also
be mounted in front of each MU in order to facilitate
a stable thermal environment. This will be decided
during the Phase B of the projecthe thermal
environment for the mirror modules will guarantee

Figure 4-3 Sketch of the Mirror module structure that the Hf EnergyWidth (HEW)is not degraded by

more than 10 arcsec.h& rate of change of mirror

temperature, in any phase, operational or-op@rational, must not exceed 10°C per hour with a maximum
thermal gradient on the mirror being 1.0°C (longitudinal) and 1.0°C (azimutfi&gre is no power
requirement from the MUs other than that needed to power the thermal hEaggrgee Mirror Units together
with any required baffle antbver will be assembldd theMirror Assembly (MA)mounting structure to form
the MA (see figureFigure 4-2). The MA providesalso the interface to mountghMA on the Telescope
MeteringStructure and then on the Service Vehicle Module througiTtirust cylinder.

| Instrument Control Electronics I

4.1.1 Optical design

Goal Mirror Unit During the Phase A study, two configurations were
(4m focal length) investigated, one foreseeing the MU with a 3.5 m focal
lengthand 27 shells and one with a 4 m focal length and 30

ltem  Definition Mass (kg) shells. The study has shown that 4 m focal length MUs with
1 | Shells 37.412 30 shells can be accommodated inside the VEDA
i fairing, therefore this is now the baseline configuration. A
2 Spider 1 4.855 longer focal length allows us increase the effective area
3 | Case + flanges 8.703 at higher energies, while the larger number of shells
i increases the effective area at all energies. The total mass
4 Spider 2 1.817 of a single mirror module with these parameters is of ~53.1
5 | Screws 0.126 kg (_63.8 with a 20% mgrgin, s_é'eab_le4—1). The optical
design is such that the field of view is kept unobstructed up
6  Rearcover 0.263 to 10 arcmin diameter. These parameters provide a point
Total 53.176 spread functior] with an HEW<20 arcsec on axithva
_ small degradation offixis (10% at 5 arcmin ofixis) as
Total with DMM 63.811 proven both by simulations and analytical calculation. We

_ . note that these values are also confirtmgtllly integrated
Table4-1 mass of a Mirror unit components prototype mirrors([241]) including the reently made
eROSITAmirrors (33]).

In soft X-rays, a simple higiZ coating is gfficient to guarantee high reflectivity, and Iridium (or Platinum) is
a viable solution. However, near the atomic energy edges, which falls{iRtBenergy range, the reflectivity
drops where the photoelectric absorption increases steeply. Fortummstetgoating with a lowZ layer
greatlyimproves the reflectivity at energies below 5 k¢19{], [54]). We computed the effective area of the
XIPE telescopen the 0.110 X-ray bandboth by using analytical formulag82]) and byusingray-tracing
simulations. We assumed an equivalent mirror roughness of 4 A and a reflective cogtia@ofnm thick
layer of Iridium orii) a 30 nm Ir + 10 nm of amorphous CarbBtHC can also be assumed instead of the Ir+C
coating, with a verymall decreases of the effective aréd)e results for the two coatings are showRigure

4-4. The Ir+C design enables a much higher response in the vicinitiestafgfet energy of 3 keV. In addition,
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this design provides an @xis effective area of 550 émper single module at 3 keV. At 5 arcmin-affis, the

effective area at 3 keV is still of ~500 &nThe radius at which the collecting area corresponds todQbe

on-axis value, is about 30 arcmin, which is much larger than that accessible by the focal plane instrument. In
all these calculations, a 10% reduction of the effective area is assumed due to the spider obstruction (the
dependence of the spider alstion on the offaxis angle can be neglected).

O Sape Soft X-ray module design, 4 A roughness, 4000 mm focal length, 30 shells 600 KIPE Soft X-ray module design, 4 & roughness, 3 keV

Ir (30 nm) + C (10 nm) coating

—— analytical, on-axis 5504

-+ ray-tracing, on-axis

—— analytical, 5 arcmin off-axis 5004

- ray-tracing, 5 arcmin off-axis —; ey
B

== f=35m, 27 shells

—— f=4m, 27 shells
f=3.5m, 30 shells

— f=4m, 30 shells

Iridium only: 12 Gy
- - analytical, on-axis = 400 E
— — analytical, 5 arcmin off-axis

Effective area (cm’
now

o

o

1

.
Energy (keV) Off-axis angle {arcmin)

Figure 4-4 Effective area of a singlIPE mirror module, oraxis (red lines) and 5 arcmin edixis (green

lines) The accuracy of the analyticabmputation is confirmed by the outcomes of thetrasing. The

computations without the Carbon owvewating are shown as dashed lines, and return a much lower eff

area.

4.2 TelescopeStructure

OneXIPEtelescope is composed bgeMirror Unit and thecorresponding Detector Unit. The three Detector
Units arehosted in their enclosure and screwed on the Focal Plane Support Iltems tihefadeal Plane
Assembly (FPA). The Mirror Assembly is placed inside the Service Module requiring the largbstshié|f

launch adapter. The metering tube in Carbime provides the correct distance for arriving at a focal length

of 4 m. On the opposite side of the metering tube there is the FPA by means of an interface ring in titanium.

4.3 Instrument

The XIPE Instrument, named XPOL, is the focal plane part of the payload. It comprises of:

1 Detector Units, hogtig the Gas Pixel Detector (GIPD
1 The Focal Plane Structure, which provides their mechanical interfadeatsithermal control items
1 Thelnstrument Control Uih (ICU), which interfaces the DUs with the spacecraft.

4.3.1 The principle of operation: the photoelectric effect

Polarization from a photon beam is measured by means of the photoelectric effect in gas. Following the photon
conversion in the gas, the phdexrons are ejected in directiaist carry a significant memory of the electric
field of the photor{seeFigure4-5). When the beam is linearly polarized the elmts are ejected preferentially
along the direction of polarization The differential crosssectionof photoelectric effect ot-electrons is
([200)):
R O ad T U i QE QOF e
T pox @ p TATTIO
where g is the classical electron radiugjs the atomic number of the target material and the electron
velocity, as a fraction of the speed of light

The photoelectron is slowed downibyizing collisions with outer electrons of the atoms of the medium. The
energy loss increases with decreasing kinetic energy (Bethe law for low energy).
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Incoming photor Electrons are also scattered by charges in the nuclei with no
i o significant energy loss. This follows the screened Rutherford law.
polarization Whereas scattering crucially depends on the atomic number, slowing
down is only moderately dependent. The first part of the
phaoelectron path haadeeda lower charge density, but it is closer

z direction

Photon
polarization

Ejected photo-electron

_______ *>, to the initial direction of the photoelectron and so also closely related
o y direction to the photon polarization direction. The second part has a higher
Distribution in space of K-shell charge density but it is randomized. Thessille Auger electron
R ereption of & o s track does not bring information on polarization. The primary
s ionizations( A t 1) are tked projected onto the sense plane after
Figure 4-5 Basic physics o diffusion andmultiplication. The charge density is proportional to
photoelectron effect the energy loss, and is therefore redate the electron kinetic

energy. The Gas Pixel Detector allows for efficiently expigithe
photoelectric effect with a device that provides, foheamllected event, the chargaageof the trackand the
trigger time.

4.3.2 Implementation: the Gas Pixel Degctor

The GPD ([53], [21]) is a proportional counter with a revolutiopaeadout. It has beetlevebped, and
continuously improveth Italy, by INFN of Pisa in collaboratiowith INAF-IAPS. Schematically (sefeigure
4-6 andFigure4-7), a GPD is made bg gas volume enclosed by a taggrdlium window, a Gas Electron
Multiplier (GEM) which amplifies the charge of the electron tracks generated in the drift gapixethted
charge collection planehich is the top layeof an ASIC CMOS chip

Vain

I .
Bnft plane H Flexible cables  _ _
Ti frame
— - —— —
B loalaeion ik P Be window

Bewindow =
Gas cell
GEM

Al flange

Figure 4-6 Thesketchof the GPD Figure 4-7 the real GPD and theData
Acquisition system

The Beryllium window is glued on a titaniuitame and an additionabnductive glue provides ttedectrical
contact. The titanium frameén turn, is glued to a MACORspacemwhich provides the Xcm drift thickness.

The MACORIs glued onto the GEM support frame which is glued to the Kiocera package. The Kiocera
package hosts thepflicationSpecific IntegratedCircuit (ASIC) and provides the electrical connections from
the outside space to the internal ASIC.

The drift field is chosen to provide the smalleahsverse diffusion durirttpe drift which is about 1800 V/cm.
The GEM is a planar insulat@riquid Crystal Polymer) perforated, by laser etching, with microscopic holes
and coppeplatedon both side The electric field in each hole highenough to multiply the charge of the
initial track without affecting its shape. The GEM is produced b¥Smigy (Jpan) and it is proved to be
more stable at the powen with respect to the wet etched kapton foil produced at CHitt¢ed GEM was
invented at CERN[224]) 20 years ago for use in the harsh environment typical of particle acoeldita¢
GEM by Scienergy was dsen to have an even more robust design for space applications.

The ASIC CMOS has been developed since 280ploying0.18 um technologyThanksto local triggers
common to each cluster of 4 pixels, the 8&lutonomously defines a Region of Interestl{Rarrounding
the collected tracknd providingts corresponding digital coordinates.
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Table4-2 Characteristics of the Gas Pixel An ASIC trigger otput signal is used to tiraagthe
Detector eventwithin3e s fr om p ho.fTlerenem@yp sor p

of the event is evaluated lbiye integral of the charge

Sl s el B e eSO 3 it contained ineach pixel of thecollectedtrack The

Drift thickness lcm - . ; s - -

. impact(conversionpoint, which is related to imaging
b He20/6-DME80%  5ng the emission directignwhich is related to
Pressure 1 Atm polarization are evaluated by the algorithoescribed
Drift voltage - 2600 V in Section4.3.5 The main characteristics of the GPD
Top GEM Voltage -870V are shown irTable4-2. The performance of theRD
Bottom GEM Voltage -400 vV have been studieat the calibration facility o NAF-
GEM thickness 50 e&m IAPS. Here we producenonochromatic and polarized
GEM hole pitch 50 &m radiation using Braggiffracted (at 4%) lines
GEM hole diameter 30 &m characteristiof anods of manydifferent X-ray tubes.
ASIC number of pixels 105600 We can measurthe energy resoluin, the position
ASIC pixel pitch 50 e m he resolution,the modulation factor as a function of
ASIC full scale linear rnerge 30000 e energyand the rate. Wese aData Acquisition System
ASIC Pixel noise 50 ems developed by the INFNn the next figures @show
Pixel readout rate 1-10 MHz some results ofthis calibration activity onGPD
Total power dissipation 0.5W prototypes (185]).

e

: |||l|m||1n|||nmmnunnnnm T A 0.18mm CMOS VLSI (sub-micron precision)

: 300 x.352 hexagonal pixels, 50um pitch
Wi« 15.023mm x 15.253mm active area
2.5 pm gap

O LR L LU

PO

"

Figure 4-8 (Left) the ASIC CMOS which is the fraamd electronics of the GPD. (Right) the pixela
readout plane of the ASIC CMOS
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Figure 4-9 (Left) Measured modulation factor (points) vs enempmpared withthe Monte Carlo
expectation (solid black lines). (Right) Energy resolution as a function of energy.
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Figure 4-10Imaging performances eaxis and Figure 4-11 Energy resolution during three years
off-axismeasured aPANTER (Germany). operation.

The measured modulation factor is well within ¥KKEPE requirement and ineases with energy following
Monte Carlo expectatioffrigure4-9 left). The energy resolutiaffrull Width at Half MaximumFWHM(E)/E)
improves with energy as expected and the requirement at 6 keV is met with widesnf@ggire4-9 right).
The energy resolution wgoundconstant withir8 years of operatiofseeFigure4-11).

