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ABSTRACT

eXTP is a science mission designed to study the state of matter under extreme conditions of density, gravity and
magnetism. Primary goals are the determination of the equation of state of matter at supra-nuclear density, the
measurement of QED effects in highly magnetized star, and the study of accretion in the strong-field regime of gravity.
Primary targets include isolated and binary neutron stars, strong magnetic field systems like magnetars, and stellar-mass
and supermassive black holes. The mission carries a unique and unprecedented suite of state-of-the-art scientific
instruments enabling for the first time ever the simultaneous spectral-timing-polarimetry studies of cosmic sources in the
energy range from 0.5-30 keV (and beyond). Key elements of the payload are: the Spectroscopic Focusing Array (SFA)
- a set of 11 X-ray optics for a total effective area of ~0.9 m? and 0.6 m? at 2 keV and 6 keV respectively, equipped with
Silicon Drift Detectors offering <180 eV spectral resolution; the Large Area Detector (LAD) - a deployable set of 640
Silicon Drift Detectors, for a total effective area of ~3.4 m?, between 6 and 10 keV, and spectral resolution better than
250 eV; the Polarimetry Focusing Array (PFA) — a set of 2 X-ray telescope, for a total effective area of 250 cm? at 2 keV,
equipped with imaging gas pixel photoelectric polarimeters; the Wide Field Monitor (WFM) - a set of 3 coded mask
wide field units, equipped with position-sensitive Silicon Drift Detectors, each covering a 90 degrees x 90 degrees field
of view. The eXTP international consortium includes major institutions of the Chinese Academy of Sciences and
Universities in China, as well as major institutions in several European countries and the United States. The predecessor
of eXTP, the XTP mission concept, has been selected and funded as one of the so-called background missions in the
Strategic Priority Space Science Program of the Chinese Academy of Sciences since 2011. The strong European
participation has significantly enhanced the scientific capabilities of eXTP. The planned launch date of the mission is
earlier than 2025.

Keywords: X-ray astronomy, Neutron Star EOS, Strong Magnetism, Strong Gravity, X-ray timing, spectroscopy.

1. INTRODUCTION

In this paper we present the enhanced X-ray Timing and Polarimetry (eXTP) mission. This is an enhanced version of the
XTP mission [1], which, in 2011, has been selected and funded for Phase O/A as one of the background concept
missions in the Strategic Priority Space Science Program of the Chinese Academy of Sciences. The XTP Phase 0/A
study has been recently completed and successfully reviewed in May 2016. The scientific payload of eXTP consists of
four main instruments: the Spectroscopic Focusing Array (SFA), the Polarimetry Focusing Array (PFA), the Large Area
Detector (LAD) and the Wide Field Monitor (WFM). The fundamental scientific objective of the mission is the study of
matter under extreme conditions, conditions not attainable in terrestrial laboratories. This fundamental goal will be
reached by observing accreting neutron stars (NS) and black holes (BHs) in the X-rays, taking advantage of combining
excellent timing capabilities, very good energy resolution, broadband spectral coverage and X-ray Polarimetry. The
specific science objectives of the core program of the missions are: 1) The study of matter in ultra dense condition like
the ones in the interior of neutron stars; 2) The physics and astrophysics of strong magnetic fields; 3) The study of
accretion in strong-field gravity. An ambitious “observatory” program complements the core science program. eXTP is
currently studied by an international consortium led by the Institute of High Energy Physics of the Chinese Academy of
Science, and which includes many Chinese, European and US institutions, and among the latter a very large fraction of
the LOFT collaboration [2, 3, 4, 5, 6]. The mission study is targeting launch earlier than 2025.

2. THE SCIENTIFIC PAYLOAD

A schematic view of the mission is shown in the left and right panels of Figure 1.

2.1 The Spectroscopic Focusing Array (SFA)

The SFA is an array of 11 identical X-ray telescopes covering the energy range 0.5-20 keV and featuring a total
effective area larger than 0.6 m? at 6 keV, and ~0.9 m? between 1 and 2 keV (Figure 2, left panel). For each
telescope, the requirement on the angular resolution is better than 1’ (HEW) while the Field of View (FoV) is
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Figure 1. The baseline design of the mission is schematically summarized here. The left panel shows an artistic view of the
eXTP satellite, with the payload module tower and four LAD panels. In the right panel the top view of the scientific payload is
shown. The current configuration of the mission includes 11 telescopes of the SFA, 2 telescopes of the PFA, 40 modules for the
LAD and 3 WFM units, each composed of 2 cameras.

expected to be about 12’ (FWHM). The telescopes are based on slumped glass optics (SGO) technology and are
currently developed at the Institute of Precision Optical Engineering (IPOE), of the Tongji University, in China [7].
Different type of coatings -“no multilayer” and “multilayer”- are being studied to maximize the total area at 6 keV.
Different solutions, which meet the requirements of 0.6 m? at 6 keV and 0.9 m? between 1 and 2 keV, have been
obtained. In the current baseline the “no multilayer” option, consisting of only several layers of carbon, nickel and
platinum or iridium, has been adopted. According to the current configuration the telescope focal length is 4.5 m for
an aperture diameter of 450 mm.

