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In this White Paper we present the potential of the enhanced X-ray Timing and Polarimetry (eXTP) mission for studies related to
Observatory Science targets. These include flaring stars, supernova remnants, accreting white dwarfs, low and high mass X-ray
binaries, radio quiet and radio loud active galactic nuclei, tidal disruption events, and gamma-ray bursts. eXTP will be excellently
suited to study one common aspect of these objects: their often transient nature. Developed by an international Consortium led
by the Institute of High Energy Physics of the Chinese Academy of Science, the eXTP mission is expected to be launched in the

mid 2020s.

Keywords: space research instruments, nuclear astrophysics, flare stars, accretion and accretion disks, mass loss and
stellar winds, cataclysmic binaries, X-ray binaries, supernova remnants, active galactic nuclei, X-ray bursts, gamma-ray

bursts, gravitational waves
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1 Introduction

The enhanced X-ray Timing and Polarimetry mission
(eXTP) is a mission concept proposed by a consortium led by
the Institute of High-Energy Physics of the Chinese Academy
of Sciences and envisaged for a launch in the mid 2020s. It
carries 4 instrument packages for the 0.5-30 keV bandpass,
with the primary purpose to study conditions of extreme den-
sity, gravity and magnetism in and around compact objects
in the universe. The scientific payload of eXTP consists of:
the Spectroscopic Focusing Array (SFA), the Polarimetry Fo-
cusing Array (PFA), the Large Area Detector (LAD) and the
Wide Field Monitor (WEM).

The eXTP instrumentation is discussed in detail in Zhang
et al. (2017). We summarize as follows. The SFA is an array
of nine identical X-ray telescopes covering the energy range
0.5-20 keV with a spectral resolution of better than 180 eV
(full width at half maximum, FWHM) at 6 keV, and featuring
a total effective area from ~0.5 m? at 6 keV to ~ 0.7 m? at
1 keV. The SFA angular resolution is ~ 1’ and its sensitivity
reaches 107'% erg s~ cm™ (0.5-20 keV) for an exposure
time of 10* ks. In the current baseline, the SFA focal plane
has 19 hexagon pixels over a 12’ field of view consisting of
silicon drift detectors that combine CCD-like spectral resolu-
tions with very small dead times, and therefore are excellently
suited for studies of the brightest cosmic X-ray sources at the
smallest time scales.

The PFA consists of four identical X-ray telescopes that
are sensitive between 2 and 10 keV, have an angular resolu-
tion better than 30”” and a total effective area of ~ 500 cm? at
3 keV (including the detector efficiency). The PFA features
Gas Pixel Detectors (GPDs) to allow polarization measure-

ments in the X-rays. It reaches a minimum detectable polar-
ization (MDP) of 5% in 100 ks for a Crab-like source of flux
3x107" erg s™! cm™2. The detector covers a 12’ field of view
with 103 pixels. The spectral resolution is 1.8 keV at 6 keV.

The LAD has a very large effective area of ~ 3.4 m?
at 6 keV, obtained with non-imaging silicon drift detectors,
active between 2 and 30 keV with a spectral resolution of
about 260 eV and collimated to a field of view of 1 degree
(FWHM). The LAD and the SFA together reach an unprece-
dented total effective area of ~ 4 m?.

The science payload is completed by the WFM, consist-
ing of 6 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 to 50 keV energy range, and for a typical sensitivity of
0.2 mCrab combining 1 yr of observations outside the Galac-
tic plane. The instrument will feature an angular resolution
of a few arcminutes and will be endowed with an energy res-
olution of about 300 eV.

The baseline for the observatory response time to targets
of opportunity within the 50% part of the sky accessible to
eXTP is 4-8 hours. Dependent on the the outcome of mis-
sion studies, this may improve to 1-3 hours. The launch is
currently foreseen in the mid 2020s.

With a uniquely high throughput, good spectral resolution,
polarimetric capability and wide sky coverage, eXTP is an
observatory very well suited for a variety of studies comple-
menting the core science of strong gravity (De Rosa et al.,
2017), dense matter (Watts et al., 2017) and strong mag-
netism (Feng et al., 2017). The SFA will provide high sensi-
tivity in a soft but wide bandpass, the PFA will provide X-ray
polarimetry capability, the LAD will provide the best tim-
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Figure1 Multi-wavelength and multi-messenger facilities relevant to eXTP. The thin line separates space-based (top) from ground-based (bottom) facilities.
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: funded lifetime, light colors: expected lifetime, where known, independent of funding decisions. Missions might

last longer.

ing 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 dis-
covery machine of the variable and transient X-ray sky. The
WEFM will reveal many new sources that need to be followed
up with the SFA, PFA, LAD and other facilities. Experience
from the past decades shows that newly discovered, unfore-
seen types of sources will provide unexpected insights into
fundamental questions. The WFM will also be monitoring
daily hundreds of sources, to catch unexpected events and
provide long-term records of their variability and spectro-
scopic evolution. Several targets of the eXTP core program
(e.g., low-mass X-ray binaries) allow one to address scien-
tific questions beyond those related to the key mission science
goals. Thus, they can be used to fulfill the observatory sci-
ence goals without requiring additional exposure time. Other

targets are instead uniquely observed as part of the observa-
tory science program (e.g., accreting white dwarfs, blazars,
high mass X-ray binaries), in turn providing useful compara-
tive insights for the core science objectives.

eXTP will be a unique, powerful X-ray partner of other
new large-scale multi-messenger facilities across the spec-
trum likely available in the 2020s, such as advanced grav-
itational wave (GW) and neutrino experiments (Advanced
LIGO and Virgo, KAGRA, LIGO-India, Einstein Telescope
in GWs and KM3NeT and Icecube in neutrinos), SKA and
pathfinders in the radio, LSST and E-ELT in the optical, and
CTA at TeV energies (Fig. 1). First eXTP and 4 years later
Athena will be the major facilities in the X-ray regime and as
such cover the hot and energetic non-thermal phenomena of
any cosmic object, Athena focusing on diffuse constituents
in the early Universe and eXTP focusing on bright, vari-
able and transient phenomena. eXTP will be particularly
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suitable for electromagnetic (EM) studies of GW sources, an
exciting field of research whose birth we witnessed through
GW170817/GRB170817A (Abbott et al., 2017e; Goldstein
et al., 2017). The combined EM/GW signal is expected to
provide us new insights of neutron stars through their merger
events, see Sect. 11 and (Watts et al., 2017). Steady GW
sources related to spinning neutron stars and ultracompact
X-ray binaries may also be detected and identified in the
coming decades, providing new diagnostics for these multi-
wavelength sources that are particularly bright in the radio
and X-ray bands, see Sect. 5 and Watts et al. (2017).

To explain the science case for eXTP as an observatory
in a kaleidoscopic manner in this paper, material is drawn
from eleven White Papers that were written for the LOFT
study by scientists from the community at large (Amati et al.,
2015; de Martino et al., 2015; De Rosa et al., 2015; Don-
narumma et al., 2015; Drake et al., 2015; in ’t Zand et al.,
2015; Maccarone et al., 2015; Marisaldi et al., 2015; Mignani
etal., 2015; Orlandini et al., 2015; Rossi et al., 2015). LOFT
was an ESA mission concept with two of the three primary
science goals of eXTP and larger versions of the LAD and
WFM. The outstanding capabilities of all four eXTP instru-
ments will enable to answer key questions that could not be
addressed for many years, due to a lack of facilities with suf-
ficient sensitivity. These questions, across a broad swath of
topics, will not be answered by any other planned future X-
ray facility. The eXTP science involves a wide range of ob-
jects, from normal stars to supermassive black holes in other
galaxies. These objects have a wide range of fluxes. The
wide range in capabilities of the instrument package allows
one to deal with this range in fluxes: bright sources with the
LAD, WEFM, and PFA; faint sources mainly with the SFA.
In this White Paper, the main questions are briefly discussed
per category of objects, in order of approximate distance, that
can be addressed with eXTP and that are not dealt with in the
other eXTP White Papers on strong gravity, dense matter and
strong magnetism. Due to the breadth of the science, this pa-
per can only summarize those questions.