The imaging capability of the Gas Pixel Detect@satudied both in laborator§y240]) and at the PANTER
X-ray test &cility ([72]), where the GPD was placed in the focus of a m{fagure4-10), a spare model of
JET-X project, with quality equivalent to that 8IPE mirrors. ThemeasuredHalf Energy Width (HEW) on
axis wag3.226 @ 6 anespeztely9d D98 ke¥,t4,52 keV and 8.05 kehell within the
requiremenbf XIPE

4.3.3 The Back EndElectronics (BEE).

The BEE(Figure4-12) is a subassembly of the DU. It takes care of the electrical anéhtitfmace with the
GPD, hosts the GPD highioltage power supplies, manages the detector configuration, the data taking and
executes the following tasks:

1 Communication with th&IPE ICU, Telecommandeception and processing, Telemetry and Science
data formatting and transmission via SpaceWire link;

1 GPD bias, configuration and read out;
1 Timetaggingof the event with better than or equal tostiming resolution;
9 Science Data prprocessing (zersuppression);
1 DU housekeepingcquisition;
9 Filter and Calibration Wheel control and monitoring (see Sedtid1®;
91 GPD Thermal Control;
9 Generation and distribution of all the supply voltage and referermesied by the DU.
A single SpaceWire Link between the ICU and the BEE
Back End Electronics is dedicated to Science data anoulkleK eepingPackets
HvPst., T transmission as well as to the BEE Status Control. The
P [ et maximum science data throughpsi2 Mbps.
o+ DA
TS || e oo “ 4.3.4  The Instrument Control Unit
(cv)
FC ._, . ThelCU (Figure4-13) is located m the Service Module
at about Emeter from the DUs. During phase A study we
| BACKPLA || ; moved some of the functions located in the ICU at the

| time of theXIPE proposal into the BEE to copétivthe
long distance in power transfer. The ICU interfaces with
Figure 4-12 BEE scheme. the DWs and the Service Module (SVM), and it is in
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charge ofdata processing, instrument controlling and pogistribution.
In order to acquire and process the scientific data, thenitt

1 Manage the individual SpaceWire data interfaces to the Bidse

1 Retrieve science data and housekegfitK) data from their BackEndElectronics;

1 Store data into the Mass Memory before sending them-tmard data handling for downlink;
1 Generatehie Quick Look Analysis (QLA) data from the science data;

9 Take care of SpaceWire Telemetry interface to the spacecraft;

In order to control the instrumerihe ICU will;

i Perform the eecution and distribution of commands

1 Manage the PulsperSecond (PPS)ignal and the 1 MHzclock for the orboard time and
synchronization of the Baeknd Electronics (BEE);

1 Manage the payload operation modes;

1 Perform instrument health monitoring;

In order to distribute the powehe ICU will;

1 Perform instrument health madaoiing;

1 Receivethe regulated primary power from tB&M;

1 Generate required low voltages for the ICU

9 Distribute and switch on/othe regulated primary powés the subsystems

1 Generate HK data about voltage, current, temperature and operptcamaleters

XIPE Spacecraft Instrument Control Focal Plane Assembly The ICU s capable of performing
i L theabovetasksand isbased a the
B Tﬂ‘:};‘ *’“’“fs‘“f z‘:a’d B _ concept, shown ifiigure4-13. The

OBDH [ | e cisciboion - _— ICU will process a steady

IMWIC, | time sync and distribution
TM/TC ‘ RT science data processing P
s ves, | 4

health monitoring

maximum counting rate of 120
cts/s (corresponding taD2 times
the Crab Nebula in 1 12 keV) of
science data implemeng the
operative modes defined in Section
7 below. The ICU is degned tobe
cold redundant.

ado

Power Distr. Board
Tasks:
ot collection of data
E=————— thormal control
Spacecraft | power filtering and distribution

MAIN POVER Power filter wheel control

Distribution 2 GB Mass e 2
Memory power :

% [2
i
X
WAL

SOINOULIATA ANA-MOV

AN
W

The ICU performs, during an
observation, an chine evaluation

Figure 4-131CU Block Functional Diagram. ard on-board generation of some

scientific @lculation of QLA to

provide (1) ight curves in 5 energy bands and in 9 angular regions for each telg@)dpages othe central
area of each telescap@) nodulation curves of the central area in two energy bands for each teleBleigpe.
procedure will be performed for each source (main target and monitored source). QLA will be downloaded
with priority for an anticipted telemetry rate of 3 kbit/s. Data will be analysed at SDC for checking the
scientific status of the planned observations that will allow, for example, triggering a TOO upon observing
monitoring sources.

4.3.5 The reconstruction algorithm: determination of the impact point and of the
emission direction

An algorithm has been developdti95]) over many years to determine the impact point (related to imaging)
and the enssion direction which is related to the polarization. This algorithm takes into account the
morphology of the track explained4n3.1(see alsd-igure4-14). Indeed what is important is the initial (less
dense) part ote track and not the lastgnse) one. We summarized the algorithm in the following 4 steps:
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4' 2. The principal axis of the trackis evaluated
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Y coordinate

Emiss. Diredt. 08 og?’__Baricenter 3. The conversion poiris reconstructed by using the

: third moment along the principal axis select the less
dense side angsing the aboveecaxd moment (length) to
Conv. select aregion (between an inner and an outer radius) to
determine the conversion point by means of an another
barycentre determination

=]
N
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} 4.  The emission directions reconstructed by mesnf

apecbcbondoon oo onddbonden b themaximization of the second momenith respect to the

X coordinate (mm) conversion pointut weighting the pixelsaccording to
their distance fromt.

Figure 4-14 A real track with the evaluatioof  This algorithm will run in the ICU CPU for generating in

its first two momentan the | and |l step of the reaktime the QLA data during(IPE observations and en

algorithm. ground, where improved software will be tested during the
observation phase for reanbia better sensitivity.

4.3.6 Optimization of the gas mixture

The 1 bar HEODME (20-80) mixture, superior with respect to pure DME mixture (0.8 atm) was validated by
measurig the performances of detectavith these different fillig (Figure4-15 left; [183], [184]).

0.15 T T T T 18] BB et
— He40-DMEG0 1cm 1atm
16 [ DME100 1cm O.8atm
= Tl 6 e
0 10 | i 14} — :ng:;:;"fi :::n‘alm
)W % 12—
z =
i T =
0.05f . =
— He—DME, monte carlo 8—
¢ o He—DME, dota =
a-n Pure DME, data =
0.00 . . N . al
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Figure 4-15 (Left). Comparison of the quality factor for two gas mixtures as derived from measige¢
(Right). Monte Carlo simulation of the quality factor for different gas mixtures. The best low energy app
is providedfor the Helium DME mixture.

Monte Carlo simulations of GPD§&ifure 4-15 Right) with different gas mixtures also showed that the He
DME 20-80 1-Atm provides the best peak sensitivity except for the pure DME mixture (1 atm) that is however
less performant, at lower energies, as expected.

4.3.7 Expeded in-orbit background

To evaluate the background rateXdiPE, we modelled using GEANT 4 the whole spacecraft and payload
including the optics and sun shield, the solar panel and the focal plane assembly. The focal plane is modelled
with more details fothe items closer to the detector sensitive arba.baseline orbit of th¥IPE satellite is

an Equatorial Low Earth Orbit (LEO) with the altitude below 600 km and the inclination lower than 6°. In this
radiation environment, the background sources censitl are primary cosmic rays (protons, electrons,
positrors and alphg), secondary particles (produced in the Earth atmosphere, protons, electrons, positron),
albedo components (gams@nd neutrog), and the cosmic Xay background (CXB). The input spectiae

the same as those used for simulations folLthET and BeppoSAXnission (38]) that have approximately
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the same Low Earth Orbit with an altitude of 600 km and an inclination oB®5th prompt and delayed
emission (the latter resulted to be negligible) have been evaluated.

We also converted the energy release for each background component produce@dBiNiesimulator in
ion/electrons pairs using ourirouse MonteCarlo software (used for-Kays) for diffusion, multiplication and
collection and the same analysis software used for the data. After applying only two kind of background
rejection techniquegsingle cluster and pixel number) we gaex10® count/s/cm2/keV with secondary
positrons and primary protopsovingthe largest contribution. An additional factor of timaeductioncan be
reached shielding the baskde of the GPDThe other selectiotechniqus to be implemented (amplitude
selection, track topologies, skewnestg.) ae aimed to reach the goal of 84burt/s/cnt/keV/detector

4.3.8 Filter and Calibration Wheel

The Fiter and Calibration wheel (FCW; s&éure 4-16 and
[285]) is the electremechanical system that allows for the in
orbit positioning of the filters and calibration sources in
correspodence witithe GPD entrance window.

The main driver for the design of the filter wheel is the
repeatability of the positioning of polarized calibration source,
for measuring the polarization angle with a stability & 3
arcmin. A trade study
and a production of a
breadboard has been
performed also for
Figure 4-16 Filter wheelwith the DUIlid  gther items, like the
and position sensors. compactness, e
mechanisms and the
encodersand the result is the present desighe holder wheel
consists of an aluminium disc, supported orsmndle with 8
locations for either filters or sources. The wheel is actuated vi
worm wheel on the circumference which is driven by a step
motor. The stepper motor needs 200 steps for one full rotation
one step of the motor rotates the worm whsell.8 degree. This
gives plenty of margin with regard to the positioning of the polaris
calibration source. The angular position measurement is provide:
a quad photo diode sensor illuminated via a pinhole in the filter wh
with an LED. The advangg of the quad photo diode solution is the
itis a noncontact ad accurate measurement solutidrbreadboard
has recently been made witlyh vacuum compatible radiatidrard
stepper motor driving the worm wheel. All dimensions are within t
requiredspecification and demonstrating the repeatable positioning
it boosted the TRL of the method of driving and sensing vdrigure 4-17 Exploded view of th
significantly. DU.

4.3.9 Detector Unit and Focal Pane Structure

The Detector unit (DU) comprises the GPD, the FCW, the Back End Electronictheindnechanical
interfaces and housing. The exploded view is showfigare4-17. The BEE case (magenta) is connected to
the GPD housing (blue). The lid of tbever (yellow) hosts the FCW. The alignment of the GPD with respect
to the corresponding mirror and the startteack i s per f or med b moumiegamtise Fochl a n
Plane Structure on three pantith three optical cubes. Theechanical irgrfaceof the units arglatesthat
actalsoas thermal interface# Peltier cooler managed by the DU associated electronics will help to maintain
the GPD gas cell at the opdive temperature range. TREA structure is supposed to be themagulated to
maintain the temperature of all the units within the operative an@perative ranges.
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Each DU is connected to
----- , the Focal Plane Structure
<«—— DUBnclosures (FPS) by means oM5
fastenersof which 6 are
related to the GPD. The
FPS provides a stale
Ti /FRing mechanical support for the
DUs, for the radiators and
the thermal hardware and

L < Sandwich Panel hosts the mechanical
alignment tods. The FPS
Honeycomb Inner Covers is composed of a structural
Titanium Ring and a
I/ FTi Ring (closure) compositesandwich pnel.

The sandwich panel has a
honeycomb corg[Nomex
an Aramid Fibrgéand two
Carbon Fibre Reinfored
Plastic (CFRPXkins, of 1
mm  thickness, which
serves as interface and

Figure 4-18 Exploded view of the Focal Plane Assembly placement for the DUs.

The panel includes the

insertsand theHoneycomb Inner Covesrghich protecs the DU from any contamination due to the cuts in the
honeycomb. A Titanium ring acts as a peripheral ring to encapsulate the sandwigliiF&B8additional ring
acting as its closure. This ring is the interfaetweerthe FPSandthe meteringstructure

Venting Labyrinths & UV Fiters

This combination of sandwich panel andperipheralTi ring was successfully used in the Coded Mask of
the SPI instrumerdeveloped fotINTEGRALESA missionThe I/F ring has an external diameter of 1100 mm.

4.4 Stand Alone,End-to-End Ground calibration

The aim of orground calibrations will be to verify the compliance of iIEE payload with requirements and
characterize its scientific p@arfimance. Standlone calibration will be dedicated to check, before integration,
the performance at the unit iy and they will be performed on each DU and MU (qualification, flight, and
spare models)Telescope calibration will be aimed at verifying thygeration of the assembly DU/MU with
known sources in conditions equivalent to the observation of celestial objects. This is particularly important
since XIPE will open a new observational window and, as matter of fact, the polarization state of celestial
sources is unknown with the exception of that of the Crab Nebulgré@md and irorbit calibration are
foreseen foXIPE.