1000
900

800 ’rr—\\ BkeV add ML, EA=723 cm2

700 \’

600 T N 1

6keV, EA=683 cmz\ ‘ No multilayer
500 —— With multilayer
400

300
200

100 ™
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0 2 4 6 8 10 12 14 16 18 20
Energy (keV)

Figure 2. Left Panel: the effective area (single unit) of the current design of the eXTP SFA optics. On the right panel the very
first prototype, successfully integrated at IPOE (Tongji University), is shown. The prototype has successfully passed vibration
(5-6 g) and shock (5g) tests and its first performance testing session.

The baseline detector for the SFA is a 7 pixel Silicon Drift Detector (SDD). Studies on the SFA detector are led by the
Max-Planck-Institut fUr extraterrestrische Physik, Garching (Germany). The pixel size is required to be smaller than 3'.
The energy resolution (FWHM) will be better than 180 eV at 6 keV, while the time resolution of the instrument is 10ps.
Currently a trade-off study is being performed to understand whether ASICs are a mandatory choice for the detector
Front End Electronics or whether a solution based on discrete elements electronics can be implemented. A preliminary
estimate of the SFA expected sensitivity is shown in Figure 3.

2.2 The Large Area Detector (LAD)
The LAD onboard eXTP uses the same design and technology of the LOFT mission. The eXTP LAD effective area,
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Figure 3. The sensitivity of the SFA in the 0.5-20 keV energy range (left panel) and for different energy ranges (right panel)
is shown as a function of the exposure. These estimates are preliminary since studies on the background are still on-going
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Figure 4. Left Panel: the eXTP LAD effective area is shown, on a log-log scale, in comparison with the one of the
AstroSat-LAXPC and RXTE-PCA. It largely surpasses any past or currently flying mission and features an unprecedented
value of about 3.4 m? at 6 keV. Right panel: an SDD manufactured by FBK (Italy). Several Prototypes have been
manufactured and extensively tested in the context of the studies for the LOFT mission.

shown in Figure 4, reaches ~3.4 m? at 6 keV. The nominal energy range of the LAD is 2 -30 keV, but the dynamic range
can be extended up to 80 keV to record bright events (e.g., GRBs or magnetar flares) shining through the collimator.
The energy resolution is 250 eV at 6 keV. The FoV is limited to <1° FWHM by compact capillary plate (CP)
collimators. The absolute time accuracy is 1us while the dead time is less than 1% at 1 Crab flux level. The LAD
reaches a sensitivity of 0.01mCrab for an exposure time of 10%. The instrument consists of 40 modules of the same type
developed for the LOFT mission. Each module in fact consists of a set of 4 x 4 detectors and 4 x 4 collimators,
supported by two grid-like frames. The module hosts the read-out electronics, and the power supplies, organized in the
Front-End Electronics (FEE) and Module Back-End Electronics (MBEE). The eXTP LAD modules are organized in
large deployable panels, which host the Panel Back-end electronics (PBEE). The detectors are large-area SDDs
originally developed for the ALICE/LHC experiment at CERN and optimized for the LOFT mission. The typical size is
11 x 7 cm? and 450 u m thickness [3]. Each detector is segmented in two halves with 112 channels each (970 u m pitch
anodes). The rather compact capillary plate collimator is based on micro-channel plate technology. For the LAD, it
consists of a 5-mm thick sheet of lead-glass (>40% Pb mass fraction) with the same size as the SDD detector, perforated
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by thousands of round micro-pores with 83um diameter. The baseline CP collimator is based on Hamamatsu’s round-
pore technology, offering large open area ratio (75%) and a large Pb mass fraction. Alternative design options are
currently being studied in China by Night Vision Technology Co, as well as in Europe, by Photonis (France). Ltd. More
details on the LAD technology can be found in [6, 8, 10]. According to the current plans, the eXTP LAD will be
procured by the institutions and countries already participating to the LOFT Consortium. The development of the
instrument is led by IAPS-INAF (Italy) and MSSL (UK).