2 Flare stars

On the Sun, flares occur in close proximity to active regions
that are characterized by boosted localized kG-strength mag-
netic fields (Benz & Giidel, 2010; Carrington, 1859; Giidel &
Nazé, 2009; Guo & Zhang, 2006). Loops from these regions
extend into the solar corona and, as the footpoints of these
loops are jostled by solar convective motions, they are twisted
and distorted until magnetic reconnection occurs. There is
then a sudden release of energy, resulting in the accelera-
tion of electrons and ions in these loops up to MeV ener-

gies, emitting non-thermal radio (gyrosynchrotron) and non-
thermal hard X-ray emission (bremsstrahlung and Compton
back scattering). These energetic particles both stream away
from the Sun and down the loops where they deposit sub-
stantial amounts of energy to the lower solar atmosphere (the
chromosphere), producing the observed intense hard X-ray
emission at the loop footpoints (Benz & Giidel, 2010; Huang
& Li, 2011). Flares are also observed on other late-type stars,
with luminosities up to 10*3 erg s7! and durations from less
than an hour to several days or longer (He et al., 2015; Nor-
don & Behar, 2008). The high temperatures result in spectral
peaks in the soft to hard X-ray regime, which makes them
particularly visible with wide-field high duty cycle monitor-
ing devices such as the WFM.

eXTP can contribute greatly to our understanding of stellar
flares. Expanding our knowledge of stellar flaring is crucial
to examining the influence of transient sources of ionizing ra-
diation from a host star on exoplanet systems, important for
habitability concerns and space weather which other worlds
might experience (e.g. Segura et al., 2010). Such studies ex-
tend the solar-stellar connection in determining the extent to
which solar models for conversion of magnetic energy into
plasma heating, particle acceleration and mass motions ap-
ply to the more energetic stellar flares. Extrapolating from
lower efficiency high-energy monitoring observatories, eXTP
will detect at least 35 superflares per year from stars exhibit-
ing the extremes of magnetic activity. The anticipated source
types include young stars, fully convective M dwarfs, and
tidally locked active binary systems. The wide-field monitor-
ing capability of eXTP will also likely enable the detection of
flares from classes of stars hitherto not systematically studied
for their flaring, and will be important for expanding our un-
derstanding of plasma physics processes in non-degenerate
stellar environments. Four important questions that eXTP
can address are:

o What are the properties of the non-thermal particles re-
sponsible for the initial flare energy input? The study of
the flare distribution with energy and of their temporal be-
havior, e.g., spikes, oscillations, etc., will be enabled by
eXTP’s sensitive hard X-ray capability provided by the
LAD, far in excess of previous missions.

o What are the physical conditions of the thermal plasma
whose emission dominates the later stages of stellar flares?
Through its soft X-ray capabilities, eXTP will enable us
to study the variation of properties such as the tempera-
ture and elemental abundances as a function of time during
flares.

o What is the maximum energy that stellar flares can reach?
The wide-field, broad X-ray band and high-sensitivity ca-
pabilities of eXTP will enable us to detect the rare “super-
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Figure 2 Left: artist’s impression of the 2014 April 23 “’superflare” of one of the stars in the wide M dwarf binary DG CVn (credit Scott Wiessinger of
the NASA/GSFC Scientific Visualization Studio). Right: Simulated LAD spectrum of a 1000 s time segment of a flare with similar flux and spectrum to the
second, slightly less powerful flare of DG CVn 3 hours after the first outburst. Notice the well-exposed He-like Fe lines at 6.7keV and 7.9 keV which would

enable an accurate coronal Fe abundance to be derived.

flares” that have been only sporadically detected by pre-
vious and current missions: better understanding of the
prevalence of such powerful events is important both for
the physics of stellar flares and for the implications of their
effect on potential planets orbiting these stars (see Fig. 2).

o What is the origin of flares from stars in nearby young as-
sociations? eXTP sensitivity will allow one to detect flares
from stars in nearby young associations, such as the TW
Hya group, at distances up to 60 pc. As discussed by Benz
& Giidel (2010), young stars with accretion disks like TW
Hya are expected to have a second type of flares due to
interactions between the magnetic fields of the active re-
gions and the disk. It is an open question as to whether
these flares have different properties than the better known
in situ stellar flares (especially due to the very limited de-
tections of these events in the X-rays).

3 Supernova remnants

Supernova remnants (SNRs), including pulsar wind nebu-
lae (PWNe), are important Galactic producers of relativistic
particles and emitters of diffuse X-ray synchrotron radiation
(Reynolds, 2008; Reynolds et al., 2007). eXTP is expected
to provide breakthroughs in some longstanding problems in
the studies of shell SNRs and PWNe via fine measurement of
the distribution of magnetic fields and polarized emission.
The strong shocks driven by supernova explosions are
commonly regarded as the main factory of the cosmic rays
(CRs) with energy up to 3 X 10" eV (the so called “knee”),
and accumulating evidence has also pointed to this notion
(Blasi et al., 2015; Caprioli, 2015). Despite the well estab-
lished theory of diffusive shock acceleration for CRs, many

crucial problems in the acceleration process remain unsolved,
such as the injection mechanism of particles and energy, the
efficiency of acceleration, the size of the acceleration region,
and the upper limit of particle energy (Blasi et al., 2013;
Hillas, 2005). Clues to solve the problems can be provided by
the non-thermal X-ray emission of the relativistic electrons
arising from the strong shocks of SNRs.

In particular, eXTP will be powerful in addressing the fol-
lowing questions about SNRs and PWNe:

o What effect does the orientation of injection with respect
to the direction of the magnetic field have on the shock ac-
celeration efficiency in SNRs? In the acceleration mech-
anisms, it remains unclear how the orientation of injec-
tion with respect to the magnetic lines affects the ac-
celeration efficiency (“quasi-parallel scenario” or “quasi-
perpendicular scenario”; Fulbright & Reynolds, 1990).
SN1006, a SNR with a bilateral-like non-thermal X-ray
morphology, is an ideal example to study this problem.
The most recent radio polarization observation favors the
case of quasi-parallel injection (Reynoso et al., 2013).
eXTP can resolve the X-ray structures in the SNR (30’
in diameter) and provide spatially resolved physical infor-
mation for them. The PFA polarimeter can measure the
polarization degree and angle in the post-shock region of
SN1006 with 15” angular resolution (see Fig. 3-left). The
measurement accuracy will be about 2% for the polariza-
tion degree (0 4op; assuming a polarization degree of 17%)
and 3° for the position angle (opa) after a 0.5 Ms obser-
vation of filaments 1 and 2. With a 10 ks observation,
the SFA can obtain spatially resolved spectra of the non-
thermal emission of the shell (see Fig. 3-right for the sim-
ulated spectra of ’filament 1’ in the northeast of the SNR).
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Figure 3  (Left) The 2-8 keV image of SN1006 convolved with the PFA angular resolution (15”). For the boxes around filaments 1 and 2, the polarization
can be measured with accuracies of oqop = 1.8% and 2.1% and opa = 2.9 and 3.2 deg for an exposure time of 0.5 Ms, respectively. (Right) Simulated SFA
spectrum of region ’filament 1’ in the northeast of SN1006 with a 10 ks observation. A model is employed of synchrotron radiation from an exponentially
cutoff power-law distribution of electrons with the parameters hydrogen absorption column density Ny = 6.8 x 102 cm~2, power-law photon index of -0.57
and cut-off energy of 0.5 keV.

The eXTP polarization measurement and spectral analy-
sis are thus expected to give a precise answer to a specific
physical problem.

What is the intensity of the synchrotron radiation and the
orientation of the magnetic field in the forward shock and,
especially, the reverse shock in SNRs? While CR accelera-
tion has been extensively studied at the forward shocks of
SNRs, how the reverse shocks accelerate CRs became an
intriguing question in recent years. Using a 1 Ms Chandra
observation towards Cas A, most of the non-thermal emis-
sion from the SNR was found in the reverse shock (Helder
& Vink, 2008; Uchiyama & Aharonian, 2008). eXTP will
be able to test this result and compare the polarization pa-
rameters between the forward and reverse shocks. With an
exposure time of 2 Ms, the PFA polarimeter can measure
the polarization degree and angle of 0.5'x1" sub-structures
in Cas A (4.2-6 keV) with an accuracies of 04,p~3% and
opa~10° for the forward shock (assuming a polarization
degree of 10%), and 04op~1.5% and ops~8° for the re-
verse shock (assuming a polarization degree of 5%). The
spatially resolved polarization measurements with eXTP
will provide crucial information on the magnetic field at
the reverse shock where CRs are effectively accelerated.
What is the spatial distribution of the non-thermal X-ray
emitting components with respect to that of the thermally
emitting regions in SNRs? Since the first detection in

SN1006 (Koyama et al., 1995), non-thermal X-ray emis-
sion has been detected at the rims of several SNRs. This is
believed to be due to synchrotron radiation of the CR elec-
trons accelerated by the SNR shocks (e.g. Ballet, 2006).

In addition to the non-thermal X-ray dominant SNRs
(such as SN1006 and RX J1713-3946) and a few young
SNRs (such as Cas A and Tycho) in which non-thermal and
thermal X-ray emission can be spatially/spectroscopically
resolved, there are several SNRs in which potential non-
thermal X-ray emission can hardly be distinguished from
the thermal emission. These SNRs include N132D,
G32.4+0.1, G28.6-0.1, CTB 37B, W28, G156.2+5.7, etc.
(e.g. Nakamura et al., 2012). Thanks to the large collecting
area of eXTP in the hard X-ray band, short exposures of
SFA towards these SNRs can collect enough photons for
spectral analysis to clarify whether the hard X-ray emis-
sion is non-thermal. The enlarged sample of non-thermal
X-ray emitting SNRs in various environments and at dif-
ferent ages will allow one to study the mechanism of CR
electron acceleration and to constrain the leptonic emis-
sion, acceleration efficiency, magnetic field and other in-
terstellar conditions.

e Which are the mechanisms of amplification of the mag-

netic field at the SNR shocks? Several high-energy ob-
servations of SNRs are consistent with a magnetic field at
the shock far exceeding the theoretically predicted shock-
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compressed strength. The joint capability of eXTP to
measure X-ray emission and polarization will allow one
to test current models of amplification of magnetic fields
by SNR shocks. It is believed that such shocks propa-
gate into a generally turbulent interstellar medium (Arm-
strong et al., 1995). The turbulence can be pre-existing or
caused by the shock itself via, e.g., a non-resonant stream-
ing instability of cosmic-rays as first found by Bell (2004).
In the former case, the density inhomogeneities traversed
by the shock front are expected to produce corrugation of
the shock surface; such a surface, as it propagates fur-
ther, triggers differential rotation of over-densities during
their shock-crossing generating vorticity, therefore ampli-
fying the magnetic field via a small-scale dynamo process
in the downstream fluid (Fraschetti, 2013; Giacalone &
Jokipii, 2007; Inoue et al., 2012). The field growth is ex-
ponentially fast, as short as years or months (see, e.g., the
rapid changes in hot spots brightness observed in the SNR
RXJ1713.7-3496 and in Cas A; Patnaude & Fesen, 2009;
Uchiyama et al., 2007), likely due to synchrotron electron
cooling in a strong magnetic field.