The DU stanehlone calibrationsHigure4-19) have the following goal: (1) measuring the modulation factor
and, therefore, the response to polarization of the Gas Pixel Detector (GPD) as a function of energy; (2)
characterize the energgsolution of the GPD as a function of energy; (3) measure the spatial resolution of the
GPD as a function of energy (4) check the absence of spurious polarization (5) characterize the relation
between the reconstructed and the expected angle of potarjZz&) map the gain nemomogeneities of the

Gas Electron Multiplier (GEM); (7) measure the quantum efficiency of the GPD; (8) measure the GPD dead
time; (9) characterize the response of the GPD with the calibration sources mounted on the Filter and
Calibration Wheel (FCW) included in the DU. For each detector unit it is foreseen 60 days of total calibration
time including contingency and sap.

The DU stanehlone calibration will be performed with the calibration equipmeiNAE-IAPSin a dedicated
cleanroom.
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The MU stanehlone calibration are aimed at (1) measuring
the mirror effective area as a function of energy andwif
direction; (2) measurindne Point Spread Function (PSF) of
the mirror as a function of energy and-afis direction; (3)
check influence of single reflections; (4) measuring the
vignetting function; (5) measuring the reflectivity of the
shells; (6) measuring the scattering; (Basuring the focal
length; The MU standlone calibration are responsibility of
ESA that takes advantage of the Telescope Advisory Group
expertise, whose aim is to establish the accomplishment of
test of the Mirror Unit. The MU staralone calibration will
be performed at PANTER-Kay test facility. The telescope
Endto-End calibration, also performed at PANTERr&§
test facility are aimed at (1) characterizing any effect on the
polarization state of radiation due to the grazmmgjdence
reflection on andoff-axis up to the systematic limit in

- ) G o . sensitivity; (2) measuring the effective area of the telescope
Figure 4-19 Calibration facility (NAF-IAPS. to relate the measured counting rate to the absolute flux of
the observed source; (3) measure the angular resolution of the telescope as a functiagy @nehoffaxis
direction. The telescope End-End calibration are responsibility of DLR and it will be performed prior the
delivery to ESA for the integration activity. The anticipated duration for BH¢landtelescope is 5 weeks

4.5 Interfaces betweenPayloadand Spacecraft

The mechanical interface between the Payload and the spacecraft consisMafofLAssemblymounting
Structure(for what concern the MU) as interfate the Metering Structure; (2hterface Ring (for what
concern the Focal Plargtructure) as intéace of the Metering Structu(8) Six fixations on the bottom plate
the mechanical interface of ICU to the SVM.

The electrical and data interface to the spacecraft is provided by the ICU. It will follow the full\Sjpace
standard fron electrical interfaces and cable design to the data transmission with the CFDP protocol. In
addition, the ICU will receive a time signal from the satellite's GPS system. The ICU will receive 4 x 28 V
unregulated power (nominal and redundant = 8 in téitaih the satelliteMoreover,the ICU will receive 8
additional dedicated lines for redundancy switching, status and safety (nominal and redundant = 16 in total).

4.6 Payload MAIT and telescope Alignment

The mechanical assembly and alignment procedperiermed and validated at Instituto Nacional erlica
Aereospacial (INTAwith the Structural Thermadflodel (STM) of the FPA and DU§.he STM models will
then be accommodated into the satellite STdgether with the dummy ICU'he environmental test difie
DUs and FPA will also be carried out at INTAwo sets of GPD, FCW and BEE are then procuretividual
gualification tests arperformed for the first set while the second set is integrated by INFN as Qualification
Model andested at the proper level. The DU flight model is integrated and preliminarily-bestel at INFN
Pi with the FCW the GPD, the BEE and the mechanical case. The flight model FPS is intedo&fexhelt
sent to the Prime after acceptance testing. The &@&shenindividually environmental tested at INTA and
calibrated at IAPS. After this activitthe instrument, which includes the ICid bench tested #AF-IAPS,
prior to theshipping to PANTER for the telescope calibrasoftfter telescope calibrain, the DUsand the
ICU are sent to the Prime for integration on the FPS and the spacecratft.

This solution allows to decouple the activity on the FPS from theitgati the DUs andhe ICU.

XIPE X-ray telescopes will be integratdoy the means of metiagy equipment to monitor/contrahe
following aspectdor each telescopdl) the alignment of MU Line of Sight (LoS) with DU LoS; (2) the
position of focal spot at the DU center; (3) the position of focal spot inside the gas cell; (4) teleseopes co
alignment (MUboresight, DUboresight/roll); (5) knowledge of alignment (boresight/roll) of each DU with
respect to the Star Track@T).
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In principle MUs could be aligned/ealigned first vith respecto the main ST (boresit). After this first step

the tdescope alignmefpositioning can be limited tbUs only.New baseline has adopted on each DU/GPD
a three points interfac&his solution allowgthe implementation at prime level of a standard alignment process,
basically consisting in three stefi3measrement of misalignment of each DU (optical referemd#) respect

to thesatellite referencée.g. Staitrackers) without shimmie<) calculation of calibrated shims; 3) shims
insertion on the unit interface; ¥grification of the achieved alignment.

The new baselintor the instrumenallows theregulation ofthe focal spot position in theenter of the GPD
sensitive area by using ilsree mounting points. Howeverp@ethod utiised for mirror shell position during
MU manufacturing, such as that usekight Emitting Diode (LED) at a focus of an optical mirror to get a
parallel beamcould beadopted for the direct verification of focal spot position.

4.7 Resources

4.7.1 Mass
The tables below show the mass budget for the DU, the FPA, and the ICU.

DU TOTAL 13.019
Description Units CBE Mass DMM DMM CBE-DME
Kﬂog‘:;dere‘j for  (kgfunit) % (kglunit)  Total
GPD X1 2.230 20% 0.446 2.676
FCW X1 1.484 20% 0.297 1.781
BEE X1 1.850 20% 0.370 2.220
Housing X1 3.974 29% 1.169 5.143
Harness X1 1.000 20% 0.200 1.200
FPA ‘
FPA TOTAL 75.148
Description Units CBE Mass DMM DMM CBE-DME
KAOE:‘SSSidered for (kgrunit) % (kg/uniit) Total
DU X3 10.538 24 % 2.481 39.201
I/F Ti Ring X1 13200 20% 2.640 1584
Honeycomb X1 9.056 20% 1.811 10.867
Core+CFRP
Skin+Insert+Fastner
Inner Cover

DU Enclosure X3 2567 20% 0513 9.24
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ICU
ICU TOTAL 10.584
Description Units CBE Mass DMM DMM CBE-DME
considered fot . 0 .
Mass (kg/unit) %0 (kg/unit) Total
Housing X1 1.9 20 % 0.380 2.28
Harness to DU 3x3 0.480 20% 0.576 5.184
Data 2 0.700 20% 0.840 1.680
Processing
Board
Power 2 0.600 20% 0.720 1.440
Distribution
Board
4.7.2 Power

The table below shows the ICU and DU power budget.

Description Units Power (W) Margin % Power/Unit  Total (W)
(W)
ICU incl. conv. effic. X1 18.4 20 % 22.08 22.08
DU incl. conv. effic. X1 24.3 4.9 29.2
GPD X1 6.3 20% 1.3 7.6
FCW X1 0.3 20% 0.1 0.4
BEE X1 17.7 20% 3.5 21.2

4.7.3 Telemetry

The autonomous generation of the Region of Interest of the ASIC and the zero suppression performed by the
BackEnd electronics reduces very much the number of pipelr event which on average is about 50.
Different onboard compression algorithms can be envisaged. The ICU organizes the data by using a format
that transmits for each event the coordinate of only teedirthe contiguous pixein a row and the energy

of these contiguous pixel until the next transition is found. The foofrthe scientific data is thEable4-3.

Table4-3 Format of scientific data

Header for each event
Second counter 28
Microsecond counter 20
ROI upper left pixel coordinates 18
ROI length 18
DU ID 2

Total header 86

Information for each pixel
Marker 1
Energy (coordinates) 12(18)
Total (assuming 50 active pixels and 15 transitions) 1021
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The most demanding foreseen observation is that of Crab Nebula and pulsar, with a totdbitf2far 440

Gbit of data computed with an assumed format ®kbit/s (20 % of contingencyT he observing time of 200

ks is needed to study the emission from the pulsar. It may be useful to remind that, thanks to the presence of a
diaphragm, the coritrution of the much brighter nebula can be reduced.

The telemetry rate allocated for the housekeeping is 4 kbit/s, that of the QLA data is;d&bitsre much
larger than the telemetry data expected by the background rate only.

4.8 Operations

4.8.1 Payload Operation Modes

The payload operationades aremanaged by the ICU and with a standard and-prelven configuration. The
modes are represented in thgure 4-20. We recall here that the payload calibration and astrophysical
observation both requi r éndeedithe cosfiguradion 6fahe payloadusingi o n 6
calibrationsis the same of an astrophysical observation with a different position of #rewtieel (chosen
accordingly to the particular calibration needed). The operation modes are the following:

ot

BOOTO, i tupmosle atpoweron,t ar t
MAI NTENANCEO i s r es er v-erditmaigtenan€lprogramn. support the
STANDBYO the 1 CU moves in STANDBY mode to start

OBSERVATI ONO From the point of v i e wntifio fhodds a@rd al
managed into anigue OBSERVATION mode that shall be preventively aped while in STANDBY
mode

ADIAGNOSTICO to perform specific check for diagnosis purposes
ATESTO This mode is introduced to i mplement a me

jun 1 S 1 s 1]

In both 6Bootsdé and O6Maintenanced modes the softw

T
MAINTENANCE

FDIR

TC [ AUTO £ i . . el
TC piacnostic | Figure 4-20 Definition of the modes ¢
- - N — i
O ( soor | P the payload. In gold the modes wi
Poveeron - — P patchable software.
re OBSERVATION
I hY TC
| TEST |
— FDIR

4.8.2 Inflight Calibration

The XIPE payloadwill be calibratedalsoin orbit (Table4-4). There are three kisf calibration. The first

one iselectricaland it is aimed at measuring the pedestal ngigee GPD The second one is tlphysical
calibrationof the DU It usestie set of calibration sources mounted on the FCW with the aih)@honitoring

the modulation factoand energy resolutioof the GPD;(2) check for the presence of spurious polarization
due to, e.g., any anisotropy in thestdibution of the background3) monitor the gain of the GEM (toe
recovered bychangingthe GEM high voltage, if necessary);) (hap periodically the GEM gain nen
homogeneitiesTelescope calibrations will be dedicated to monitor the angular resolution, the alignment, and
the singé reflection component of the PSe thirdkind of calibration is thastrophysicabne, using celestial
sources(e.g., the Crabjo check the performances, verifle absence odiny spurious polarizatiorfwith
clusters of Galaxigsand croszalibrateXIPE with other Xray observatories.

We also plan to perform astrometric calibrations to check and calibrate the telescope astrometry. This will be
performed either using two sources within a single pointirabeervingextended source and comparing (e.g
cross calibrating) with the corresponding smootGldndraimage.



XIPE Assessment Study Report page70

4.9 Heritage & TechnologicalReadiness Levels

TheXIPEinstrument team has considered the proposal of devices in his baseline concept with design solutions
based on technologies of TRL 6, minimum.

Table4-4 In-Orbit Electrical and physical Calibration

Calibration type Frequency Real time duration (ks) per DU
Modulation factor every month 5.0

Absence of spurious modulation & gin monitoring = every 3 months = 20.0

Mapping GEM energy 1 every 3 months 15.0

Mapping GEM energy 2 every 6 months = 20.0

Pedestals every 6 months 0.1

Crab Nebula (polarized source) every 6 months  part of the observing plan
Cluster of Galaxies (uinpolarized source) every 6 months part of the observing plan
Crab Nebula or Cas A (aoss calibration) every 1 year part of the observing plan

The assessment study goal is to consolidate the proposal technology status by the means of a technology
roadmap, consisting in the development of breadboards set to ascertain the adequacy of the selected
technologies.