2.3 The Polarimetry Focusing array (PFA)

The Polarimetry Focusing Array consists of two identical telescopes with angular resolution better than 30" (with a goal
of 15”) and total effective area of about 250 cm? at 2 keV (see Figure 5). According to the actual baseline, optics are
based on the well known Nickel technology, but a solution based on SGO is also being considered. The telescope
features a focal length of 4.5 m with an aperture diameter of 450 mm. The Field of View is 12'. The focal assembly
consists of two identical photoelectric X-ray polarimeters based on the Gas Pixel Detector concept (GPD, [12, 13]). The
GPD is able to measure the linear polarization of photo-absorbed photons by reconstructing the emission direction of the
ejected photoelectrons. The GPD comprises a gas cell with a thin 50 pm Beryllium entrance window, a Gas electron
multiplier (GEM) and a pixelated charge collection plane, directly connected to the analog readout electronics. The
GEM amplifies the charge of the electron tracks generated in the drift gap, without changing the track shape, and
providing the energy and time information. Below the GEM, at less than a few hundreds micron, the top layer of the
ASIC is covered by metal pads with a high filling factor distributed on a hexagonal pattern. Each pad is connected with
an independent analog electronic channel. The ASIC, a development of INFN-Pisa, has 105600 pixels at 50 um pitch,
and it is at its third generation of development [14]. A prototype of the detector has been recently assembled and tested
at Tsinghua University following a design by the INFN-Pisa group [11]. Thanks to an improved design a very careful
manufacturing a good uniformity of the electric field has been obtained. The energy resolution (FWHM) is about 18% at
6 keV. The measured modulation factor very well agrees with the one predicted by simulations and reaches 0.6 above 6
keV. The systematic error for polarization measurement is less than 1% (at a confidence level of 99%). We refer to [11]
for more details. The energy range of the PFA is 2-10 keV, and the time resolution is 500 ps. The sensitivity is about 5
uCrab for an exposure of 10 s.

100
T

Effective Area (cm?)

& 1 " I i I i
0 2 4 6 8

Energy (keV)

Figure 5. Left Panel: the single telescope PFA effective area. Right panel: different phases of the assembly of the GPD detector
at the Department of Engineering Physics and Center for Astrophysics of the Tsinghua University (China). The composed
picture has been adapted from [11]. The GPD prototype has been extensively tested and the performance is excellent.

According to the current baseline, the procurement of the PFA is led by the Chinese Team.

2.4 The Wide Field Monitor (WFM)

The WFM consists of three pairs of coded mask cameras covering 3.7 sr of the sky at a sensitivity of 4 mCrab for an
exposure time of 1 d in the 2-50 keV energy range. The sensitivity, combining 1 yr of observations, reaches 0.2 mCrab
outside the Galactic plane. The effective FoV of each camera pair is ~70° x70° (90° x90° at zero response). The
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energy resolution is ~300 eV at 6 keV, and the absolute time accuracy is 1 ps. The same SDDs as the LAD are
implemented in the WFC but in a slightly modified geometry. In fact SDDs can provide accurate positions in one
dimension and only rough position information along the second dimension. Therefore, pairs of two orthogonal cameras
are combined to obtain rather precise 2D positions of the monitored sources. ASICs and Front End Electronics share a
design similar to the one of the LAD-SDDs. To obtain the required position resolution, the WFC-SDD anode pitch is
reduced to 145 nm (vs. 970 1 m of the LAD SDDs). The required number of ASICs per SDD is higher (28x IDeF-X
HD ASICs, with a smaller pitch than LAD, and 2x OWB-1 ASICs). The location accuracy is better than 1’, while the
angular resolution is better than 5’. A 25 1 m thick Beryllium window above each SDD protects against micrometeoroid
impacts. The WFM uses the same BEE and PSU of the LAD, but with additional capability to determine photon
positions. The ICU controls each of the six cameras independently and interfaces the PDHU, performing onboard
computation to locate bright transient events in real time. More details on the WFM concept can be found in [6, 10].

Figure 6. Left Panel: a schematic view of the three pairs of the WFM cameras. Right panel: cameras of each pairs are mounted
orthogonally to obtain accurate 2D positions of the monitored sources.

3. THE SCIENCE CASE: MATTER UNDER EXTREME CONDITIONS

As we already mentioned the core science case of the mission is the study of the behavior of matter under extreme
conditions that cannot be attained on earth. More specifically three key objectives constitute the main eXTP science
program: the study of matter in ultra dense condition, the physics and astrophysics of strong magnetic fields, the physics
of accretion in the strong-field limit of gravity. It is out of the scope of this paper to discuss in details the awesome and
broad science capability of the mission. In what follows we will briefly summarize the key aspects of the mission
science case and will present a few illustrative key examples. A series of four white papers is being finalized while this
article is being published. The four white papers will focus on: i) Dense Matter with eXTP; ii) Physics and Astrophysics
of Strong Magnetic Field Systems with eXTP; iii) Accretion in Strong Field Gravity; iv) Observatory science with eXTP.
The awesome eXTP science case will be extensively discussed and argued in these white papers.