eXTP’s polarimetric capability will be a valuable asset
here in the sense that it will provide, for the first time, the
polarization in those hot spots, leading to estimates of the
coherence scale of the magnetic turbulence. This will be
of the order of the Field length (i.e., about 0.01 pc; Field,
1965) if the vortical mechanism dominates. Indeed, the
growth time scale of the magnetic turbulence is approxi-
mately equal to the ratio of the Field length to the local
shock speed. As described above, a 1 Ms exposure on Cas
A would allow one to measure the polarization degree (an-
gle) with an accuracy better than 1% (3°) for the forward
shock. The proposed analysis requires relatively high SNR
shock speeds (not too high to have a growth time at least
of a few months) colliding with dense clouds or propa-
gating into a region with significant clumpiness. By ob-
serving the X-ray emission during the early phases of the
shock/cloud collision, eXTP will allow one to constrain
the growth time scale of the magnetic field.
What is the configuration of the magnetic field in PWNe
and what physical insight can we infer from that? PWNe,
such as the Crab nebula, are high-energy nebulae com-
posed of relativistic particles and magnetic fields created
by the central pulsars. The energy input of pulsars, the par-
ticle acceleration at the terminal shocks, the PWN struc-
tures (including the equatorial ring and bipolar jets) and
other physical properties (such as particle transport and
magnetization factor) are not fully understood yet (e.g.,
Kargaltsev et al., 2015; Reynolds, 2017). eXTP can per-
form X-ray polarization measurements towards the Crab

nebula with high spatial resolution, and obtain the detailed
distribution of magnetic field and polarization degree. The
PFA polarimeter can measure the polarization degree and
angle of the sub-structures (15””) in the Crab nebula with a
mean accuracy of about 1.7% (o7gop, assuming an polar-
ization degree of 19%) and 2.6° (ops), respectively (we
considered an exposure time of 10 ks). The unprecedented
X-ray polarization imaging of the Crab nebula will play an
important role in the study of PWNe. Another PWN worth
following up with eXTP is MSH 15-52 which has a size
of 10" and a total flux of ~ 5.5 x 10~!! erg s~'cm™2. eXTP
mapping will provide polarization accuracies of o gop=2%
and opy=3.7° for 10 pointings with a 300 ks exposure (as-
suming a photon index of -2 and polarization degree of
15%).

4 Accreting White Dwarf Binaries

White dwarfs (WDs) accreting from a companion star in a
binary exhibit themselves as cataclysmic variables (CVs;
e.g., review by Knigge et al., 2011) . CVs represent the most
common end products of close binary evolution. These bina-
ries display a wide range of time scales in variability (from
seconds-minutes up to months-years) that make them ideal
laboratories for the study of accretion/ejection processes in
the non-relativistic regime. Disk instabilities, the disk-jet
connection and magnetic accretion are common processes
occurring in a wide variety of astrophysical objects. Accret-
ing WDs provide an excellent perspective of these phenom-
ena. Furthermore, thermonuclear runaways giving rise to no-
vae (e.g., review by Jordi, 2016) have the potential to probe
the accretion/ignition mechanisms, outflows and subsequent
chemical enrichment of the interstellar medium, as well as to
address the question of whether accretion dominates over out-
flow, possibly bringing the WD mass over the Chandrasekhar
limit yielding type Ia supernovae. This is a key aspect for un-
derstanding Type Ia supernova progenitors. In addition, pop-
ulation studies of galactic X-ray sources have recently recog-
nized a crucial role of accreting WD binaries in the origin of
the Galactic Ridge X-ray Emission (GRXE), one of the great
mysteries in X-rays (Hailey et al., 2016; Hong et. al., 2016;
Koyama, 2017; Perez et al., 2015; Warwick, 2014).

The X-ray domain is crucial to understand the physical
conditions close to the compact star (e.g., review by Ku-
ulkers, 2006). Progress in many open questions is hampered
by the low quiescent luminosities (Lx ~ 10*~**ergs~!) and
the unpredictability of large-scale variations that can reach
luminosities as low as ~ 10** — 10** ergs™! in dwarf novae
(DNe) outbursts and as high as ~ 10*® erg s™! in nova explo-

sions. The majority of persistent, steadily nuclear-burning
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Figure 4  Simulations of the spectral evolution of the symbiotic recurrent nova RS Oph over its outburst, as seen by the LAD and SFA (upper panel)
and by the WFM (lower panel). The spectra include a thermal plasma model (mekal) with solar abundances, evolving from kT= 8.2 keV and a flux of
3.2x 107 ergs™' em™2 (0.5-20 keV) on day 3, down to kT= 2.5 keV and a flux of 4.3 x 10710 ergs™! cm™2 (0.5-20 keV) on day 17 (after Sokoloski et al.,
2006). The high X-ray flux during the first 17 days would trigger the WFM in full resolution mode and a detailed study of the spectral evolution will be possible
with the LAD and SFA.

accreting white dwarfs thought to exist in the Milky Way, its derstand better the underlying physical processes. The three

satellites, and M 31 have yet to be detected (Di Stefano & main questions that can be addressed are:
Rappaport, 1994; Woods & Gilfanov, 2016). These “super-
soft X-ray sources” are candidate Type Ia supernova progen- e How does matter accrete onto white dwarfs and mix with
itors, and can exhibit oscillations on very short timescales (< the CO/CNe substrate? Fast (seconds to minutes) X-ray
100 s) for as yet unknown reasons (Ness et al., 2015). variability, both periodic and aperiodic, allow one to trace
the accretion flow close to the WD surface. In magnetic
The unique combination in eXTP of large effective area, CVs, periodic coherent pulsations are a signature of mag-
fair spectral resolution and excellent sensitivity of the LAD netically funneled accretion and their spectral study allows
and SFA instruments, as well as the wide field of the WFM one to infer the physical conditions of the post-shock re-

instrument, can uncover the wide range of variabilities to un- gion, the hot spot over the WD surface as well as complex
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absorption from pre-shock material. Furthermore, quasi-
periodic oscillations (QPOs) at a mean period of a few
seconds are expected to arise from shock oscillations (Wu,
2000), but so far these were only detected in a handful of
systems at optical wavelengths. The high shock temper-
atures (~20-30keV) imply that QPO searches need to be
extended into the hard X-rays.

In non-magnetic CVs, when accreting at high rates, a
variety of low amplitude variability has been detected.
Dwarf nova oscillations with a period of a few seconds
were found in the optical and soft X-rays, changing fre-
quency during outburst. Slower (minutes) low-coherence
QPOs were detected in a few systems in the hard X-rays
during the decline (Warner, 2004). Their appearance is re-
lated to the transition of the boundary layer from optically
thick to optically thin and thus have a great potential to in-
fer details of boundary layer regimes. Their frequencies
stay in ratio, like the low and high frequency QPOs seen
in low-mass X-ray binaries. Furthermore, the presence of
a break in the power spectra during quiescence can allow
one to infer disk truncation (Balman & Revnivtsev, 2012).
The striking similarities with X-ray binaries make CVs in-
teresting for a unified accretion scenario.

Peak temperatures reached during a nova explosion
are constrained by the chemical abundance pattern inferred
from the ejecta and do not seem to exceed 4 X 108 K, soitis
unlikely that the large metallicities reported from the ejecta
can be due to thermonuclear processes. Instead, mixing
at the core-envelope interface is a more likely explana-
tion. The true mixing mechanism has remained elusive for
decades. Multidimensional models of the explosion sug-
gest that mixing may result from Kelvin-Helmholtz insta-
bilities at the core-envelope interface (e.g., Casanova et al.,
2011).

eXTP can address all this by studying selected samples
of magnetic and non-magnetic systems, to detect for the
first time low-amplitude fast aperiodic and periodic vari-
abilities over the broad energy range offered by the LAD
and SFA and to perform time-resolved spectroscopy.

How does mass ejection work in nova explosions? Novae
are, after thermonuclear supernovae, the second most
luminous X-ray sources among accreting WDs with emis-
sion ranging from the very soft to the hard X-rays. The
soft X-rays probe the continuous nuclear burning on the
WD surface, while the hard X-rays are believed to trace the
early shocks inside the ejecta and between the ejecta and
the circumstellar material, as well as the onset of resumed
accretion. The details of the mass outflow and the shaping
and evolution of the ejected matter are still poorly known.
A recent challenge is the unprecedented detection by Fermi

LAT of high-energy gamma rays (E > 100 MeV) in an
increasing number of novae (Ackermann et al., 2014; Che-
ung et al., 2016) indicating that these systems are the site
of particle acceleration. This was predicted for RS Oph
(Tatischeff & Hernanz, 2007), a symbiotic recurrent nova
where the early strong shock between the nova ejecta and
the red giant wind was traced in hard X-rays by RXTE
(Sokoloski et al., 2006). In classical novae there is not a red
giant wind to interact with the nova mass outflow, because
the companion is a main sequence star; therefore, parti-
cle acceleration is more challenging to explain (Metzger
et al., 2015). eXTP prompt observations of nova explo-
sions would be crucial to better understand such processes
in both nova types (see Fig. 4).