In particular, the critical element of the Gas Pixel Detector has been teabjecall environmental test
(thermal, thermal vacuum, sinusoidal and randdbrations). Radiation tests were alperformed. Iron ions

(500 MeV/Nucleons) irradiated the GPD, véhdperating, corresponding to 40 years in equatorial orbit without
damaging or degrading the performances. The ASIC was also irradiated with ions of different energies/nucleon
to search for Single Event Upset (SEU) and latptevents. The observed Singeent Effects (SEE), when

the radiation in the orbit XIPE is considered, indicates a negligible expected rate (by orders of magnitude).

In the design of the BEE we, anyhow, consider a lafcprotection circuit and the regular load of the register.
Ledk test are also performed on a GPD after being subjected to all the environmerntaketesorethe TRL

6 is well justified.

The BEE is a direct derivation of the laboratory Data Acquisition systempbedted already in vacuum and
in thermal chamber It will comprise all space qualified for AD(12bit) componentandFPGA Microsemi
RadHard FPGARTAX2000S) A TRL of 6 is therefore justified.

In principle, all critical parts of the FCW have flight heritage and as such exceed the TRL levébakder,

the holder wheel itself as an assembly candét cl ai
of XIPE, TRL of the FCW needs to be enhanced from the breadboard functionality of TRL 4 to the flight
gualification standard of TRL 6nlorder to achieve this, a flight representative holder wheel needs to be
subjected to the relevant mechanical and thermal test environments as well as a life test. The life test
requirements are relatively limited as not many operations are foreseapttierlifie of the instrument. Filter

wheel rotations in the order of 1500 are foreseen at present which is not a challenging requirement as the
member oiXIPEteam has filter wheels in a good working state in ohbiteed the MSSL filter whel design

asit flies on XMM-OpticalMonitor and orBwifthave been operating since 1998 and 2004 arstitixgorking

without aproblemhavi ng per f or med mo todhistddieaThe pbdtiondrép®atability fot a t i
the filters achieved is +100 micron, vhich translates to 10 amin. There is no launch stop required tioe
XIPEfilter and calibratiorwheel as the worm wheel stops rotation during launch and the wheel is stiff enough
out of plane to minimise wear on the gears during vibration

The ICU baseline processor for the ICU data processing boarclieently the GR712RC, a dualre
LEONS3FT SPARC V8 processowhich isspace quality level anidight proven FlashNAND memories are

the highest density memories qualified for space applicatidmesradiationtolerar stacksrequirea power
supply of 3.3V.Based onthe robust SLC NAND FLASH technology thefeature endurance of 100K
Write/Erase cycles per sector andyHars data retention time. Moreover, they are indicated for the use in
space.

TheFocal Plane Support Items are based on a desigrpvesién by SPI oiboard Integral and also for this

item the TRL is 6.
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5 Mission design

Table5-1 below summarises thelPE mission architectute

Nominal: LEO, circular 550 km altitude, 5.6 deg inclination

Launch vehicle VEGA-C
Ground Stations 15m ESTRACK Kourou (KOU1) or 16m ASI Malindi (MAL-1)
Observation strategy Target Pointings with slews between targets
Field of Regards half of the sky at any given time
Lifetime 3 yrs nominal with consumables sized for 2 yrs extension
Disposal Controlled reentry into Earttatmosphere
Total delta-V 220 m/s including margins

Table5-1 Summary of Mission architecture
5.1 Mission Analysis

5.1.1 Launcher Characteristics

The mission and systenaredesigred for alaunch witha VEGA-C vehicle with the PLAL194 VG adapter
VEGA-C will replace VEGAat the time of launchinXIPE. VEGA-C has a payload mass performance above
2000 kg including adapter, in thdPE orbit, allowing for very comfortable mission margin over the SC
maximum wet mss.

The fairingof VEGAC has a di ameter of about 3 m compared t
which allow for accommaodation of the threenifocal length Telescopes.

5.1.2 Orbit

XIPE will be placeddirectly into an equatorial Low Earth Orbit (LEO), with an
inclination <6° and altitude-550-63Ckm. There are no seasonal constraints on the
launch dat. This orbit provides neagonplete shielding of thepacecrafby the
geomagnetic field againdamagingsolar particle events arighlactic cosmic rays
together with a low and stable detector background, as demonstrated in missions
such aBBeppoSAX

The inclination value is the lowsethat can be reached by a Launch from Kourou
without requiring the Launch Vehicle to perform an orbit plane changelédog
manoeuvre). The altitude choice depends on several factors whitisarsesed in
the following sections, but none are especidtlying.

5.1.3 Eclipses

There are eclipses of about 35 minutes everit.ofhe spacecraft design allew
operation ofthe payload during eclipseand duration changes by only 1fs
50kmaltitude change, and is not driving.

Figure 5-1 VEGAC
fairing  (blue) in )
comparison to VEG/ 5.1.4 Orbit decay

fairing (purple) The mission shall complwith ESA debris avoidance regulations which require

that the Spacecraft+enters into the Earth atmosphere within 25 years from end of operations. This sets the
higher bound of the possible altitude range to around 630 km. The lower bound is defthedgimum
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mission lifetime requirementg/hen the initial altitude is& km, assuming no orbit maintenanmoanoeuvres,

the orbit decays to 450 krover 8years predicted using th&CSS Sample Solar Cycfer the reference
atmospherdf, during the 3 years of nominal lifetime, the altitude is kept within + 10 km around its nominal
value, the decay time increases by one year at a smal\letiat. Therefore, any altitude between 550 km
and 630 km may be in principle, selected tradivagntenance deltsl vs mission extension capabilities.

In theXIPE orbit, adebriscollision avoidance risk of 1 in 10,000 can be tolerated with less thanammeuvre
per year. To allow for some mar ¢gi n demcehaodewvies fapy o f
yearsindependently of the orbit altitude.

5.1.5 Ground station coverage

Figure5-2 showsthe mean contact tim€IPE will have with lowlatitude ground station®r different orbit
altitudes The higher the altitude the longer is the average contact. Also the closer the ground station is to the
equator the longer is the coverage, although the differences are\btmiat case data rates have been sized

for the ESAprovided Kourou station, although an ASI contribution for Malindi has been prapBsed
occasional criticalhigh data volume observationaccess toadditional commercial station passes (e.g.
Singapore) can beonsidered. For costing purposese of a single and the same Ground Station for science
data and SC housekeeping downlink during the operational phase has been baselined.

12

Figure 5-2 Mean
115 —+#—pingapore (1,33 deg) contact time ofa
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g 103 — with  lowlatitude
£ :
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§ — and South
Z 95 é— Atlantic Anomaly
interference.
9 +
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5.1.6 South Atlantic Anomaly Pass

The low altitude and inclination serve inimise thevan Allentrapped charged particles seen by 8t

avoiding espeailly the South Atlantic AnomalyHjgure 5-3). A thorough study of the populations and effects

of these two sources of trapped protons has been conducted during the assessment phase (by the Payloa
Consortium, industry and ESA) using &RP9 and Petrov radiation models (including comparison with
previous missions in LEO, e.BeppoSAX

Present simulations show that for an altitude of 550 km, the fraction of the orbit exposed to >100 MeV protons

is about 5% of the orbital time. This ieases by a few percentage points at 630 km. However, there is a
significant spread in results depending on the model used.

ESA is currently performing an activity where results from actual spacecraft measurements in the Van Allen
belt regions crossed IXIPE will be used to tune the existing model, potentially reducing uncertainties.

5.1.7 Mission End of Life

If an uncontrolled reentry is baselined at end of missiohe tcasualty rislon ground due to remaining
spacecraft fragments islose to the mandatory limit ot0* Therefore the Spacecraft iglesigned
conservatively for a controlled dwbit.
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Figure 5-3 The XIPE orbit with inclination <6° excludes almost all regions of high e particle
background (e.g. SAA)

This can be achieved by a sequence of propulsive manoeuvres lowering progressively the orbit perigee. T
perigee of the last full orbit cannot be too low because the spacecraft needs to be fully controlled and quite
large aerodynamic torques will be experienced at altitudes below 200Fkma strategy wherthe total
deorbitingis split in 4 burnsthe starting altitude is 630 km (worst caar)l a total thrust 6f30Nis available
onboard, the requiregk Vis ~190ms®. Thistotally dominates the propellant budget.

5.1.8 Mission Phases

The operational phase of the mission has been scoped for LEOP of ~3 days, a satellite and payload
commissioning lasting ~ 3 months. It is proposed to execute a Calibration and Perfoviedicagion phase

which includes and initial Science Demonstration, lasting 2 months. A total Operational Phageac§ 3
includes a final deorbit phase of about 1 month.

5.1.9 Observation concept and mode of operation

The Observation strategy ¥IPE consiss of consecutive slews and long exposure pointings to target sources

on the basis of the science plan which is updated at regular intervals. Between target observations, the plan
includes also short pointings to specific sources for monitoring purposse Tointings have a distribution

and a timeline such to optimise the mission efficiency.

6 deg incl orbit

-
‘

/

{ Equatonial

\, Plane
S

., 0-360 deg . Apparent Sun

"--._gﬂowabfe yaw L. rotation during
rotation between rojiptic plane.-~ " observation

2 observations -

-
-
.-

+/- 30 deg allowable S
pitch rotation between
2 observations

Figure 5-4 XIPE pointing

The science plan is interrupted in the case of Target of Opportunity triggers or imeasafdty of the
Spacecraft is at riskcollision warning, safe modepAfter termination of the event that has caused the
interruption, the plan is autonomously resumed by thel8€ nitial missionanalysis demonstrating target
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availability of ~65% for a field of regard o%2 sky has been folded with a mock observation plan, including
core science targets and a range of specimen guest observer targets in different science classaksTitnis r
about 86days margiragainst tle nominal science duiah of 30 months.

During the operational phase, the spacecraft supports a single payload operational mode. The payload always
generates data to the bulk memory, except in high background regions, where the detector high voltage can be
lowered. Dependingn the spacecraft architecture, either albe®d or Sband with a Xband downlink
capability are possible. Depending on overheads and coding schenddbpa &lemetry rate is achable.

With 14 daily passes6f 8 mi nut es 6 dur a't liitweto Kowauy, & total daidy si@vnlinkofw e s t
~40 Gbits can be expected-dnd allows an increase to awhlink data rat®f 10.3Mbps:

Distribution of proposed sources in space Figure 5-5 Initial
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From the mock obsging plan it has been determined that a handful of targets can exceed the nominal
downlink rate, and it will be arranged that (for example Crab Nebula) the data will be stored to the mass
memory and subsequently downlinked. In almost all cases the k@it latency requirement of 7 days is
easily met with rare exceptions leading to about 10 days. For those cases, additional ground stations could be
temporarily rented to reduce latency.

5.2 Spacecraft Design

5.2.1 Satellite Overview

The key aspects of the desighthe XIPE spacecraft (SC) are driven by the Payload requirements and, in
particular, by the accommodation of the long telescope (tmle¢ering structurgand its assaated therme

elastic stability and by pointing performanBeth factors comibuteto the achievement of the nominal angular
resolution ad the required effective aréBhe avionics, Attitude contrpand electrical systems are based on

a Low Earth Orbit (LEO) platform developed for Earth Observation and for commercial programmes which
provides cost savings in ltavare procurement and AIV/AIT.

The key aspects of design of tHEPE SC are driven by the accommodationtbe long telescope tube, the
need to maintain itstsolute temperature (20°C at EtiLachieve the nominal angular resolution), associated
thermal stability and pointing and availability requirements

During the Assessment Phase two SC designs were dégivedustry teamdeading to different concepts of
the bus design but substaaty, with similar architecture (sdeigure5-6). Both industrial designs satisfy all

1In addition to the nominal science observations, the analysis of mission planning has included occultation
periods where the spacecraft wild.l sl ew to selecte
changes.
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key mission requirements, and therevésy good confidence tha misson profile satisfying the overall
science requirements will be achieved.