3.1 Dense matter with eXTP

One of the key goals of modern physics is to understand the nature of strong interactions, which determines the state of
nuclear matter and sets the physics of neutron stars (NS), where gravity compresses matter to nuclear densities.
Densities in NS cores can reach about 10 times the one of an atomic nucleus most likely forming “exotic” states and
phases of matters, impossible to be realized in the laboratory: nuclear superfluids, strange matter such as hyperons and
deconfined quarks, and the color superconductor phase [15]. As nicely summarized in Figure 7 (taken from [15]),
observations of NS can allow accessing a unique regime of parameter space at high densities (e.g. high baryon chemical
potential) and low temperatures, complementing therefore the research at the Large Hadron Collider and other heavy ion
collision experiments, which aim to probe high temperatures and low densities. To connect strong interaction physics
with observables we can use the NS equation of state (EOS) that relates pressure and density of the star. The EQS is
encoded in the mass vs. radius diagram (M-R diagram) via the stellar structure equations. The knowledge of the M-R
relation allows the determination of the NS EOS and enables the understanding of the microphysics at work in the
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extreme density regions in the interior of NS [15, 17]. The key observational step is the measurement of M and R with a
few % precision and for several sources. Constraints obtained so far with different techniques, such as the modeling of
the spectra of thermonuclear type | bursts or radio pulsar timing (see e.g. [15, 18, 19, 20] and references therein), are
weak. eXTP will mainly use two techniques to constrain M and R for several NS: pulse profile modeling and spin
measurements. Hotspots developing on a low magnetized, fast spinning NS give rise to observed pulse profiles that are
strongly affected by GR light-bending and relativistic Doppler boosting and aberration. These relativistic effects, which
depend on (for example) NS compactness M/R, strongly affect the amplitude of the pulsation and the asymmetry and
harmonic content of the emerging profiles. By fitting high quality (i.e. high statistics) profiles M and R can be recovered
in spite of degeneracies due to unknown factors like e.g. the geometry of the hotspot (size and inclination) and the
observer inclination.

Figure 7. Left panel: The research for the physics of strong interactions spans a wide parameters space, ranging from

EARLY UNIVERSE
: T ‘ T r 00T - - T T
Other Heavy E " ) T
uation of state b
A lon Collisions Quark gluon 1wl A i Mass-Radlus
plasma Nucleonic 25
100 E -
> 9 20F
% phdmbob E\ 5k 4 2
2 104 %, = Strange aals
g R 4 £ cores N 5
= w -
5 NUCLEI £ z
I . = M 10}
£ Hadronic &
2 matter = i
0.1 i E.
i Quark stars 05,
13 ! ]
0014 : ! ‘ L L 000 L . \ .
142 144 146 148 150 152 $ 10 12 14 16
Iog,, Density (g em™) Radius (km)
0001+
0 1 2

Baryon Chemical Potential (GeV)

experiments at terrestrial accelerators, such as at LHC and RHIC, to observations of NS. In particular the low temperature vs.
high Baryon chemical potential (e.g. extreme densities) regime can be explored by NS astrophysics. Progress in understanding
NS matter will most likely reveal new matter states and phases. Figure is taken from the recent and exhaustive review by A.
Watts and colleagues (2016) [15]. Right Panel: different EOS are predicted by different microphysics and convert to different
M-R relations. More specifically the grey band corresponds to a range of nucleonic EOS based on chiral effective field theory.
In red nucleonic EOS are shown. The black curves show the predictions of Hybrid models with strange quark core (black solid)
and (black dashed) hyperon core model. Magenta: quark star model. The Figure has been taken and adapted from [16].

A unique feature of eXTP arises from its polarimetry capabilities. Radiation emerging from the hotspot on the NS
surface is expected to be polarized and the observed polarization degree and angle are modulated with the spin phase. As
discussed in detail in the seminal paper by Vironen and Poutanen (2004) [21], from phase resolved measurements of the
polarization degree and angle both the observer and the hotspot inclination angles can be constrained largely reducing
degeneracies. Accretion-powered millisecond pulsars (AMPs) and burst oscillation sources are ideal eXTP targets for
pulse profile observations and modeling. In Figure 8 (courtesy of J. Poutanen) we present an example of the power of
eXTP in combining the high statistics of the LAD with the PFA to constrain mass and radius of a bright AMP such as
SAX J1808.4-3654, with a 100 ks observation. In general observations ranging from a few to several hundreds of ks are
needed for each source. Although relatively large, these observing times are feasible and therefore within reach of the
core program.