It is very important to observe over the broadest X-ray
range the spectral evolution of these explosions from the
early hard X-ray onset to the later super-soft X-ray phase
(Schwarz et al., 2011; Sokoloski et al., 2006). Furthermore
X-ray variability and periodicities on many different time
scales, from days to less than a minute are still to be under-
stood. Short oscillations in the soft X-rays can originate
from H-burning instabilities (Osborne et al., 2011) while
those in the hard X-rays still remain to be explored.

Thanks to the WFM, eXTP will be able to catch the
early X-ray emission from bright novae to be followed-up
by the SFA and LAD instruments to monitor over an un-
precedented energy range the X-ray spectral evolution in-
cluding the onset of hard X-ray emission and of the super-
soft X-ray phase as well as to characterize for the first time
fast variability over the eXTP, unique broad range. An ex-
ample of the eXTP potential is shown in Fig. 4.

What causes dwarf novae outburst diversity and what are
the conditions for disk-jet launching? DNe outbursts are
believed to be due to disk instabilities but there is still lack
of knowledge of what changes occur at the inner boundary
layer. The boundary layer is optically thin during quies-
cence and becomes optically thick during outburst (Wheat-
ley et al., 2003). Hard X-ray suppression during optical
outburst was believed to be a general behavior. Instead,
the few dwarf novae observed so far showed great diver-
sity and not all of them show X-ray/optical anticorrelation
(Fertig et al., 2011). The understanding of what fundamen-
tal parameters divide the different regimes of the boundary
layer is crucial. A further challenge is the detection of ra-
dio emission from a dwarf nova and from high mass
accretion rate CVs (Coppejans et al., 2016; Kording et al.,
2008, 2011) interpreted as the presence of a radio jet. CVs
were believed to be unable to launch jets. It has recently
been shown that nova-like CVs can have optically thin
inefficient accretion disk boundary layers (Balman et al.,
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2014), allowing the possibility of retaining sufficient en-
ergy to power jets. If this were the case, a radio/X-ray
correlation, similar to that observed in neutron star and
black hole binaries (Coriat et al., 2011), should be present
in these systems.

eXTP can address these challenging issues by follow-
ing a few dwarf novae with adequate multi-outburst cover-
age through time-resolved spectroscopy and fast timing in
unprecedented detail.

Thus eXTP will be crucial to measure the spectral and tem-
poral properties of the poorly known hard X-ray tails in these
systems and to correlate them with the soft X-ray emission.
When eXTP is expected to be operational, wide field area
surveys will have provided statistically significant samples
to allow detailed investigation in coordination with ground-
based optical and radio facilities foreseen in the post-2020
time frame (see Fig.1).

5 Binary evolution

The evolution of binary stars is one of the most important
and challenging problems in modern stellar astronomy. Bi-
nary evolution — even when restricted merely to the evolu-
tion of binaries with compact objects — touches on a range
of key questions (Bhattacharyya & van den Heuvel, 1991,
Han & Podsiadlowski, 2008; Tauris & van den Heuvel, 2006;
Tauris et al., 2017): the formation of Type Ia supernovae,
the formation of merging neutron stars and black holes, the
rate of production of millisecond pulsars, and the production
rate of a variety of classes of stars with abundance anoma-
lies. The challenges in understanding the populations of bi-
nary stars stem from the wide range of physics that goes into
them. In addition to normal stellar evolutionary processes,
the following must be understood: the stability and efficiency
of mass transfer, the common envelope stage, the tides and
angular momentum loss mechanisms that keep systems tight
(i.e., magnetic braking and circumbinary disks), the spin-up
of the accreting star, irradiation effects on the donor star, the
details of the supernova explosions of (ultra)stripped stars,
the kicks applied to neutron stars and black holes at birth,
the spin-down due to the propeller effect, possible gravita-
tional wave emission mechanisms, and the initial parameter
distributions of binary and multiple star systems.

Proper testing of theories of binary evolution must come
from exploration of substantial samples of close binaries, and
good estimates of their system parameters. Because most X-
ray binaries, especially with black hole primaries, are tran-
sients, the ideal way to detect such objects is with all-sky
monitoring. The WFM represents a major step forward in the

capabilities of all-sky monitors relative to present monitors.

eXTP will make essential contributions to several major
aspects of compact binary populations: the very faint X-ray
transient problem (Cornelisse et al., 2002; Degenaar & Wij-
nands, 2010; King & Wijnands, 2006); the evolutionary link
between low-mass X-ray binaries and radio millisecond pul-
sars; the orbital period distribution of X-ray binaries, by find-
ing the short period systems selected against by shallower
all sky monitors (Knevitt et al., 2014; Wu et al., 2010b); the
“mass gap” between black holes and neutron stars that has
been tentatively observed in existing data (Kreidberg et al.,
2012; Ozel et al., 2010; Wang et al., 2016) and not observed
in microlensing data (Wyrykowski et al., 2016); understand-
ing the formation of millisecond pulsars in compact binaries
(Roberts, 2013) as well as the details of their spin evolution
(Haskell & Patruno, 2017).

eXTP will present a range of new opportunities to study
binary stellar evolution processes. These are:

o What are the characteristics of the population of Very Faint
X-ray Binaries? The WFM will have the necessary sensi-
tivity and large field of view to detect flares and outbursts
from the Very Faint X-ray Binaries with luminosities be-
low 10%¢ erg s~!, allowing a census of these sources across
a large fraction of the Galaxy. Furthermore, the WFM’s
large field of view will easily pick up the rare X-ray bursts
(see Sect. 6) that very faint X-ray transients exhibit if the
accretor is a neutron star Cornelisse et al. (2002). By
establishing a substantial sample of such objects through
the wide field coverage and good sensitivity of the WFM
(Maccarone et al., 2015), it should be possible to engage
optical follow-up on enough of them to uncover their na-
ture, which is still poorly understood.

o What is the evolutionary link between low-mass X-ray bi-
naries and radio millisecond pulsars? eXTP will provide
detailed timing studies of known low-mass and ultracom-
pact X-ray binaries (with an orbital period of less than ~1
hr, e.g. Heinke et al., 2013; van Haaften et al., 2012) which
will help us to better understand their evolutionary link to
radio millisecond pulsars, such as the so-called redbacks
and black widow systems (Chen et al., 2013).

A particular class of objects of interest for eXTP stud-
ies is that of the transitional millisecond pulsars. These
represent the most direct evidence for an evolutionary link
between radio millisecond pulsars and low-mass X-ray
binaries, since they are observed to transition between
both states. Three, possibly four, are currently known
(Archibald et al.,, 2010; Bassa et al., 2014; Bogdanov
& Halpern, 2015; Papitto et al., 2013). Two of these
have relatively low luminosities in their X-ray states of

1033-3* erg s~! while the third had an ordinary X-ray out-
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Figure 5  Left: The spin distribution for the fastest known accreting neutron stars (from Patruno et al. (2017)). Right: The orbital period distributions
of dynamically confirmed black hole X-ray binaries (red curve), and cataclysmic variables (green curve, with the numbers multiplied by 0.1 to fit the two
distributions well on the same scale), taken from the Ritter catalog (Ritter & Kobl, 2003). It is apparent that the distributions are very different from one
another.

10°F
5 10}
L
S
X
©
\‘8_
10°F
10_3 I0 4 I1 I2
10 10 10
Porb(hr)

Figure 6 Peak luminosity plotted versus orbital period for the black hole X-ray transients seen with RXTE, with a linear fit. From Wu et al. (2010b). Similar
relations are also seen for cataclysmic variables (Maccarone et al., 2015; Warner, 1987) and accreting neutron stars (Wu et al., 2010b).

burst as an accretion-powered millisecond pulsar peaking
at 10 erg s~!. There may be many more of these systems.
Detecting them in larger numbers, and mapping out the
statistical properties (e.g., pulse and orbital periods) of the
resulting sample will enable a better understanding of the
binary evolution. Good candidates may be found among
the so-called redbacks, which are radio millisecond pulsars
in binaries with an ablated companion star of order 0.1 M.
Observations more sensitive than with XMM-Newton and
Chandra are needed to study the common flaring behavior
of these systems, for instance how the pulsar behaves on
short time scales, to understand better the process behind
switching between X-ray and radio states. eXTP would
make this observational progress possible.

It is worth mentioning the puzzling fact that fully recy-

cled radio millisecond pulsars are seen in systems with or-
bital periods up to 200 days, but only 3 pulsar-containing
low-mass X-ray binaries are known with orbital periods
longer than 1 day and the neutron stars hosted are relatively
slow pulsars (0.5-4.0 sec). eXTP will be able to probe
pulsations down to the ms range with an unprecedented
sensitivity, hopefully allowing one to reveal the currently
missing fast rotators.

What is the heaviest neutron star and the lightest black
hole? eXTP will allow one to determine whether the or-
bital period distribution of black hole X-ray binaries fol-
lows the predictions of binary evolution. At the present
time, the severe selection biases against black hole X-ray
binaries with orbital periods less than about 4 hours (Fig. 5)
lead to a deficit of what is likely to be the largest group of
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systems. Such systems are likely fainter, see Fig. 6. Possi-
bly, these contain the lighter black holes, especially if one
includes high-mass X-ray binaries (e.g., Lee et al., 2002).
By enhancing the sample of objects for which masses can
be estimated, combined with much more sensitive upcom-
ing optical telescopes E-ELT and TMT to obtain dynami-
cal mass estimates, eXTP will also help verify or refute the
“mass gap” between neutron stars and black holes (Fig. 7)
which has profound implications for understanding how
supernovae actually explode.