Figure 5-6 View of theXIPE spacecraft configuration proposed by two contractors. The main differe
include the locatiomf SVM along the tube, deployable or fixed solar panels.

5.2.2 Satellite Configuration

The SCis divided into a Payload aralService Module (PLM and SVM). The PLisIcomposed of the three
Mirror Units with their commormounting $ructure, the Telescope Tube and the Focal Plane Assembly.
Clearly the SC islominated in scale by the telescope tube.

5.2.3 Mechanical Design

The satellite mechanical design is dominated by timécal telescope tube defined by the 4m focal length. The
service module will surround the structure supporting the 3 mirrors, and will be located above the launch
vehicle adapter. The focal plane platform will be accommodated atitbeand of the teseope tube.

The solar panel will be either configured as a single bodynted fixed panel or composed of two parts with
one deployed aftdaunch.

The SC design includes a sunshield for the Focal Plane Assembly; while the Mirrors are placed inside the
SVM so to avoid Sun impingement at all times. This permits SC pitch angles within +30° from the Sun
direction, so ensuring a Field of regard corresponding to ¥ of the aky aiven time of the mission.

The ESAsupplied mirror units will be integrated in& support platform, and furnished with thermal hardware,
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Solar Panel

Solar Shield

-

Figure 5-7 Break out of major satellite components.

Focal Plane Platform

Conical Telescope Tube

Mirror Support Plate

Service Module

particularly baffles, and a
deployable cover that prevents
contamination durindlV and
launch.

The three detector units and
associated electronics will be
provided by the instrument
consortium as prntegrated
boxes that allow for expedited
installation and alignment
onto the focal plane support
structure. Thermal control of
the patform and the interface
ring to the fixed conical
telescope tub will be
provided by industry.

A preliminary modal analysis
has confirmed compliance
with launcher  stiffness
requirements, Specific
tailoring of CFRP laminate of
the Telescope Tube minimigze
the longitudinal CTE, so
fulfilling the required stability.
An analysis has led to locate
the Star Tracker Assembly at
the high end of the Metering
Tube, close to the Focal Plane

Assembly. This guarantees low angular resolution error due to relatisigmment between the Telescope

line of sight and the Star Tracker boresight and good knowledge of polarisation angle with respect to celestial

coordinates due to sufficient proximity to the detectors.

5.2.4 Thermal Control Design

(Temperature
{cesivs)

18,25

17.25

= 17 ng

Figure 5-8 Example of distribution demperatures acros
Mirror Unit.

The thermal design is a key aspect forXteE
system, in order to satisfy the science
requirements. The detector and mirror absolute
tempeatures will be defined within the ramg
5°C to 25°C, with a detectbemporal stability
required of +1°C during measurements. The
most severe requirement is to maintain the
temperature spatial gradient across each Mirror
Unit within 1°C in longitudinal diection and
1°C in radial directia during pointing times.
Theseare challenging as a consequence of
continuous change between sun illumination
and eclipse phase. Modelling must also
account for Earth IR and albedo input on the
whole S/C and on the efftsof the open Mirror
covers.

The thermal control of the mirrors is based on
the concept to create a warm environment that
radiatively controls the optics temperature. To
this aim, Mirror Units are provided with
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thermal baffles actively controlled by measfsSW-controlled heaters. The total power required to maintain
Mirrors6 ther mal stability is about 150 W. The T
gradients across that could generate distortions and affect the mission angular regettdiomance. The

Focal Plane is kept constantly in shadow from the Sun but receive variable thermarompubtefEarth along

the orbit.

The SVM thermal control is fully passive and presents no critical issues.

Detector assembly + BEEU + FW (3)
(Instr. Consortium)

FPA Thermal

Hardware
(Indu
Metering
Tube
(Industry)
FPA Support ]
Stichire FPA mounting

Structure (I/F)
P (Industry)

Ti I/F Ring
(Instr. Consortium)

(Instr. Consortium)

Figure 5-9 The instrument support platform. Indicating responsibilities for differentsygtems. The thre
focal plane detector systems are supplied as integrated boxes that includeenfdorglectronics
filter/calibration wheel Rderence optical alignment cubes are used to allow industry to position each |
the correct (x,y,z) focal position.

5.2.5 Attitude Control System

The main requirements on tAdtitude Control System are:

T provide Relative Knowl ed gwr 2BMs tocatisfy(aRI&r Eesolugob ar ¢
requirement
T provide Absolute Knowledge Error (AKE)iremedt0 ar c:
T provide Absolute Pointing Error (ABuEpnok™@ ar cs
effecive area

These are moderate requirements that can be achieveddisasBabilized, SThased system.
A solution of 4 STR Optical Heads has been proposed, aligned at 90°pleareand canted out of plane.

Two Optical heads shall always be in Track to ensure performance. Taking all possible orbit and
observation possibilities, the probability of 3 STR blinding occurring is as low as ~3%, and is assumed this
can be accommaded by mission planning steps.

Periodic calibration of STR to instrumealignment must accommodateetmal deformation. Calibration
needs to consider each STR separately for its to different alignment on its mouatiet.b

Attitude is controlled by Reaction Wheels (RW) that will be quasitinuously desaturated by Magieeti
Torquers (MTQ). Despite the poor force law in equatorial orbit a reasonable system perfaenudntaimed
with ~150Am2 MTQ.
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Analysis of the disturbance torques has shown that gravity gradient and aerodynamic forces are driving and
require reaction weels with capacity >45 Nms. Such wheels also providsI&€ agility of a few deg/min
Monopropellant Thrusters are used fortdmbling at separation, for Safe Mode, collision avoidance, orbit
maintenace and d®rbiting functions.

The ACS includes a GR8ceiver that is used for orbit determination but also to provide time synchronization
to the I nstrument el ectronics betteyphotdnarivaldothes . T
detector with aericglic galibbnaon bf &BRsto iristhument aBgnngest must accommodate
thermal deformation. Calibration needs to consider each STR separately for its to different alignment on its
mounting bracket. Driving requirements: include a knowledge error of 3 arcsec (95%) to bedblyi¢he
calibration approach. This must be stable or repeatable over the mission duration, but also over time scales
associatd with cadence of calibratioAll the while, a Relative Knowledge Error is specified for 7 arcsec, and

an Astrometric Accuracgf 10 arcsec, 95% absolute value is needed. The scenarios simulated include checking
for duration: of at least one orbit to verify for eclipse transition cases, and a frequency that covers both cold
and hot cases.

5.2.6 Electrical Power System Architecture

Thedimensions of a Veg@ fairing practically limit the extent of any plausible fixed solar array configuration

to ~9m? which is compatible with the Power needs. The platform and payload will operate and be powered
continuously for the whole orbit, includireclipses. The sizing case for the Solar Array is the observation
mode with the transmitter ON and the Mirror heaters fully operational. This amounts to &vdélbad.

To avoid losses in efficiency, the power bus uses unregulated voltage around 28f&f alterfacing the
instrument. A trad®ff has been considered between a MPPT solar array regulator (which makes best use of
the extra energy available from the cold solar array on every eclipse exit), and Direct Transfer Energy which
is simpler in arcitecture. MPPT has been chosen.

Standard battery configurations in serial/parallel strings have been identified, provididg~& power, in
a package <30 kg.

The standard industry LEO platforms offer Power Control & Distribution Units compatitiiehe needs of
the mission.

Due to the high number of heaters which require SW control, a specific Remote Terminal Unit (also called
Thermal Management Unit) needs to be included in the SC electrical architecture. There is wide heritage for
this unit fom several space missions.

5.2.7 Data Handling Architecture

The DH will provide sufficient data storage to prevent data loss thrapgto #day Ground outages. It
provides adequate data handling reses for OBC handling of telemetry and telecommatadandfrom
Ground Control Stations, and offeastonomous FDIR capabilities.

Large scale Solid State Memory provides around 1 Thit of data capacitiefocesand HK with 100% margin.

Interfaces over a redundant SpaceWire link to the Instrument Controh&lrétbeen baselined for payload
data transfer. An additional PPS (Pulse Per Second) line may be offered to transfer the synchronisation signal
from platform OBC to Instrument Control Unit

5.2.8 Telecommunications Telecommanding and Tracking

Science data volumearies considerably with the target source flux. The most demanding source is the Crab
nebula with a science data telemetry rate of ~1.5 Mbit/s aeduired exposure time of 208. However,

most of the sources have data rates a few orders of magrotee even in the case of exposure times of
2000 ks. The avage data volume is ~1 Gbit/dajhe Quick Look data and the platform and instrument
telemetry do not contributeggiificantly to the data budget.

In principle, a simple $ip/Sdown TT&C systemg suitable for the mission. This provides about 3 Mbps
downlink rate and it allows coping with theday data availability requirement for more than 80% of the
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sources. For the remaining cases, data time to ground can be shortened either by addintatiooupasses
from another equatorial station or switching to anp8SX-down with the addition of a Payload Data
Transmitter in Xband. This will increase the downlink data rate to up to 8 Mbps. The choie®@okK$and
transmitters architecture can blefined later, subject to ofte of most suitable platfornThe selected
transponder includes RF tracking capability as Doppler Measurement using coherent RF link and ranging

5.2.9 Budgets

The tables below show tb@PE mass and power budge®@ompared with Vga launch capability to equatorial
LEO of 2 tonnes, thXIPE estimated mass has a very comfortable margin.

Table5-2 Consolidated Mass budget (synthesised from parallel studies)

Subsystem Best Estimate (kg) Maturity Margin
Mirror Assy 230 20
FPA 70 12
Instrument Control Unit 10 1
NGRM 3 0.3
Telescope Tube 130 25
SVM Structure 165 25
Thermal Control 25 5
Data Handling 30 3
GNSS 7 A
Solar Array 39 3
Power SS 45 5
Harness 40 7
S band Tx 10 1
AOCS 74 5
Propulsions 39 4
Total 917 115
Dry Mass 1032
Propellant 160
Wet Mass 1192
System Margin 238
Total 1430 +LVA 78kg

Table5-3 Consolidated Power budget (synthesised from parallel studies)

Subsystem Best EstimateNormal Pointing Mode (W)
TTC 30
AOCS 135
Data Handling 90
Power Syst 40
SVM Thermal 110
PLM Thermal 220
Instrument 90
Sub-Syst Total 715
Harness Loss 30
PCDU Loss 70

Syst Margin  30% 240
Total 1050
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6 Ground Segment

The Ground Segment (GS) provides the means and resources to manage and control the mission via
telecommands, to receive and process the telemetry from the satellite, and to disseminate and archive the
generated products. Figure6-1, the elementesf the XIPE GSandthedata flow between them is illustrated.

The two main elements are the Mission Operations Ground Segment (OGS, light red) and the Science
Operaions Segment (SGS, light blue). The OGS consists of the Mission Operations Centre (MOC) and the
ground stations, which receive the telemdtoyn the spacecraft (S/C, greyilhe SGS consists of the Science
Operations Centre (SOC), a Science Data Centr€€)S&nd an Instrument Operations Centre (IOC). The
development and operations of the SDC and IOC is assumed to be on nationgbriawvidedby the XIPE
consortium.

A typical XIPE observing schedule will coiss of long observations up to 4 MBlissionplanning is thus
assumed to be dominated bynbnth ahead planning. The MOC provides Planning Skeleton information while
the SOC generates the final timeline that the MOC uplinks to the spacecraft via ground stationsné&aith 1
timeline may be revisedhal-week time scales, responding to skerm constraints imposed by, e.g., ground
station passes.