Constraints on the EOS can be obtained from he fastest spin rates and in particular more rapidly spinning NS place
increasingly stringent constraints on the EOS (see [15, 23]). Since eXTP would have a larger effective area than any
preceding X-ray timing mission, it is well suited to discover many more NS spins, using both burst oscillations and
accretion-powered pulsations. One needs the large effective area of eXTP to detect burst oscillations in individual Type
| X-ray bursts to amplitudes of 0.4 % (1.3%) rms in the burst tail (rise). As an example, preliminary simulations have
shown that eXTP can perform a coherent search for intermittent pulsations down to amplitudes of 0.04 % rms (bright),
0.3% rms (moderate), 1.9% rms (faint).
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Figure 8. Constraints on M and R are shown as obtained from an eXTP 100 ks observation of SAX J1808.4-3658 compared to
other existing observations. The blue dashed contours show M and R constraints from pulse profile modeling based on existing
RXTE observations [22]. Similar constrains given by the eXTP LAD are shown by red solid contour and include the
information obtained on the geometry with PFA observations. The nearly perpendicular dotted curves give constraints on M
and R obtained by spectral evolution during photospheric radius expansion bursts as determined using the cooling tail method
[18]. The pink solid curves correspond to different equations of state of cold dense matter. The overlapping region in orange
gives a robust estimate of M and R at a few % level (Courtesy of the eXTP working group on Dense Matter).

3.2 Physics and Astrophysics of Strong Magnetic fields

The broadband, high sensitivity, polarimetry and monitoring capability of eXTP, can provide a deep understanding of
the physics in extremely strong magnetic fields. Magnetars, accreting X-ray pulsars, and rotation-powered pulsars are
key targets for eXTP. The mission will also enable observational studies of QED effects. Magnetars are highly variable
X-ray sources, with magnetic fields of the order of 104 G. Their flux can change by orders of magnitude. Variability
occurs on different time scales, e.g. short bursts, (< 1s), intermediate flares (~1-40 seconds), giant flares (~500 s).
Outbursts can last several weeks to years. Considering their variability and the WFM sky coverage, eXTP is expected to
discover a new magnetar candidate every year, triggering follow up observations with the SFA and the LAD.
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Figure 9. Left: simulated WFM spectrum of a 10 Crab magnetar burst (black points) lasting for 0.05 s. The assumed spectrum
is a double blackbody. Right: Simulated LAD spectrum of the same burst, including an absorption feature at 4.5 keV. The
lower panel shows the residual with respect to the best fit continuum and illustrates how the potential proton cyclotron line

would be significantly observed. (Courtesy of the eXTP working group on Strong Magnetism).
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As an example, in Figure 9 we illustrate how even a short duration (0.05 s) faint burst (10 Crab) is detected by the WFM
with high significance. For the same burst a resonant scattering feature at 4.5 keV can be detected with high significance
(>80). Thanks to the large field of view of the WFM a large fraction of the Galactic Plane will be covered during most
eXTP pointings. This allows to monitor the spin period of several magnetars, obtaining phase-connected timing
solutions. Through this monitoring, eXTP can detect glitches [24, 25], precession [26, 27], and will accurately measure
braking indices [28, 29]. As shown in Figure 10, systematic time monitoring with eXTP will allow us to detect the
amplitude of free precession down to a level of A £~107{-9} Hz in a magnetar like SGR 1900+14.

Af (107 Hz)

800 1000 1200
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time(Day)

Figure 10. eXTP simulation of frequency variation due to free precession in SGR 1900+14. The input spectrum is an absorbed
blackbody plus a power law. The hydrogen column density, the black body temperature and its normalization are the same as
for SGR 1900+14, i.e. 1.610%2 cm?, 0.5 keV and 7.1 respectively. A sinusoidal modulation of the free precession is assumed.
Each point has a duration of 2 ks, that for 2 weeks monitoring gives a total exposure time of 1.15x10°s. (Courtesy of the eXTP
working group on Strong Magnetism).