How efficient is the process of neutron star spin up? The
process of spin-up of neutron stars in binaries (left panel
of Fig. 5) can be probed in two ways: by using LAD

measurements to expand the sample of neutron stars with
good spin period measurements and by using the combi-
nation of WFM and LAD to discover and study the pop-
ulation of objects that are in the act of transitioning from
low mass X-ray binaries into millisecond radio pulsars.The
study of accreting neutron stars and the torques acting on
them is important for probing disk-magnetosphere inter-
actions (Bozzo et al., 2009; D’ Angelo, 2017; Rappaport
et al., 2004; Tauris, 2012) as well as investigating con-
tinuous GW emission from the spin of asymmetric neutron
stars and the prospects of detecting these source using sec-
ond (Advanced LIGO and Virgo, KAGRA, LIGO-India)
or third-generation (Einstein Telescope in Europe, Cos-
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mic Explorer in USA Abbott et al., 2015) GW detectors
(Haskell & Patruno, 2017; Haskell et al., 2015). Among
the promising sources for dual observations in both X-
rays and gravitational waves is, for example, Sco X-1 pro-
vided its neutron star spin rate is detected (Abbott et al.,
2017c,d; Watts et al., 2008) which is where eXTP can help
through the detection of a weak pulsation. Recent calcu-
lations (Bhattacharyya & Chakrabarty, 2017) suggest that
transiently accreting millisecond pulsars are promising as
well.

o How can eXTP help finding sources for LISA? The very
tight X-ray binaries with orbital periods of less than one
hour, the ultracompact X-ray binaries, are ideal sources
to be detected in GWs induced by the orbital motion by
the upcoming space-borne GW detector LISA (Nelemans
et al., 2001) and LISA-like missions like TianQin (Luo
et al., 2016) and TAIJT (Gong et al., 2011). It is expected
that eXTP will discover a number of new X-ray binaries
and may thus find additional ultracompact X-ray binaries
(neutron star / white dwarf or double white dwarf binaries)
that will provide important and guaranteed sources of GWs
for detection within the frequency band (~mHz) of LISA
and LISA-like missions.

6 Thermonuclear X-ray bursts

While thermonuclear (Ctype-I") X-ray bursts are well under-
stood as a thermonuclear runaway in the upper freshly ac-
creted layers of a neutron star in a low-mass X-ray binary,
many important questions are unanswered (e.g., Galloway &
Keek, 2017; in ’t Zand et al., 2015; Jordi, 2016; Lewin et al.,
1993; Strohmayer & Bildsten, 2006, see reviews by). Some
of those are fundamental, pertaining to the structure of the
neutron star and exotic nuclear processes, while others are re-
lated to interesting physical phenomena such as neutron star
spins, convection and radiation transport under strong-gravity
circumstances, the geometry of accretion and magnetic field,
and unusual stellar abundances. Since eXTP is particularly
well suited to observe short bright phenomena, it will be able
to answer many of these questions.

20% of all bursts exhibit oscillations with a frequency very
near that of the neutron stars spin (11-620 Hz). The oscilla-
tions during burst rise can be explained by a hot spot expand-
ing from the point of ignition (Bhattacharyya & Strohmayer,
2006; Cavecchi et al., 2013, 2015; Chakraborty & Bhat-
tacharyya, 2014; Spitkovsky et al., 2002; Strohmayer et al.,
1997) , although this still requires further study. The os-
cillations during the tail have not yet been explained. They
could be caused by non-uniform emission during the cool-

ing phase (e.g., because of different depths of fuel over the
surface or cooling wakes; Zhang et al., 2013), but an inter-
esting alternative involves global surface modes that may be
excited by the motion of the deflagration front across the sur-
face. This was first suggested by Heyl (2004), and further the-
oretical work was performed by (among others) Heyl (2005),
Cumming (2005), Lee & Strohmayer (2005), Piro & Bildsten
(2005) and Berkhout & Levin (2008).

The primary nuclear processes in thermonuclear bursts are
the CNO cycle to burn hydrogen (8-limited "hot’ CNO cycle
above ~ 8x107 K), the triple-a process to burn helium (above
several 108 K), the a-p-process above 5 x 108 K to produce el-
ements like Ne, Na and Mg, and the rapid proton capture pro-
cess (‘rp-process’, above 10° K) to burn hydrogen into even
heavier elements (e.g., Fisker et al., 2008; Fujimoto et al.,
1981; Jose et al., 2010; Wallace & Woosley, 1981; Woosley
et al., 2005). In cases of hydrogen-free helium accretion or
where the S-limited CNO cycle burns all hydrogen to helium
before ignition, bursts are due to ignition in the helium layer.
If the CNO burning is not S-limited, it can be unstable lead-
ing to a temperature increase that subsequently ignites he-
lium. The ignition of helium may be delayed in that regime
(Cooper & Narayan, 2007; Peng et al., 2007), resulting in
pure hydrogen flashes. If the CNO burning is S-limited and
this burning has time to burn away the hydrogen, the helium
ignition occurs in the presence of hydrogen, a situation that
leads to the rp-process. Hundreds of proton-rich isotopes are
produced during thermonuclear burning, particularly by the
rp-process, yielding rare isotopes , whose reaction rates have
not yet been quantified in laboratories (Cyburt et al., 2016).

In the past one and a half decades, two new kinds of X-
ray bursts have been discovered that are long and rare: ‘su-
perbursts’ (Cornelisse et al., 2000; Kuulkers et al., 2002;
Strohmayer & Brown, 2002) and ‘intermediate duration
bursts’ (Cumming et al., 2006; in 't Zand et al., 2005) that ig-
nite at 10? to 10* larger column depths than ordinary bursts.
It has been proposed that superbursts are fueled by carbon
(Cumming & Bildsten, 2001; Strohmayer & Brown, 2002),
but it is unclear how the carbon can survive the rp-process
or ignite (Deibel et al., 2016; in 't Zand et al., 2003; Keek
et al., 2008; Schatz et al., 2003, 2014) and whether super-
bursts are sometimes not fueled by carbon (Kuulkers et al.,
2010). In contrast, it seems clear that intermediate duration
bursts are fueled by helium on relatively cold neutron stars.
The helium may accumulate by slow and stable burnung of
hydrogen into helium as described above, or by direct helium
accretion at low accretion rate (e.g., Chenevez et al., 2007;
Cumming et al., 2006; Falanga et al., 2008; in 't Zand et al.,
2005). Due to their larger ignition depth, these long bursts
can serve as probes of the thermal properties of the crust, one
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of the outstanding questions of neutron star research. Super-
bursts have a property which is intriguing in light of this de-
pendence: they ignite sooner than expected on the basis of the
measured mass accretion rate and presumed crust properties
(Keek et al., 2008). It looks as though the thermal balance
in the crust (determined by nuclear reactions in the crust and
neutrino cooling in the core) is different from expected (see
also Schatz et al., 2014). Better measurements are needed to
constrain more accurately the recurrence time and the time
history of the accretion between superbursts. Currently, 26
superbursts have been detected in 20 years (in 't Zand et al.,
2017). eXTP can double that in a few years.

eXTP will provide the opportunity to address the outstand-
ing questions on X-ray bursts. A typical peak photon count
rate with the LAD will be 10°s™!. Cases with ten times
as high rates will also occur. These observations will pro-
vide unprecedented detailed insight at processes with sub-ms
time scales. With the anticipated observation program, it is
expected that the LAD will detect at least several hundreds
of X-ray bursts, with about 5 times as much effective area
(i.e., 3.5m?) and 5 times finer spectral resolution (i.e., 260
eV) than the previous burst workhorse RXTE-PCA (Jahoda
et al., 2006) and the currently operational Astrosat-LAXPC
(Paul & LAXPC Team, 2009) and 10 times as much effective
area than the currently operational NICER (Gendreau et al.,
2016). The coded-mask imaging WFM, thanks to its 4 sr field
of view (one third of the sky) will detect as many as ten thou-
sand X-ray bursts in 3 years, which is of the same order of
magnitude as all bursts that were detected throughout the his-
tory of X-ray astronomy. It is clear that eXTP will provide
a rich and novel data set on X-ray bursts. While the primary
science motives for X-ray burst observations with eXTP are
dense matter physics and gravity in the strong field regime,
the secondary motives relevant to observatory science con-
cern their fundamental understanding, in connection with nu-
cleosynthesis, hydrodynamics, flame spreading and accretion
flows (see in 't Zand et al., 2015, and reference therein). As
a benefit, the outcome of these studies will help reduce the
risk of any systematic errors in studies in the primary science
goals.

eXTP will enable substantial advances in the understand-
ing of thermonuclear X-ray bursts, on particularly the follow-
ing questions:

o What is the nature of burst oscillations? Oscillations in
burst tails can be studied at much better sensitivity than
with previous missions and at photon energies below 2 keV
it will improve on NICER (Gendreau et al., 2016) by hav-
ing a two times larger effective area. This will increase the
percentage of bursts with detected oscillations, enable the
detection of shorter oscillation trains and faster frequency

drifts, probe fainter amplitudes and make possible spectro-
timing analyses. Thus, eXTP will enlarge our knowledge
about burst oscillations including the possible persistence
of hot spots during the burst decay and the potential roles
of surface  and g modes (see Watts, 2012). Simulations of
measurements of burst oscillations are provided in Fig. 8,
under different model assumptions (for details, see Mah-
moodifar & Strohmayer, 2016). These simulations show
that eXTP has a diagnostic capability for the cause of burst
oscillations in burst tails of a common type of X-ray bursts.
Is there a preferred ignition latitude on the neutron star (as
expected for fast spinning neutron stars with anisotropic
accretion); how do Coriolis, thermal and hydrodynamic
effects combine to control flame spread? A thermonu-
clear burst is expected to be ignited at one point on the
neutron star. The latitude of that point may not be ran-
dom, but influenced by Coriolis forces. A thermonuclear
flame should subsequently spread over the stellar surface
in a fashion that is determined again by rotation and by the
thermal and properties of the ocean in which this happens
and the power of the thermonuclear flash (Cavecchi et al.,
2013, 2015; Spitkovsky et al., 2002). Observational stud-
ies of the rising phases of X-ray bursts show diverse and in-
teresting details (e.g., Bhattacharyya & Strohmayer, 2007;
Chakraborty & Bhattacharyya, 2014; in 't Zand et al.,
2014; Maurer & Watts, 2008). With the much larger area
of the LAD, thermonuclear flame spreading can be stud-
ied at an unprecedented level of detail and in many more
bursts. For example, simulations show (see Fig. 8) that
eXTP measurements would enable constraining the lati-
tude of the burst ignition.