The mission is designed to be able to interrupt the timeline during execution, e.g., to observe Targets of
Opportunity (ToOs) with a relaxed response tilmat bnly requires ground operations during office hours. It

is assumed that an autonomousboard system will be available that allows spacecraft operations to be
performed based on input from the SOC, thus target coordinates and observation dufatsihility study

is under wayjed by ESOC, to develop a system that will perform Autonomous To®oandon ground
request . aimstsimpsoveuht yaDplanning efficiency.

|:| Science Operations Ground Segment
|:| Mission Operations Ground Segment S/IC

JR—

e KTM and Science
—— Downlink lecommancs (QLA data with pr

5 I

vileged downlink)
—— > Interface with User Community .
Ground
Stations
Telecommands HKTM and Science
k.
MOC
: A At iliang Level 0->4 Data products
S ——— Raw, Auxiliary,
permormance .
' l and QLA data g‘;:“g;ﬁ)n Data
; Operational : Documentationh______ﬂ
Instrument requests Science @ Y Y
Operations | Data of all levels Operations gommunlty | Users |
: upport
Centre A Centre i N
Calibration Files Proposals -
Data analysis| |Config. Level 0] [Level 1-4 10O Triggers
software| |Control +QLAdata| | data
h A
Science Data Centre

Figure 6-1 Overview 6 the XIPE Ground Segmemementsincluding the data flow betwedmem.

Since some variable sources can only be triggered fraayXbservations, the mission design will allow the
SOC to schedule short monitoring observations between long observatiolnsirgg Earth blocks. This
monitoring programme can consist of up to 350 snapshot (300 skxay)dobservations of preelected
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variable targets per year. Their purpose is to obtamyXbrightness and some spectral characteristics that
scientists canse to trigger ToOs. Since the desired source state is only temporary, the brightness and spectral
information needs to be available before final data products are available, and for this reason quick look
analysis (QLA) data will be produced on board andiinked via privileged downlink channels. They will

be analysed by the SDC who can then derive triggers for deeper ToO obsenr@tidrdata may be made
publicly available so the community can derikiggers independently of the SDC. This will be decicht a

later stagdased orscience Management Plan (SMigicy.

The following data products have so far been defined foXHR& mission:

1 Raw data Science telemetry plus (preliminary) auxiliary data (e.g., electrical calibration data, orbit
predictian files, housekeeping data) that have been produced on board. Science data are currently
foreseen (TBD) to be in FITS format following the CFDP protocol.

1 Level & Raw data removed of any communication artefacts (e.g., headers, duplicated data, etc.) and
with applied orboard corrections (e.g. corrections of the pixel to pixel gain). Output is a generic
events file in binary FITS format including all recorded events in each GPD detector. The FITS files
still contain the full information on the tracks measul®y the detectors, i.e. the photoelectron
emission direction is not yet reconstructed.

1 Level 1 Photon list with the reconstructed photoelectron direction, photon absorption point, energy
and time of arrival. Note that a number of calibrations have tpp#ed to derive this information,
including the overall detector gain calibrations. Photoelectron tracks are no longer available in the
FITS file.

9 Quick look data: A set of preliminarily science data such as light curves, spectra, images, and
modulationcurves for the central source in each observation. The QLA data are produced on board by
the XIPEICU and are downlinked with high priority, requiring at most 3 kbps TM rate. They provide
a quick means to assess the observation output without the needeaxfging all the observation data.
While QLA data are obsolete once level 3 data are available, they will be included in the (legacy)
archive for permanent storage.

1 Level 2 Level 1 data with all corrections applied (such as aspect correction, timeatatib
barycentric corrections) and remaining instrurmgpecific calibrations (such as goebiching
information) to level 1 data. Output is cleaned FITS event files for each GPD detector. The data will
be organized per exposure/pointing.

1 Level 3 a set ofpre-defined science products (examples: light curves, energy and power spectra,
photon lists, and polarization measurements) extracted for each observation, eventually combining the
information derived from all exposures/pointings that constitute an\ai&er.

1 Level 4 Data containing enhanced, higher level, scientific products derived from Level 3 data, such
as catalogs of sources, historical measurements of the flux, combinedvauwdtength spectral
energy distribution and polarization. More levadaa products may be defined during the course of
the mission.

6.1 Operational Ground Segment

The Mission Operations Centre will be responsible for the spacecraft operationss Teiscribed below
together with the functioning ofié ground stations and tepacecraft operations

6.1.1 Ground Station

The ground stationsetwork to be used consists bEtESTRACK 15 m ground stati¢dourou and the ESA
Augmented Network Malindi. Both X and S band communications are considered, depending on the mission
profile. Duringthe nominabperationgphase, ground statiarilization has been studied assuming one contact

per orbit using Kourou, and several passes per year are assumed with external Btaiimn& EOP phase,
extended coverage is assumdgth atleast two groundtation passes per orbit.
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longitude(deg)  average contact time (mir daily contact time (min) station passes per day

Malindi -3,00 11,51 158,81 14
Kourou 5,25 11,23 153,84 14

Table6-1 Ground Station Coverage at 650kmf5.6

longitude(deg)  average contact time (min daily contact time (min) station passes per day

Malindi -3,00 9,48 135,56 14
Kourou 5,25 9,16 130,10 14
Table6-2 GroundStation Coverage at 500km/5i6

6.1.2 Mission Operation Centre

The European Space Operations Center (ESOC) will be the MOC féiiREemission and will prepare a

ground segment including all facilities, hardware, software, documentation, the nespediiiation, and

trained staff, which are required to conduct the mission operations.

The MOC is responsible for the commanding of the spacecraft and instruments, including overall mission
planning, for ensuring the spacecraft safety and health, fersn of Flight Dynamics support including
determination and control of the satellitebds orbi
performs all communications with the satellite through the ground stations for the upload offtheng@ad

payload telecommands (based on the observation schedule provided by the SOC, see below), and reception of
the downloaded telemetry data. They are also responsible for collecting the science data and its transmission
to the SOC, along with the ratelemetry, housekeeping and auxiliary data. Due to thecootinuous
coverage, the spacecraft will mainly be controlled vidio# operations.

Anomalies will typically be detected by the MOC only during the passes which are manned by Spacecraft
Controlers. After the initial spacecraft commissioning, all telecommands required to carry out the mission will
normally be loaded in advance on the Mission Timeline for later execution.

The mission planning cycle will include the platform and payload ac8yitieluding ToO operations. It will

be performed during office hours. The spacecraft will be able to continue nominal operations without ground
contact for a period of up to 7 days.

On-board Control Procedures will allow autonomous execution of congl@edures, including decision

loops which the GS cannot support due to the limited ground coverage. The MOC will provide telecommand
history and other auxiliary data (including attitude history, time calibrations and barycentric corrections) to the
SOC.

The MOC will be in charge of ulinking the ToO requests coming from the SOC. This activity will be
implemented as part of the mission planning cycle and loaded to the spacecraft during a next available ground
station pass.

The MOC will be in charge oflanning collison avoidance maneuvers requirimgut from FDS and Space

Debris Office (SDO) experts and approval frdBpacecraft Operations Managard Mission Management.

The planning of acollision avoidance maneuver should stdtatest 12 and 24 houlefore the conjunction

event. Usually the firing is executed at least one orbit before the conjunction, if perfienmeelolutions

bef ore the encounter the required @V drops signif
The orbit determination will be carried out using the GNSS vecarrboard (and range/Doppler during

GNSS long outages). The Flight Dynamics Team will also support trajectory and mamgtivézation the
maneuver performed for LEOP atitk orbit maintenance maneuver (once in the lifetime of the mission).

6.2 ScienceGround Segment

6.2.1 Science Operation Centre (SOC)

ESA6s European Space Astronomy Centre (ESAC), ne
Centre (SOQ)It will be theprimary point of contact to the MOC for providirdgtailed operational requests,

and it will plan the payload operation activiti@he SOC is also the single point of contact for the scientific

user community. The SOC operates a helpdesk as communication interface with the community but delegates
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issues related to daamalysis softwa, data processing, data quality and data characteristics o @hdsSues
related to calibration and instruments are delegated i1®©tBe

The overall SOC activities are the following:

9 Proposal Handlingnd organisation of AOsfull responsibility ofthe SOC

1 (Payload) mission plannirigfull responsibility of the SOC;

1 Raw to Level 0 data processinghe development, validation, and maintenance of th@meessing
software is a responsibility of tH®C; the integration and running is the respaitigitof the SOC;

1 XIPE Science Data Archivat ESACI full responsibility of the SOGQwith support from the ESAC
Science Data Centre, ESDC)

1 User Support the SDC is responsible for issues related to analysis software, data processing, data
quality and d&a characteristics; the 10C for issues related to calibration and instruments, the SOC is
responsible for theast

During the development phase, the SOC will be responsible for configuration control and to overview all the
software development carriedtday the SDC. About two years before launch, the SOC will start organising
Operations Rehearsals involving all elements of the Science Ground Segment (SGS) to identify any problems
well ahead of launch.

Although the Science Data Centre will perform all da¢a processing from level O to level 4, the SOC wiill,
on irregular time scales, perform the same data processing steps by the scientists in the team in order to
maintain expertise in the SOC and to verify that pipeline data are reproducible with paislic t

During the Operations phaséetSOC will organise the Announcements of Opportunity (AO) process. This
involves preparing and publishing documentation, making announcements to the community, supporting the
community during proposal preparatiamganising the peer review (Time Allocation Committee, TAC), and
circulating the final decisions (based on the TAC recommendations) to the proposers. The SOC further
prepares the approved observations for scheduling. At the start of each observingpey®@Ctprepares a
long-term plan that assures that the approved observing programme can be performed until the end of each
observing cycle. Detailed time lines will be generated on a monthly basis in terms of rediusthedules

that may be modified evwemweek. Within a latency period of 7 days (for 80% of observations) after end of
each observation, the SOC will receive raw and consolidated auxiliary data from the MOC and will convert
them to level 0 data within a maximum of 4 days after consolidatetiaayixiata are available. They will be
ingested into the archive from where the SDC (see next section) will pick them up to producéekigher
science data products within 24 hours after level O data are available. The SOC has full responsibility of the
archive which will be operated as close as possible to the design of the legacy archive. Only during the Post
Operations Phase (POP) will the SOC be involved in science validation of data products before ingesting the
final products into the legacy arckivDuring nominal, extended, and pogerations phases, the SOC will
provide User Support by making available all relevant documentation about instrumentation, calibration, User
Guides, etc. The SOC will operate a Helpdesk as the primary communicatdiadatto the scientific
community while the SDC and IOC will provide technical support on request.

6.2.2 Science Data Centre (SDC)

The Science Data Centre (SDC) will be established through national funding and is assumed to be led by the
Data Centre for Astropfsics at the University of Gene¢ldoG), SwitzerlandThe XIPE SDC will be built on

the heritage of previous missions (elN;TEGRALD and will be organized as a consortium of different
institutes, providing each the needed man power to cover certaintagkSDC effort will be led by the SDC

PI, coordinating the activities of all participating entities, ensuring the successful completion of all tasks and
the timely delivery of all products. At present, it is expected that the SDC will cover and bedpeldsible

for the following activities:

1. Production of all software needed for the processing of the mission data, as well as the daily
processing, analysis, and exploitation oDEIPE data (the only exception is the software needed for
the processing of the raw telemetry into the level 0 data that is provided by the 10C).

2. Packaging of the software in order to facilitate the distribution to the science community.
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3. Daily processing of thlevel 0 data into the level 1, 2, 3, and 4 data.

4. Verification of the Xray emission status of MIPEt ar get s t hrough the wusage
monitoringo)

5. Assist SOC in user support for what concerns the data processing, analysis, andierpitita SDC
will also organize in collaboration with the SOC dedicated workshops for the training of scientists to
the usage of th&IPE software and the manipulation of the mission data products. As part of this
activity, the SDC will also train the SQgersonnel in the usage of tkePE software in order for them
to be able to check the pipeline products and assist the SDC in the science validation of the data.

About 2 years before launch, the3C will providetrainingto theSOC to ensure that all danalysis steps
can also be performed by SGCientists and that the final documentation is clear enough to be followed by
any scientist in the worldide community This will be verified during Operations Rehearsals taking place
during the last 2 years tfe Development Phadauring the Nominal Operations Phase (NQRg, SDCwill
perform the pipeline processing of science data, starting feesl O, using exclusively publicly available
software ananly thecalibration datahat are also accessibleth@ publig and deliver thegroducts to the SOC
for archiving and distribution. The science data processing apdocessing will include all necessary
calibrationsprovided by the IOCThe SDC is expected to lead the data processing software mainteksnce.
part of routine data processirtge SDC also performsystematic trend analy$igproduction of valuadded
products, catalogues, surveyie SOC and thDC support the SD@ the quality control of the science data
The SOC feedslladata products into th8cience Archive.