Accreting X-ray pulsars are key targets for eXTP. Particularly relevant will be the observational studies on the
polarization properties of the radiation emerging from these objects. In their seminal paper Meszaros et al. (1988) [30]
have shown that the X-ray linear polarization depends strongly on the geometry of the emission region, and varies with
energy and pulse phase, reaching very high degrees, up to 70% (see Figure 1 of [30]). We have estimated for several
sources the exposure required to constrain the linear polarization fraction to better than 10% accuracy, which implies also
that polarization angles will be significantly constrained too (Figure 11). For bright persistent sources, exposures of ~10
ks will be sufficient for phase resolved studies. For weak sources, significant polarization will be detected with exposures
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Figure 11. Left panel: We show the eXTP exposure required to constrain the linear polarization degree to better than 10%
accuracy. With this exposure, polarization angles will be significantly constrained as well. Three cases are shown: 1) bright
source (Vela X-1, Fa1okev~1.610"° erg s cm?); 2) a weak persistent source (X-Per, F2-10kev~6x1071° erg s cm?); 3) a Be
Transient in outburst (V 0332+53, Fa1okev~1.6%<10% erg s cm). Right panel: The variation of the CRSF energy with
luminosity is shown for V0332+53. LAD observations will allow accurate measurements of the line energy even at very low
luminosities, extending the study of the correlation between the line and the luminosity on a very wide luminosity range.
(Courtesy of the eXTP working group on Strong Magnetism).
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of ~100 ks, which still allows phase resolved studies with Ms exposures. The phase dependence of the polarization
properties is closely related to the geometry of the emission region. This can be probed by eXTP through the analysis of
the energy and luminosity dependence of pulse profiles and cyclotron lines. The long observations required for
polarization studies will in addition yield high quality pulse profiles and will help to extend studies on the luminosity
dependence of the cyclotron resonance scattering feature (CRSF) to low luminosity, probing the regime switch expected
for accreting pulsars from local super-Eddington to sub-Eddington accretion (Figure 11) [31, 32, 33].

The eXTP mission will provide the first tests of one of first predictions of QED: vacuum polarization and the effect of
strong magnetic fields on the propagation of light [34, 35, 36]. Observations of NS can verify that this effect exists [37,
38, 39]. For magnetars this effect is the strongest, given their fields of ~10'*!> G. Vacuum birefringence increases the
expected linear polarization of the emerging X-rays from about 5-10% to nearly 100% [39]. It is nearly as strong for
neutron stars with magnetic fields of 10> G. An example of how eXTP observations will reach this goal is shown in
Figure 12 where the observed pulsed light curve, and phase resolved degree and angle of polarization are shown for a 1
Ms observation of AXP 1RXSJ170849.0-400910 after properly accounting for QED effects.
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Figure 12. Pulse profile, and phase dependent degree and angle of polarization expected in 1Ms observation of AXP
1RXSJ170849.0-400910 assuming the twisted magnetosphere model [see 37 for details]. The points have been simulated
taking into account QED effects (blue line). The red curve (no QED effects) is not consistent with the observed data. (Courtesy
of the eXTP working group on Strong Magnetism).

3.3 Accretion in strong field gravity

One of the major challenges of modern astrophysics is the study of matter close to the event horizon of black holes,
where gravity is in the strong-field regime. The motion of matter near super-massive black holes (in AGN) and stellar-
mass black holes (in X-ray binaries), dominated by gravity, provides a powerful diagnostic to study the deep potential
well generated by the central object, infer its mass and spin, and verify some of the crucial predictions of General
Relativity (GR) in the strong-field regime. The two most important direct diagnostics of matter behavior in the strong-
field regime are relativistically broadened Fe lines [40, 41] and relativistic time-scale variability, in particular quasi-
periodic oscillations [QPOs, 42, 43, 44, 45]. eXTP combines the spectral resolution required for resolving relativistic
lines with the large photon throughput required to study their variability on time scales down to well below the
dynamical time scale of the strong-field region. In addition, polarization information will allow us, for the first time, to
investigate the accretion/ejection flows around black hole using different techniques that will complement each other. In
this paper we cannot fully present the eXTP capability to explore physical phenomena in the strong gravity regime.

We will, as before, focus on a few selected examples. In the simulation illustrated in Fig. 13, we show on the left panels
the spectrum of a 0.5 Crab BH with maximal spin (e.g. GRO J1655-40, [46]). An eXTP observation can provide a
measurement the inner radius of the disc and the radial emissivity with 1-2% accuracy in only 100s. Such
unprecedentedly short timescale enables for the first time the study of the variability of the innermost region on a time-
scale comparable to variations of outflow components such as winds and jets. This will open a new observational
window on how the ejection properties are linked to the inner accretion flow. In the right panels of Figure 13, we show
the eXTP spectrum obtained by a 100 ks integration of a 2 mCrab AGN, with spin parameter a=0.5. Our simulations
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show that in AGN the energy resolution of eXTP together with the large effective area and broadband energy coverage
provided by the SFA and LAD combination, allow us to disentangle the spectral complexities in the Fe K region and
measure the reflection continuum shape, to successfully extract the relativistic reflection parameters and recover the
black hole spin to 10% accuracy.
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Figure 13. Upper left panel: eXTP broadband (SFA+LDA) spectrum for an exposure of 0.1 ks of a 0.5 Crab, maximally
rotating XRB BH such as GRO J1655-40 [46]. Upper right panel: eXTP spectrum obtained with a 100 ks integration of a 2
mCrab, spin a= 0.5 AGN. Lower panels, confidence levels for the disc emission vs. inner radius for XRB (left ) and inclination
vs. black hole spin for AGN (right ) (1, 2, and 3 sigma solid, dotted, and dashed lines respectively). (Courtesy of the eXTP
working group on Strong Field Gravity).