What is the composition of the ashes of nuclear burning;
how large is the gravitational redshift on the neutron star
surface? The SFA and LAD combined will be uniquely
sensitive to details of the continuum spectrum that are in-
duced by Compton scattering in the atmosphere and to ab-
sorption features from dredged-up nuclear ashes such as
iron and nickel which may enable direct compositional
studies (e.g., Bildsten et al., 2003). Low-resolution ev-
idence for such features has been found in RXTE data
of bursts that generated strongly super-Eddington nuclear
powers yielding strong photospheric expansion due to radi-
ation pressure (in 't Zand & Weinberg, 2010; Kajava et al.,
2017), as predicted by Weinberg et al. (2006). Surface ab-
sorption features will be gravitationally redshifted, which
can provide additional constraints on the compactness of
neutron stars if rest wavelengths are identified. In this re-
spect, the SFA would provide unique data. Most burst data
currently have no coverage of sub- 2 keV photon energies.
Those that do and are not susceptible to detector satura-
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Figure 8 LAD simulations of X-ray burst oscillations for a bright burster similar to 4U 1636-536 that is bursting faithfully for at least 40 years already. For
details on the model, see Mahmoodifar & Strohmayer (2016). The simulations were carried out for a neutron star of M = 1.4Mg, R=10 km and v=400 Hz,
for an observer’s inclination angle of i = 70° (measured from the spin vector) and with a time resolution of 0.125 ms. The left panel shows the smoothed
light curves for the rise and decay of the bursts (with 11 ms time bins). The red, green and blue curves show simulated light curves for ignition co-latitudes
(i.e., also measured from the spin vector) 6; = 30°,85° and 150°, respectively. The hot spot temperature is assumed to be 7, = 3 keV and the temperature
outside the hot spot AT = 1.5 keV lower. The flame spreading velocity goes as vaame o osToe consistent with strong frictional coupling between diftferent fuel
layers (Spitkovsky et al., 2002). The magenta and cyan curves are similar to the green curve (65 = 85°) but with AT=2 keV and v fame Vel respectively,
the latter referring to weak frictional coupling. The right panel shows the simulated eXTP measurements of the fractional oscillation amplitudes for the same
models as on the left panel. Note that the fractional amplitudes are shown on an expanded scale up to # = 1 s (burst rise). These simulations show that eXTP is
capable of diagnosing ignition co-latitude and frictional coupling. They also indicate (see Mahmoodifar & Strohmayer, 2016) that they can constrain the cause
of the burst oscillations in burst tails.

tion, taken for instance with the grating spectrometers on bient temperatures in the burning layer only become high
Chandra and XMM-Newton, are of low statistical qual- enough (2 5 x 108 K) for stable burning when the mass
ity due to effective areas less than 150 cm?. The SFA is accretion rate is above the Eddington limit (e.g., Bildsten,
anticipated to have pile-up fractions of a few percent for 1998). However, one finds evidence of stable burning (i.e.,
typical burst peak fluxes of a few Crab units and has an absence of X-ray bursts and presence of mHz QPOs indica-
effective area one order of magnitude larger, at a fair spec- tive of marginally stable burning) already at 10-50% of
tral resolution to detect absorption edges. This provides Eddington (e.g., Altamirano et al., 2008; Cornelisse et al.,
excellent opportunity for the study of narrow spectral fea- 2003; Heger et al., 2007; Linares et al., 2012; Revnivtsev
tures, particularly absorption edges for systems at known et al., 2001). A different perspective on this issue may be
distance with Eddington-limited bursts from a slowly ro- provided by eXTP, by following extensively the aftermath
tating neutron star, like IGR J17480-2446 in the globular of superbursts for about a week. The superburst is another
cluster Terzan 5 (e.g., Linares et al., 2012; Strohmayer & means to increase the ambient temperatures. While the
Markwardt, 2010). neutron star ocean cools down in the hours to days fol-
o  What characterizes the transition from stable to unstable lowing a superburst, models predict (Keek et al., 2012)
nuclear burning? A long standing issue in X-ray burst re- that it is possible to follow the transition from stable to
search is the threshold between stable and unstable helium unstable burning on a convenient time scale, through sen-
burning (Cornelisse et al., 2003; Keek et al., 2016; Stevens sitive measurements of low-amplitude (~ 0.1%) mHz os-
et al., 2014; van Paradijs et al., 1988; Zamfir et al., 2014). cillations and the return of normal, initially faint, bursting
Thermonuclear burning becomes stable once the tempera- activity (see Fig. 9).
ture becomes so high that the temperature dependence of o What burns in superbursts; what determines the thermo-
the energy generation rate levels off to that of the radiative dynamic equilibrium of the crust and ocean; what deter-
cooling rate (which is proportional to 7). More than 99% mines the stability of nuclear burning; what is the nature
of all X-ray bursts are due to ignition of helium through of surface nuclear burning at low accretion rates? WFM

3a burning and a-captures. It is predicted that the am- observations will measure more precisely the superburst
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Figure 9  Simulation of the ordinary bursting behavior (blue curve) around a superburst (red curve) in a hydrogen-rich low-mass X-ray binary (from Keek
et al., 2012). The superburst quenches ordinary bursts for one day after which a regime of marginal burning commences, characterized by mHz QPOs. The
lower panel shows possible WFM and LAD measurements of such a superburst, if it is at 8 kpc, on-axis, placed at 45°from the Galactic center and if the

accretion rate is 10% of the Eddington limit.

recurrence time and time profile (e.g., in 't Zand et al.,
2017). This will constrain the thermodynamic balance
in the ocean and crust, and probe in unprecedented de-
tail the boundary between stable and unstable thermonu-
clear burning (Cumming et al., 2006). WFM will accu-
mulate large exposure times on all bursters (including yet
unknown ones) and thus detect rare classes of events, such
as the most powerful intermediate-duration bursts at very
low accretion rates.

e How do bursts impact and influence the surrounding ac-
cretion flow; can bursts yield insights into the underlying
accretion physics? X-ray bursts can deliver a powerful im-
pulse to the surrounding accretion disk. The response of
the disk to the bursts could include (i) an increase in the ac-
cretion rate due to Poynting-Robertson drag, (ii) radiative
driven outflows, (iii) an increasing scale height due to X-
ray heating or (iv) a combination of all these effects (Bal-
lantyne & Everett, 2005). Unique insights into the prop-
erties of accretion disks could be obtained if this response
can be measured for bursts with a wide range of durations.
The response of the disk can be measured by detecting the
X-ray reflection features produced by the burst interacting
with the accretion flow (e.g., Ballantyne & Strohmayer,
2004; Keek et al., 2014). The SFA and LAD will be able to
detect reflection features from bursts with integration times
as short as a few seconds (e.g., Keek et al., 2016). As the
evolution of the burst is easily measured, changes in the
reflection features can directly map the changes in the ac-
cretion disk over the course of the burst.

X-ray burst science is also a high priority for the nuclear
science community. X-ray bursts are unique nuclear phe-
nomena, and identified as key problems for nuclear science
in the US National Academies report NP2010 ”An Assess-
ment and Outlook for Nuclear Physics”, the 2015 US Nuclear
Science Long Range Plan, and the 2017 NuPECC European
Long Range Plan. Major investments in a new generation of
radioactive beam accelerator facilities, in part motivated by
X-ray burst science, are now being made around the world,
including FRIB in the US, FAIR in Germany, and HIAF in
China. New instruments such as the recoil separator SECAR
at FRIB or storage rings at FAIR or Lanzhou (China) are be-
ing developed to enable nuclear reaction rate measurements
for astrophysical explosions such as X-ray bursts.

With a simultaneous advance in X-ray observational capa-
bilities through eXTP there is a unique opportunity to com-
bine accurate nuclear physics and precision light curve data
to determine stellar system parameters, to identify different
nuclear burning regimes, to validate astrophysical 1D and 2D
models, and to constrain neutron star properties. In addi-
tion, the detection of spectral features from heavy elements
on the neutron star surface would be of high importance for
nuclear science, as it would provide direct insight into the
nuclear processes that power X-ray bursts. The Joint Insti-
tute for Nuclear Astrophysics (JINA-CEE) is now fostering
the close connections between observational and nuclear sci-
ence communities that are needed for nuclear physics based
model predictions to guide the interpretation of observations,
and for new observations to motivate nuclear experiments.
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7 High-mass X-ray binaries

Massive supergiant, hypergiant, and Wolf-Rayet stars
(M =10 M) have the densest, fastest, and most structured
winds. The radiatively accelerated outflows trigger star for-
mation and drive the chemical enrichment and evolution of
Galaxies (Kudritzki, 2002). The amount of mass lost through
these winds has a large impact on the evolution of the star.
The winds can give rise to an extremely variable X-ray flux
when accreted onto an orbiting compact object in a high-mass
X-ray binary (HMXB). The understanding of the relation be-
tween the X-ray variability and stellar wind properties has
been limited so far by the lack of simultaneous large collect-
ing area and good spectral and timing resolution.