The SDC will support the 10C in the instrument calibration activities, and assists the SOC in providing user
support related to analysis software, data processing, data quality and data characteristics. Also, in
collaboration with the IOC and the SOC, the SDC contributes to the testing and validation of new releases of
thearchiveand the overall SGS operational system.

6.2.2.1 XIPE Software production
The production of alKIPE software by the SDC comprises:

1. The processig pipelines, routinely used to perform the processing from level 0 to level 1, 2, 3, and 4
data;

2. The interactive tools that are needed to calibrate and clean level 1 data, generate level 2 data and to
further process levé data into level 3 and 4 data,

3. The visualization and tools needed to check the QLA products produdmshosh by theXIPE ICU
(i.e. the Quick Look Software);

4. The environmental software that is needed by the SDC to piggideessing data in the SOC archive
(all products will be stad in the same archive).

5. The polarization models for both extra Galactic and Galactic sources.

It shall be remarked that the level 0 data are the lowest level products made available to the science community.
The raw telemetry will not be distributeglyen though this will be kept available in the SOC archive to be used

(if needed) by the SDC and the I0OC personmelorder to maximize the exploitability of tbdPE data, the

images of the track imprinted by thergy photons on the GPD detectors Wi distributed within the FITS
structure of the level 0 data. From these tracks, it will be possible to derive the direction of emission of the
photoelectron and the polarization measurements by using a number of instrument specific algorithms. The
algorithms are already available as of today and have been developedd?Eiastrument team based on

a number of independent inputs and control samples, denigeddata acquired in the lab adddicated

Monte Carlo simulations. The instrument team considleat any possible attempt from the community to
modify these algorithmsluring theXIPE operational phasshould be discussed and coordinated with the

2 All standardized reductioprocesses directed aeird analysis can be run at theSBs part of their systematic pipeline
processing. But it is understood that ard@pth evaluation of trends in the instrument characteristics will have to be done
by thelOC, who will also use thinteractive cagpbilities of the data processisgstem in the course of this activity.
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instrument team in order to have a proper validation and assessment of the correctness of tNéaemiés.

that it is still considered very useful to keep separated the level 0 and level 1 data, as the IOC might want to
reprocess the level 0 data into newer level 1 data if improved methods to reconstruct the photoelectron emission
direction from the treks are developed during the course of the mission or even in the post operation phase.

All software and calibration data needed to procesXIRE& level 0 data into higher data level will be made
publicly available to the community through the SOC arehThe environmental software, being dedicated

to the reserved access of the SDC to the SOC archive for the retrieval of data to be daily processed, will not
be distributed to the community. The gmecessing software to reduce raw data into level Otbatawill be

provided by the 10C will be installed at SOC for automatic running and daily processing operations. These
will not be distributed to the community.

It is important that (at least some of) the pipelines for the daily processing make @ssash#hitools developed

for the interactive analysis, as to minimize the duplication of efforts and optimize the man power required for
the software production. At present, we plan to use for the pipeline the interactive tools run in a specific
sequence andith a predefined parameter file in such a way that a standard and coherent set of level 2, 3, and
4 data can be extracted for AIPE observations during the entire mission lifetime. A complefgroeessing

of all data to obtain an updated versiortto$ standard set of products can be carried out from time to time
when significantly updated calibrations will be available.

The SDC will also take care of the integration of all tools and relevant pipelines into a unique software data
package, in orddp facilitate the software distribution, installation, and usage for the science community. The
required documentation will also be written and made available to the community through the SOC archive.

As part of the overall software development effdre 8DC will also develop the polarization models, which

will be used to convert the modulation curves measurements into polarization measures. As it is currently done
for the usual Xray spectral analysis with developed spectral models made available ¢orttmunity in

Xspec, we plan to do something similar for the polarization. The polarization models will be developed by
specialists in different classes of sources (divided mainly in the two large classes of extra Galactic and Galactic
sources) and disbruted to the community in order to obtain polarization measurements from the modulation
curves provided as outputs of the standard or custorXifel data processing.

In our current plan all pipelines to process level data from 0 to 4 are developedunyGh&hese pipelines

will make use of the interactive tools which production is led by the ASI Science Data Center (ASDC) in ltaly.
The production of the level 4 data will also require the usage of the same interactive tools, but since these data
are genmated later and not on the same timescale as the data level 1,2, and 3, we currently plan to have the
Observatory of Strasbourg to lead this activity and the preparation of the ipvih@l 4 pipeline. The quick

look software production will also be ldyy the Observatory of Strasbourg. The overall development of the
polarization models will be coordinated by the University of Tuebingen (IAAT) in Germany, with a substantial
contribution of the University of Valenci&y) participating into the developmieof the polarization models
especially suited for extra Galactic sources.

6.2.2.2 Sky monitoring

As part of its observing progrand]PE will also monitor roughly once per day (on a best effort basis) a certain
number of sources that are identified as critical targets to achiexd¢REescience goals are supposed to be
observed once they enter a particularly interesting state. We cama@ntge at present that anra§
monitoring scanning the sky in the interesting energy band will be available at the difREpand thus this
monitoring program needs to be included as part of the mission Mock Observing Plan (MOP).

The targets of intest forXIPE change their emission states on timescales of several days to weeks. For this
reason, the activity of the quick look of the mission data can be carried out on relaxed timescales and there is
no need to impose the availability of the datagomund on timescales shorter than a few days. However, in
order to give the possibility to the SDC to check the emission state of the sources being monitored, as well as
verifying the quality of the ongoing observation, it has been decided to implemastinstrument ICU the
capability to produce ehoard a number of quick look products. These include images, lightcurves, rate
meters, and modulation curves for all sources being observEtPiE/(including nominal targets, as well as

the short monitoringbservations The QLA data will be downloaded from the S/C using a dedicated virtual
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channel and made available to the SDC in the SOC archive as soon as the downlink is completed. Note that
the QLA products do not need further reprocessing on the graursdime validation could still be needed.

The SDC will make use of the QLA to:

I Check the status of the monitored sources
1 Check the status of the normal observations to scientifically validate the data and verify that all data
parameters are nominal (cdbtuting to the overall effort of the instrument health checks)

It is expected at present that the QLA products will be replaced as soon as the level 3 data products extracted
from the consolidated data that are made avail#beever,the QLA datawill also be made public when
available,in order to maximize the involvement and interest of the international scientific comrmuthey

mission In principle, the QLA data of the monitoring observations can be made publicly available as soon as
they are dowlinked, providing anistorical record of the Xay emission from many sources with rapid access

(the QLA data do not need to be further reprocessaate that this is also expected to be provided through

the level 4 data making use of publicly availalgedl 3 data). QLA products froproprietaryobservations

can be made available to the corresponding Pl in order to allow scientists to quickly assess the status of the
observation they were granted. These products can be made public when the propnietxpites (usually

one year). These details will be discussed latéine future mission phaseBetails on the distribution of the

QLA data is clearly not driving the design of the S@Be QLA data will also be stored in the XSDAIPE

Science Data Ahive) for completeness.

At present, the SDC consortium plan to share among all participating institutes the task of the sky monitoring.
Scientists will be on a rotating shift in all institutes (one at a time) in order to ensure the most efficiere possibl
follow-up in case an interesting event is discovered or any instrument anomaly emerges.

6.2.3 Instrument Operations Centre (I0C)

The Instrument Operations Centre will be established at the instituteXiREénstrument Pl and will be the
hub for collectingand maintaining expertise and knowledge abouktR& instrument hardware and software.
It includes all aspects of calibration and operational support for the instrument as paXGfEH®GS. As
such the I0OC will be led by the instrument Pl and coltsitributions (in terms of man power) from all
institutes that develop the instrument hardware.

During theXIPE development phase, the 10C will:

91 provide support to ESA for payload system integration on the spacecraft

1 organize the olground campaigns tdharacterise and calibrate tKéPE instrument response

1 analyse ground calibration data and maintain an archive of results for transfer to the SOC (including
the preflight calibration data)

9 provide the support to MOC, SOC, and SDC related to the instrumedrdard software, including
support for testing

1 support the MOC in the development of instrument specific procedures in the Flight Operations Plan

develop the instrument data base

1 develop and maintain&lPE simulator, which will permit the end user teaduate the exposure time
needed to obtain measurements of the polarization angle and degree fatefirge source with
established emission properties in ¥i®E energy band (this tool will also be included by the SOC
as part of their package distriied to the community in order to support the calls for observational
proposals)

1 develop and maintain the instrument specific algorithms that will be particularly important to process
the raw telemetry into level O and level 1 data. For the latter, thealgeyithm will be the one
computing the photoelectron emission direction from the tracks recorded by the GPD detectors.

1 develop the software to process the raw telemetry into level O data (to be installed and run at SOC).

1 develop theon-board software witin the ICU to produce Quiekook Analysis (QLA) products

=
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1 be consulted by the SDC to develop the instrument specific data analysis software for pipeline and
interactive processing.

During the mission operations, the I0C will:

9 maintain the instrument database

I maintain the instrument elmoard software

1 maintain the prgorocessing software (raw telemefiylevel 0 data) installed at SOC

1 perform the instrument health monitoring and trend analyses by using all relevant data products
produced by the SOC and SDI& monitor the instrument performance, a DDS (Data Dissemination
System) link will send the instrument performance information directly from the MOC to the I0C. In
addition, the SOC will have remote access to instrument pegifure data.

1 provide help and support in case of any anomaly detected by the MOC, SOC, and SDC during the data
reception, processing, and QLA

1 provide improved and updatedHiight calibrations, to be ingested into the SOC archive and made
available to theommunity

1 Assist SOC answering instrumesyecific queries from the community.

Given the current approach to tKEPE instrument development, it is expected that the IOC effort will be led

by INAF-IAPS, with a major contribution from INF¥Pisa and INFNTorino. Additional contributions are

planned from all institutes leading the different-sybtems, e.g. the Space Research Center in Poland (CBK),

the Mullard Space Science Laboratoiry the United Kingdom (MSSL/UCL), IAATUV, and theRoyal

Institute ofTechnologyin Sweden (KTH, especially for the instrument background characterizdtianler

to build up and maintain the relevant instrument expertise in the SOC, IOC activities are supperted by
Calibration/Instrument OperatioGgientis{sometimeslsocalledi Li ai son/ Di sciThisrolmar y
will be fully fundedby ESA and celocated50%/50% during the Development Phase (RRY 25%/75%

during theNominal/Extended Operations Phase (NOP/EQRDPC and SOCrespectively

6.3 XIPE Data-Flow and Processing Strategy

The data flow of th&XIPE mission is sketched iRigure6-2. In the current organization of tbdPE GS the

raw telemetry is downlinked toe¢hground from the spacecraft through the ground station and collected at the
MOC. As the QLA products generated-board are downlinked through a dedicated virtual channel, these
data take priority over the rest of the telemetry, even though their ligiteds not expected to impact on the
normal telemetry transfer. Both the QLA and the nominal telemetry are transferred to the SDC as soon as
available at SOC, together with all relevant auxiliary files produced at MOC.
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Figure 6-2 Overview of thXIPE Science Operations Ground Segment, including the operational interactions.

The QLA products do not need any further processing, and are thus made immediately available to the SDC
to perform QL activities. Tire is not a requirement imposed on the timescale for making the QLA products
available at the SDC, neither there is one on the completeness of these data. The QLA products do not drive
the SGS design. If some QLA products are lost due to transmissios, issuecovery action is planned. The

QLA data will be used by the SDC to alert the SOC in case any interesting event is spotted and they will be
made immediately public to the community to increase its involvement in the mission (it is possible that some
validation will be needed by the SDC before they can eventually be made public).