The broad band pass from 0.5 to 30 keV of eXTP, the good energy resolution, and its large photon throughput, enables
the reverberation lags of the disk blackbody, Fe K lines and Compton reflection humps to be measured simultaneously,
so that each provides a separate measure of the disk inner radius (see Uttley et al. 2014 for a detailed review on
reverberation mapping [47]). This allows an accurate and independent determination of the BH spin, if the disk extends
to the ISCO. Many more details on the dramatic improvements in reverberation studies especially for XRB, are to be
found in the eXTP white paper on accretion in strong-field gravity. Another technique to measure the radius (at ISCO)
of the of the accretion disk in XRBs and hence the spin of the BH is given by the continuum-fitting method ([48], [49]).
A wide range of spins has been measured with this technique, but in many case errors are large and systematic errors
cannot be excluded (see [50] and references therein). By combining its powerful spectral-timing approach eXTP will
allow a big step in the accuracy of the use of disk thermal emission fitting to map the innermost regions and measure
BH spins.

As a second enlightening example, we show in Fig. 14 the sensitivity (in fractional rms) of the eXTP instruments (LAD,
SFA and the combination of the two) for the detection of a QPO with a FWHM of 10 Hz. The left panel shows the case
if we fix the exposure time to 10 ks and for a flux variable between 0.001 to 1 Crab (the flux range of most XRBs). The
right panel shows the case for a source at 1 Crab flux, and for a variable exposure time between 100 s and 10 ks. eXTP
will bring an improvement of at least one order of magnitude in sensitivity compared to RXTE/PCA, still the best
instrument allowing high time resolution studies so far. eXTP’s large effective area will allow us to measure the QPO
waveforms either directly, for QPOs that will for the first time be detected coherently, or by Fourier reconstruction.
Coherent detection requires the collection of a sufficient number of photons for detection within the signal’s coherence
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time, and hence can be confidently predicted for signals that are only incoherently detected in current data. So far,
coherent detection has been limited to a few, high coherence low frequency QPOs and even in those cases S/N, spectral
resolution, or both were insufficient to study the phase dependence of the spectral shape. With eXTP, coherent detection
will be common for low-frequency QPOs. Most neutron star kHz QPOs, well detected in previous missions, will be
detected for the first time coherently with eXTP. In addition, the LAD will enable phase-resolved spectroscopy of QPOs.
With a 50 ks eXTP observation of GRS 1915+105, phase-resolved spectra in 20 QPO phases can be significantly
constrained. This implies that the change in shape of the iron line as a function of QPO phase resulting from Lense-
Thirring precession of the inner flow can be clearly detected.

Texp = 10 ks - FWHM =10 Hz , 1 Crab source - FWHM = 10 H:z

100
11 LFA [0.5-20 ke
LAD {2-30 keV)

11 LFA (0.5-20 kaV)
LAD (2-30 keV)

0.001 0.01 0.1 107 10?
Source flux (Crab) Exposura time (g)