In the past decades, observational evidence has been grow-
ing that winds of massive stars are populated by dense
‘clumps’. The presence of these structures affect the mass
loss rates derived from the optical spectroscopy of stel-
lar wind features, thus leading to uncertainties in our un-
derstanding of their evolutionary paths (Puls et al., 2008).
HMXBs were long considered an interesting possibility to
probe clumpiness (Sako et al., 2003). As X-rays released by
accretion trace the mass inflow rate to the compact object, an
HMXB provides a natural in-situ probe of the physical prop-
erties of the massive star wind including its clumpiness (in ’t
Zand, 2005; Walter et al., 2015). The so-called ‘Supergiant
Fast X-ray Transients’ (SFXTs) form the most convincing ev-
idence for the presence of large clumps. In X-rays, the im-
print of clumps is two-fold: 1) clumps passing through the
line of sight to the compact object cause (partial) obscuration
of the X-ray source and display photo-electric absorption and
photo-ionization; 2) clumps lead to temporarily increased ac-
cretion and X-ray flares. A number of hours-long flares dis-
played by the SFXTs could be convincingly associated with
the accretion of dense clumps (Bozzo et al., 2011).

The compact objects in HMXBs are usually young neu-
tron stars (typical age 10°7 yr) that are known to possess
strong magnetic fields (210'> G). These channel the accret-
ing material from distances as large as ~103-10* km down
to the surface of the compact object, yielding X-ray pulsars,
and change the spin of the compact object. Large positive
and negative accretion torques have been measured in both
wind and disk-fed HMXBs on time scales between years and
decades. These torques result from the yet unknown cou-
pling between the neutron star magnetic field and the accret-
ing material (Bozzo et al., 2008; Perna et al., 2006; Postnov
et al., 2015). Extending the time scale of long-term monitor-
ing of the behavior of pulsars in HMXBs is essential to make
progress in understanding this phenomenon. Previous large
field-of-view instruments provided the opportunity to moni-

tor many X-ray pulsars in HMXBs, symbiotic X-ray binaries
(SyXBs) in which the donor star is a red giant, and in inter-
mediate systems between HMXBs and low-mass X-ray bina-
ries. Particularly striking were the findings for GX 1+4 and
4U 1626-67: after about 15 yr (for GX 1+4) and 20 yr (for
4U 1626-67) of spin-up, both systems showed a torque rever-
sal, which made them switch to a spin-down phase. Other
systems, such as Cen X-3, VelaX-1, 4U 1907+09 and Her
X-1 (Bildsten et al., 1997; Sahiner et al., 2012), often showed
torque reversals sometimes superimposed on a longer term
trend of either spin-down or spin-up.

At low mass inflow rates the accretion might be inhibited
completely through the onset of so-called centrifugal and/or
magnetic barrier, which could drive the rapid variability ob-
served in the SFXTs and other HMXBs (see, e.g., Bozzo
et al., 2008, and references therein). The observed variability
is thus often used to probe the strength of the dipolar com-
ponent of the neutron star magnetic field. This also shapes
the geometry of the emission region in X-ray pulsars, which,
in turn, influences their observed properties. Most notably,
for luminosities above the critical value ~ 10%7 erg s7! the
local accretion rate at the neutron star polar areas might ex-
ceed the Eddington limit, leading to the formation of an ex-
tended accretion columns (Basko & Sunyaev, 1976). The
transitional luminosity setting the threshold between sub- and
super-critical accretion is directly related to the compact-
ness of the neutron star and its magnetic field strength, and
can thus be used to constrain these parameters. The pres-
ence of an accretion column is expected to alter dramatically
the intrinsic beaming of the pulsar X-ray emission, as well
as its spectral energy distribution and polarization properties
(Basko & Sunyaev, 1976). Observing these changes can thus
be used to obtain a direct measurement of the critical lumi-
nosity from the observations (Doroshenko et al., 2017).

The propagation of X-ray photons emerging through the
strongly magnetized plasma within the neutron star emitting
region also affects the observed spectra. The electron scat-
tering cross section in strong magnetic field is largely en-
hanced around the electrons gyro-frequency, leading to the
so-called cyclotron resonance scattering features (CRSFs) of-
ten detected in the X-ray spectra of young accreting pulsars.
The scattering cross section strongly depends on the angle
between the direction of the photon propagation and the mag-
netic field orientation. This implies that the polarization de-
gree and angle, the X-ray continuum spectrum, and the CRSF
parameters depend on pulse phase. Modeling these changes
allows us to reconstruct the configuration of the magnetic
field and its orientation with respect to the observer and the
neutron star.
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The mass accretion rate for black holes in HMXBs tends
to be less variable compared to the NS case. However, most
black holes in HMXB show some hard-to-soft state variabil-
ity, similarly to what is observed in BH low-mass X-ray bi-
naries. The most studied and observed BH HMXBs are Cyg
X-1 (Grinberg et al., 2013, 2014, and references therein) and
LMC X-3 (Boyd et al., 2001; Wilms et al., 2001). These
sources proved particularly useful to “X-ray” the stellar wind
of their donor stars, complementing similar studies carried
out on NS HMXBs and discussed above. For example, the
galactic black hole Cyg X-1 shows a periodic modulation of
the absorption column, which is due to the absorption of X-
rays from the black hole in the massive stellar wind of its
donor star, HDE 226868. As shown by Grinberg et al. (2015),
the large scatter in individual measurements of the absorption
column to the black hole can be used to study the size distri-
bution of clumps in the stellar wind, which is of great interest
for understanding the physics of the winds of massive stars
(e.g., Sundqvist et al., 2013).

The instruments on-board eX TP will dramatically open up
perspectives for research in all above mentioned fields. In
particular the following questions can be addressed:

o What are the physical properties of massive star wind
structures and how do these affect the mass loss rates from
these objects? With current instruments, integration times
of several hundreds to thousands of seconds are needed to
get a rough estimate of clump properties and only an av-
erage picture of the clump accretion process can be ob-
tained. Similar observations performed with the LAD and
SFA on-board eXTP will dramatically improve our present
understanding of clumpy wind accretion and winds in mas-
sive stars in general, by studying (spectral) variability on
time scales as short as few to tens of seconds (see Fig. 10).
This will permit a detailed investigation of the dynamics
of the clump accretion process and obtain more reliable
estimates of the clump mass, radius, density, velocity, and
photo-ionization state. In turn, it will improve our under-
standing on the mass loss rates from massive stars. As
structured winds are not spherically symmetric, they are
also predicted to emit polarized X-ray radiation. Measure-
ments with the PFA can yield additional information to
constrain the stellar mass loss rate (Kallman et al., 2015).
The improved capabilities of all eXTP instruments com-
pared to the current facilities will permit to conduct also
similar studies on the SyXBs (Enoto et al., 2014), thus ex-
ploring the structure and composition of the still poorly
known winds of red giants stars (which might be accel-
erated through the absorption of the stellar radiation by
dust grains rather than heavy ions). Finally, it is impor-
tant to understand the consequences of inflated envelopes

of massive giant stars (Sanyal et al., 2015) on the observa-
tional properties of HMXBs in which the donor stars are
filling, or close to filling, their Roche lobes. The ability of
the eXTP instruments (especially the WEM) to detect and
monitor transient sources in a very broad range of mass
accretion rates will allow us to study the spectral and tem-
poral behavior of accreting neutron stars with strong mag-
netic fields. Follow up observations exploiting the high
sensitivity of the SFA will allow us to observe the so-called
propeller effect in dozens of X-ray pulsars. For the sources
with measured cyclotron energies it will make possible to
determine the configuration of the neutron star magnetic
field. Monitoring observations of long period pulsars at
low mass accretion rates will constrain the physical mech-
anisms regulating the interaction of plasma in a low ioniza-
tion state with the neutron star strong magnetic field (Tsy-
chankov et al., 2017).

What are the geometry and physical conditions within the
emission region of X-ray pulsars, and their relation to the
observed pulse profiles, spectra, and polarization in the X-
ray band? Pulse phase resolved spectroscopy of accreting
pulsars has been one of the main tools to diagnose their
emission region properties since decades. eXTP will bring
such investigations to an entirely new level. The large ef-
fective area of the SFA and the LAD will provide spec-
tra and pulse profiles of unprecedented statistical quality
even within comparatively short integration times. It will
be possible for the first time to study the spectral and pulse
profile evolution on very short timescales comparable with
the spin period of the neutron star. The energy resolution
of the LAD in a broad energy band will allow us to perform
detailed studies of the complex CRSF shapes observed in
some sources (Fiirst et al., 1990), and investigate depen-
dence of the CRSF parameters on the pulse phase, which
is essential to constrain the line formation models and the
emission region geometry.