The normal telemetry will first be processed locally at SOC in order to produce the level O data. The level O
data are the lower level products that will be made availaltfeetscience community and that can be further
processed and analysed with the puKlieE software and calibration data. The raw telemetry will anyway be
stored in the SOC archive and made available to the SDC and the 10C to perform deeper data/instrument
investigations, if needed. The usable level 0 are expected to be produced at SOC within a maximum delay of
7 days from the observation (for 80% of the cases at least), driven by the availability of the flight dynamic data
from the MOC. Once produced, tlevel O data will be accessed by the SDC in order to produce remotely the
level 1, 2, 3, and 4 data with ti&PE processing pipelines. All products of this processing will be stored and
made available to the community through ¥iBE archive at SOC (the XSDAIPE Science Data Archive).

The level 0 data can be-peocessed by the science users at any time, using the publicly available software
that will incorporate the same executables adopted for the production of the pipelinagthvell however

use a pralefined set of parameters in a dedicated parameter files). It is expected that the QLA data described
before for all observations will be superseded once the level 3 data obtained out of the SDC processing are
available. Theyre anyway stored in the XSDA for completeness (they might be needed in case any anomaly
is found in these data and deeper investigations have to be carried out by the SDC and the IOC).

It is expected that during the mission lifetime, the IOC will predfrom time to time updated instrument
calibration files. These will always be stored into XiBE archive at SOC and used for both the SDC and the
general scientific user processing of the data. All software and calibration documentation will always be
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available within the SOXIPE archive. If improved algorithms for the reconstruction of the tracks are
developed by the IOC, a new version of level 1 data can be produced in the archive (or by the end users using
the publicly available software) and thehddta can be rprocessed to rebtain updated level 2, 3, and 4 data

at any time during the mission lifetime, as well as during the post operation phase.

At present we expect that the level 4 data includXfBE:

1 A catalogue of all detected sourc#sy is expected to be a useful product becXUB& will perform
deep observations of many regions, possibly providing in the soft energy domain a deeper survey than
other Xray missions in at least a few of these regions);

1 A multi-wavelength characteation of all detected and serendipitougay sources, produced by
crosscorrelating theXIPE catalogue with catalogues in many other energy domains;

9 A historical record for each detected source of the flux, spectral energy distributiag, tding
propeties, and (if possible) polarization measurements.

The level 4 data will likely be generated by combining publicly available level 3 data and thus the production
of level 4 data is not expected to occur daily on the same timescale and frequencyres theadtl,2, and 3

data. The UoG is currently expected to lead the production of level 1, 2, and 3 data, while the production of
level 4 data is planned to be led by the Observatory of Strasbourg (where a long standing expertise in the
production of multwavelength catalogues is available).

6.4 XIPE Ground Segment Timeline

The timeline for the saip of the fully functional SDC and IOC has been agreed with ESA to match their
current plans for the ESA led GS elements. XHeE consortium plans to start devplog the SDC and the

IOC already in 2019, beginning mostly with the definition of a detailed software development plan and coding
standards with the SOC. The software development will start in the SDC and 10C around 2020, with a
preliminary software packagdelivery to SOC already in 2022 in order to allow early tests concerning
especially the prprocessing of the raw telemetry into level 0 data. This early delivery will also allow SOC
personnel to be properly trained in the usage of the software frotmetiiening and with large margins
compared to the SGS overall tests planned to st
rehearsal so) . The SDC and 1 0C wil!l be fully func!
calibration actiities orrground are planned to be organized by the IOC already in 2021, in order to produce
as early as possible, the ghight calibration data to be used during the SGS tests and the preliminarily
software package verifications/tests. Apart from thminal operations phase when all agreed tasks of the
SDC and 10C will be accomplished, we are also planning two years efpesitions when the IOC and the

SDC will support the SOC into preparing the final version of the XSDA, containing the most upalg et
calibrations, processed data, and software packages (to remain as legacy products of the mission).
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/ Management

7.1 Project management

XIPE is envisaged as an ESA mission with contributions from ESA Member &tates t her ef or e t
project management approach for ESA missions will be followed.

ESA managementhe overarching responsibility for all aspects of XIPEmi ssi on rests wi
Directorate of Sciencand its director (ESCI). During the deve@lpment phase, ESA will appoint a Project
Manager, who is responsible for i mpl emernhiswog and
will cover all industrial activities (procurement of the spacecraft, procurementayf ¥lescopes, integrati

of the spacecraft and instruments, testing, the launch campaign and also the-eduily ghase). After
commissioning, the ESA Mission Manager assumes responsibility for operations of the spacecratft, its payload,
and the ground segment.

TheXIPEPrg ect Scientist is ESA6s interface WwWAKIBEt he ¢
Science Team (XST) will be set up by the Agency (with some representatives of the instrument consortium
but also with external scientists) following the natmpractice of the Agency. The XST advises the Project
Scientist (who chairs the team). The Project Scientlsises the Project Manager during the development
phase on all issues that affect the scientific performane@R#, and advises the Mission Mager during
operations on all issues that affect the scientific output of the mission.

Payload managemerithePayloadconsortiunwill provide the payload. All members of this consortium have

a long track record and have in the past provided instrumentu€cessful higlkenergy missiongXMM-
Newton Chandrg BeppoSAXINTEGRAL AGILE, ROSAT Swift NuSTAR and as such have the right level

of expertiseDuring theearly phase of the Definition Phase activities, the ESA management team will work
to secure multilateral agreemeritbese will beestablished betweer8A and the Payload Consortidonding
agencies to formalise the commitments and deliverables of all pakti¥$PE Steering Committee with
representatives from the national funding agencies andvialsghenbeset up to oversee the actiesi of the
Payload Consortiurand the timely fulfilment of the obligations of all parties to kheltilateral Agreement
(MLA).

A Science Data Centrieasbeenconceivedas part of the consortium andresponsible for ensuring suitable
pipeline processingpols forthe science data to produce standard products for ingestion into the aichive
ESA. Whereas the full responsibility of the timely delivery of the instruments and the SDC rests with the Pl
who is supported by theo-Pls and thd?l of the SDC, a consortium council will meet twice a year. In this
council all contributing institutes are repemted taking into account the relative size of the contributions and
this body will advise the Pl in case of conflicts or resource adjustments.

7.2 Procurementand member state contributions

XIPE is planned as an ESénly mission, withonly a small non-critical contributionfrom the Tsingua
University Ching. The Payload and the contribution to the Science Ground Segment will be provided by the
XIPE Consortium, supported by the ESA Member States, with the noticeable exception @htheptics for

which ESAfunded manufacturing is planned, while the testing anctesedd calibration of the focal plane
instruments with the telescope will be supported byXHeE consortium, and carried out at tRANTER

facility (provided as part of the German contributianthe project).
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Table7-1 Overview of member state contributions

Italy Consortium PlInstrument Pland Project Office Germany XIPE co-PI
GPD manufacturing and characterization ICU design & Manufacturing
BackEnd electronics design & manufacturing ICU software
DU assembly design & manufacturing EGSE provision
Filter and calibratiorwheel calibration set desig SDC contribution
& manufacturing PANTERfacility for X-ray tests

XIPE Instrumentcalibration plans & strategy
Malindi Ground Station

Telescope calibration advisory team lead
AIVT activities at system level
Instrumentoperation center lead

SDC contribution

Spain XIPE co-PI Switzerland XIPE co-PI
FPSI design and manufacturing XIPE SDCPI and Project Office
Thermal hardware XIPE SDC engineering, software
Test and assembly facilities development, data processing
SDC contribution

United XIPE co-PI Poland XIPE co-PI

Kingdom Consortiumthermaemechanical aspects of all Power boards design & manufacturin

XIPE payload elements

Filter and calibration Wweeldesign and
manufacturing

France SDC contribution Sweden XIPE background characterization
China Filter and calibratiorwheel filters design &
manufacturing

Mixture/pressure/driftength of the Ga€ell fine
tuning

7.3 Mitigation actions for top risks

In the framework of the XPOL preliminary study the risk assessment has been performed since MSR taking
into account the Instrument baselineXdPE proposal and the outcomes of ESA CDF study.

Most of the identifiedXIPE Instrument medium risks are typical of a phase A project.

The high risk areas, peculiar of this mission, are all related to an early conceptual Instrument baseline, not yet
based on a complete preliminary design assessméd.odtcomes of the XPOL risk assessment is a  risk
mitigation plan, which has been considered in the Instrumentofdd@ealysis as well as DDV and test plan.

As example of this risk mitigation plan Trable7-2 reports four top level risks identified in the risk analysis.

At the completion of XPOL assessment study we can consider all the identified high risks overcome by the
implementation of the itigation design and management solutions iconsolidated XPOL baselinBuch
baseline variation, which is also relevant the Prime level activities, have been widely deepen with ESA and
the two industries in charge of téPE assessment studies.
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Table7-2 Top level risks and mitigation strategy (alreadygwing)

Risk Cause Mitigation Actions
Internal DU Unsatisfactory in source - Implementation of local metrology inside DU to
Calibration sources = repositioning measure the position of calibration source;
do not allow a - Implementation of a high precision encoder on
satisfactory FWC to define the relative position of Calibration
calibration sources.
Date of the DU, BEEU & ICU - Verify the instrument integration pigane starting
instrument/units integration need more from the breasoard activities;
delivery not effort - Development of ICU EM;
respected - Organise the environmental verification of

produced handare in a centralised fashion, with
expert personnel and testing facilities.

Utilization of Radiation sources have t' - FPA Architecture that can allow the DU
radiactive sources | be mounted/dismounted accessibility at satellite integrated level,
for calibration from the DU because not - DU architecture that can allow a easy and quick

impacts the satellite admitted during ground = replacementf radiative sources.
integration schedule operations

GPD Thermal Underestimation of - Development of GPD B/B be tested in thermal
stability not thermal control efficiency environmental;
achieved - Implementation of GPD Flight Representative in

the satellite STM,;
- Development of DU QM.

7.4 Schedule

The XIPE schedule is consistent with a launch date at 2026 with the appropriate margins. Given the currently
high TRL of the different payload components, no item is currently expected to be on the critidaigoaéh.
7-1reports the XPOL phase B/C/D star schedule which identifiéise main tasks, milestos@nd deliveries

for each XPOLunit model.The XPOL master schedule is sumisad as follow:

1 TheXPOL milestones arsynchronisedvith the mission level milestone while the delivery dates are
in compliance with ESA reference dates.

1 The detailed design definition of ti&PE Instrument will start from the finalization of the high level
(Instrument levk specification and Experiment Interface Document. Starting from these documents,
lower level specifications (unit level, equipment level) will be prepared byXtR& consortium
responsible and agreed with the PI.

1 The XIPE Consortium will develop or prare the various items to be collected by the Institutes
responsible for the integration at unit and FPA level.

1 DU and ICU Units will be characterised, calibrated and tested at environmental condition prior the

delivery to the Pl (INAHAPS) for the instrment E2E testing and calibration at the INAF facility,

equipped with polarised-Xay sources.

In parallel with DU and ICU the Focal Plane Structure will be integrated and tested.

After the detector calibration at the INAFRrdy facility, the DU and ICUwill be delivered to the

MPE-PANTERfacility for combined test and calibration with the Mirror Units usingaXs.

1 The current planning considers INTA as a centralised HUB for the environmental test of DU, FPA
STM and FPA structure.

1 During XPOL accommodatioan satellite FMthe performance will be monitored by the means of
the internal sources and the alignment stability will be verified.



XIPE Assessment Study Report paged3

Figure 7-1 XPOL Master Schedule

7.5 ScienceManagement

We have demonstratedonvincingly that a comprehensive and coherent science investigation can be
accommodated within the baseline mission duration. There is a comfortable margin of time available for
investigations not yet considered and which would be part of agoiig Gust Observer programme. The
consumables margin for the spacecraft is further evidence that unexpected sensitivity estimates or completely
new landscape for science discoveries can be accommodated with modest increase in further AO cycles.

A detailed Sciencanagement Plan has not yet beefined In this section we describe thadic principles
of the Science lnagemerlan with a focus on the allocation of observing time. The prime goal of the science
management plan is to ensure the best possible ificieasults for the mission which implies that the best
