Figure 14. Right Panel: simulated eXTP sensitivity in fractional rms% for QPO with FWHM=10 Hz as a function of exposure
for a source with flux equal to 1 Crab. Right Panel: simulated eXTP sensitivity in fractional rms% for QPO with FWHM=10
Hz as a function of flux for 10ks exposure. In both panels each stripe marks the 3 sigma and 5 sigma significance levels (lower
and upper boundary, respectively). Different colors correspond to different instrument: RXTE, 5 PCUs (magenta); SFA
(erroneously labeled as LFA in the figure), 11 telescopes (red); LAD, 40 elements (blue), sum of SFA (0.5-20 keV) and LAD
(0.5-30 keV) (white). (Courtesy of the eXTP working group on Strong Field Gravity).
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Figure 15. Measured (black points) and input (red lines) polarization degree (left) and angle (right) as a function of QPO
phase from our simulation of a 1 Hz QPO. We see that the modulations in polarization properties are recovered well by
eXTP . A 1 kHz QPO was simulated for a GRS 1915+105-like source in its intermediate state based and adapted from the
RXTE observation reported in [51].
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A unique capability of eXTP will be the combination of X-ray polarimetric and timing information. This is enabled by
the PFA and the LAD combination, which allows the photon polarization signal obtained by the PFA to be cross-
correlated with the very high S/N light curves obtained by the LAD, to allow the time-dependent polarization signal to
be extracted using similar approaches to spectral-timing measurements such as reverberation and QPO phase resolved
studies. Although the details of the technique are out of the scope of this paper, we wish to show in Figure 15 (black
points) the resulting phase-folded polarization degree (left) and angle (right) plotted as a function of QPO phase for a
GRS 1915+105-like source. The points are clearly not consistent with constant polarization properties. The red line on
each plot shows the input modulation. The technique provides again a powerful independent diagnostics of the accretion
flow geometry, and constraints on key parameters like the BH spin. As discussed above, information on the accretion
flow and measurements of the BH spin can be independently obtained by iron lines studies, including reverberation
mapping and QPO phase resolved spectroscopy, continuum-fitting method and QPO phase resolved polarization studies.
In addition, a fourth probe can be used: the energy dependence of the polarization angle and degree of the accretion disk
emission, which significantly changes with the BH spin. Such an impressive combination of independent methods
makes eXTP unique for strong-field accretion studies.

3.4 eXTP as an observatory

With a uniquely high throughput, good spectral resolution, wide sky coverage, and polarimetry capability, eXTP is a
powerful observatory very well suited for a variety of studies complementing the core science objectives. The SFA will
provide high sensitivity in a soft but wide bandpass of 0.2 to 15 keV, the PFA will provide X-ray polarimetry capability,
the LAD will provide the best timing and spectroscopic studies ever for a wide range of high energy sources brighter
than 1 mCrab in the 2 to 30 keV band, and the WFM, with its unprecedented combination of field of view and imaging
down to 2 keV, makes eXTP a discovery machine of the variable and X-ray transient sky. The WFM will reveal many
new sources for follow-up with the SFA, PFA, LAD and other facilities. The WFM will also be monitoring daily
hundreds of sources, to catch unexpected events and provide long-term records of their variability and spectroscopic
evolution. We observe that no other All Sky Monitor is currently planned for the 2020s. eXTP will be a unique,
powerful X-ray partner for other new large-scale facilities across the spectrum likely available in the 2020s, such as
gravitational waves and neutrino experiments, SKA and pathfinders in the radio, LSST and E-ELT in the optical, and
CTA at TeV energies (Figure 16). In particular eXTP will be a powerful complement for the exploration of the
gravitational waves sky, since it will reveal the electromagnetic signals and hence the counterparts associated to many of
the still to be discovered sources of gravitational waves. In addition the eXTP’s core program will synergically explore
key physics issues at the core of gravitational wave astronomy. A number of key targets for the observatory science
program (e.g., low-mass X-ray binaries or "LMXBs’) coincide with those that will be observed as part of the eXTP ’s
core program. Some observatory science goals will thus be pursued from the same observations and do not require
additional exposure time. Other targets of the observatory science program (e.g., accreting white dwarfs, blazars, high
mass X-ray binaries), can in turn provide useful comparative insights for the core science objectives.

4. CONCLUSIONS

Building on the heritage of the XTP study in China and of the LOFT studies in Europe, an international consortium led
by the IHEP of the Chinese Academy of Sciences is currently developing the eXTP mission. Thanks to the combination
of state-of-the-art instrumentation, eXTP will address fundamental questions of physics and astrophysics, with
broadband, high throughput, good energy resolution and polarimetry observations of bright objects of the X-ray sky. Its
core objectives make eXTP fully complementary to ESA’s ATHENA mission. eXTP will also be a milestone of the
multi-messenger exploration of the Universe in the next decade. As of today, the Consortium aims at a launch date
before 2025, which is feasible considering the maturity of the many elements of the mission. Currently, the already
existing eXTP working groups are being enlarged to an even wider community so to make this challenging mission a
truly world-wide effort of the astronomical and astrophysical community.
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Figure 16. Multi-messenger facilities relevant to eXTP. Colors indicate similar wavebands from the radio (brown) via IR (red)
and optical (green) to X-rays (blue) and gamma rays (purple). Grey bands: gravitational wave and neutrino detectors. Dark colors:
current end of funding, light colors: expected lifetime, where known, independent of funding decisions. The thin line separates
space-based (top) from ground-based (bottom) facilities. (Courtesy of the eXTP working group on observatory science).
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