In addition, eXTP will provide for the first time highly
complementary simultaneous X-ray polarization data. The
expected strong polarization and high X-ray fluxes of the
accreting pulsars make these sources a prime target for X-
ray polarimetry studies. The polarization degree and an-
gle carry information on the geometry of their emission
region, magnetic field configuration, and orientation of the
pulsar with respect to the observer (Mészaros et al., 1988).
A major change of the observed polarization signatures is
expected with the transition from the sub- to super-critical
accretion, i.e. at the onset of extended accretion columns.
eXTP observations can be used to detect such transitions
and the corresponding changes in the polarization proper-
ties of X-ray pulsars, as illustrated in Fig. 12.
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Figure 10  Top: Sketch of the accretion by the upper neutron star of a clump ejected by the lower supergiant star (credits: ESA). Bottom left: Changes in
the flux and spectral parameters during the flare recorded by XMM-Newton, from the SFXT IGR J18410-0535 (Bozzo et al., 2011). Violet boxes represent
the measurements obtained with XMM-Newton, while black points represent values obtained from the simulated LAD +SFA spectra with exposure times as
short as 100 s. Compared to XMM-Newton, the dynamic process of the clump accretion can be studied in much more details and fast spectral changes can be
revealed to an unprecedented accuracy (we remark also that the pile-up and dead-time free data provided by the LAD and SFA greatly reduce the uncertainties
affecting the XMM-Newton, data obtained so far from HMXBs during bright flares). Bottom right: Shown, for comparison, is an example of a XMM-Newton,
spectrum extracted in a 1 ks-long interval (source flux 3x10710 erg s=! cm~2) during the decay from the flare shown on the left and the corresponding simulated
SFA and LAD spectra. The Fe-K line at 6.5 keV, used to probe the clump material ionized by the high X-ray flux, is barely visible in XMM-Newton, but very
prominently detected in both the SFA and LAD spectra.

o What are the mechanisms triggering torque reversals in ments, then the relationship between the spin rate and the
HMXBs and what leads to orbital and super-orbital mod- luminosity can be used to constrain the neutron star pa-
ulation of the X-ray emission from these systems? For sys- rameters, probing not only accretion physics but also fun-
tems with well known distances, simultaneous measure- damental physics in these highly magnetized accreting sys-
ments of fluxes and spin-rates can provide constraints on tems. The WFM is a perfectly suited instrument for these
the magnetic field (Klus et al., 2014). If the pulsar mag- studies in that it is a wide field monitor capable of simul-

netic field is also known from cyclotron line measure- taneously measuring the source flux and accurately deter-
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Comparison of WFM'’s field of view with the 2-20 keV map, in Galactic coordinates, of the X-ray sky as observed with MAXI (courtesy of T.

Mihara, RIKEN, JAXA, and the MAXI team). The WFM will have the largest field of view and monitor simultaneously a large fraction of all currently known

HMXBs.

mining its spin frequency. Its lower energy threshold will
make it the most sensitive monitor for these types of sys-
tems that has ever flown. Measurements from the WFM
of pulsed flux, unpulsed flux, frequency and frequency
derivatives of accreting X-ray pulsars will contribute to
the solution of the questions mentioned above, and it will
also trigger target of opportunity observations with the
LAD/SFA at the onset of torque reversals. Early detections
of these state changes are critical to initiate early observa-
tions by the LAD/SFA in order to understand the associ-
ated spectral/timing variation As a byproduct of the moni-
toring observations, it will be possible to carry out detailed
spectroscopic analyses as a function of orbital, superorbital
and spin phase. The orbital dependence, for instance, can
be used to map long-lived structures surrounding the neu-
tron stars in these systems, like accretion wakes.

Last but not least, it is worth mentioning that many
HMXBs are transient and thus the discovery of new sources
or new outbursts from previously known objects in this class
will greatly benefit from the capabilities of the WFM. Fig-
ure 11 shows that a large fraction of all these sources can
be efficiently monitored during each single pointing of the
WEM, let alone in sequential different pointings.

8 Radio-quiet active galactic nuclei

The standard model of active galactic nuclei (AGN) predicts
a supermassive black hole (SMBH) surrounded by a geomet-
rically thin, optically thick accretion disk. Like the case of

X-ray binaries, the seed photons from the disk are Compton
scattered into the X-ray band in a hot corona, the main differ-
ence being that the accretion disk in AGN emits at optical/UV
instead of X-ray temperatures. The UV and optical seed pho-
tons from the disk are Compton scattered into the X-ray band
in a hot corona above the accretion disk which produces the
hard power-law spectrum extending to energies determined
by the electron temperature in the hot corona, with a cut-off
energy ranging from 100 to 200 keV (Ballantyne, 2014; De
Rosaetal., 2012; Marinucci et al., 2014b; Molina et al., 2013;
Perola et al., 2002). This primary X-ray radiation in turn il-
luminates the inner disk and is partly reflected towards the
observer’s line of sight (Haardt et al., 1994), producing a Fe-
K line that will be heavily distorted, with a pronounced red
wing - a clear signature of strong field gravity effects on the
emitted radiation. The phenomenology of AGN is quite sim-
ilar to stellar black holes accreting from companion stars in
X-ray binaries, except for a difference in time scales and a
difference in typical temperatures of spectral thermal compo-
nents from the accretion disk that scales with the black hole
mass because the size of the innermost stable circular orbit
scales with mass. The inner structure in AGN is surrounded
by rapidly rotating clouds of gas - the Broad Line Region
(BLR). A toroidal absorber is located at a distance of a par-
sec from the black hole and within the Narrow Line Region
(NLR) clouds. These regions contribute with additional fea-
tures to the primary continuum: (1) a narrow Fe-K line at 6.4
keV produced in the BLR, in external regions of the accretion
disc or in the molecular torus; (2) a reflection hump above
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Figure 12 The combination of the LAD large effective area and energy resolution will allow us to monitor the luminosity-related changes of the observed
CRSF energy in transient X-ray pulsars with unprecedented accuracy. The left panel of the figure shows a simulation of thirty 10ks LAD observations of the
X-ray pulsar V 0332+53, where a transition from super- to sub-critical accretion has been recently detected through a luminosity-dependent change of the
observed CRSF energy (Doroshenko et al., 2017). eXTP will allow us to investigate the same effect with a much larger accuracy and to investigate changes
in pulse profile shape and polarization signatures associated with similar transitions. The right panel of the figure shows the exposure required to measure the
polarization of a given strength at a 30~ significance level for the typical super-critical and sub-critical fluxes observed from V 0332+53. The polarization signal
strength predicted by Mészaros et al. (1988) in the two cases are also shown. The eXTP PFA will allow us to detect and compare the polarized emission in both
the sub- and super-critical regime using relatively short exposure times, performing also studies of the dependence of the polarization properties as a function

of the pulse phase .

10 keV, due to the reprocessing of the continuum from the
optically-thick medium (such as the torus and/or the accretion
disk); and (3) the absorption and variable features produced
in the ionized and cold material around the inner region (up
to the NLR distance scales). The typical broadband spectrum
as may be observed by eXTP is shown in Fig. 13.

Thanks to the large effective area and the CCD-class
spectral resolution of the LAD and SFA, coupled with the
large sky coverage of the WFM, eXTP will make a deci-
sive step forward in our understanding of the inner struc-
ture of AGN. The unprecedented SFA spectral sensitivity
will allow one to observe hundreds of AGN down to a

flux of 10713 ergs™' cm™2

in the local universe with a very
good accuracy (i.e., a signal-to-noise ratio in excess of 100).
Thanks to the LAD effective area, the brightest AGN (3 X
107" ergs™' cm?) can be characterized with extreme ac-
curacy. Moreover, the WFM will be capable of continuous
X-ray monitoring of large numbers (3100) of AGN on time
scales of a few days to weeks. The WFM will thus provide
an essential synergy with those observatories that will, in par-
allel to eXTP, be opening up AGN time domain science on
those time scales at other wavebands, for example with CTA
(TeV energy domain), Meerkat /ASKAP/SKA (radio wave-
lengths) and LSST (optical band, see Fig. 1). Here, the focus
is on three key aspects of AGN physics (related to the ac-
cretion properties and variability), which will be specifically
addressed by the unique capabilities of eXTP:

o What are the emitting materials around the central super-

massive black hole? The origin of the narrow Fe emission
line observed in AGN is not completely clear, while this is
a fundamental piece of information about the SMBH cen-
tral engine and its environment. The width of the line is
less than few thousand km/s (in terms of full width at half
maximum; Yaqoob & Padmanabhan, 2004) and suggests
an origin within the BLR or the putative molecular torus (at
pc scale) or within the BLR closer to the BH. A powerful
method to study the origin of the narrow Fe line is to mea-
sure the time lag between the variation of the continuum
and the line (Blandford & McKee, 1982). The reverbera-
tion mapping methodology is used with the optical and UV
broad emission lines with great success (Peterson et al.,
2004) and, recently, in X-rays to investigate the origin of
the broad Fe line (Fabian et al., 2009; Uttley et al., 2014).
However, the uncertainties on the Fe line flux (about 10%)
and the low sampling frequency of the X-ray continuum,
prevent us applying this method to a large sample of AGN,
especially on the daily time scale expected for a BLR ori-
gin (Chiang et al., 2000; Liu et al., 2010; Markowitz et al.,
2009). eXTP will allow one, for the first time, to perform
X-ray reverberation of the narrow core and broad compo-
nent (see the eXTP white paper on strong gravity) of the
Fe line with a single mission.

The very large field of view of the WFM is a power-
ful tool to monitor the continuum intensity of virtually all
the sources in the sky. To demonstrate the unique ca-
pabilities of the WFM we used the 1-year exposure sky
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Figure 13  Panel a: eXTP (SFA in black, LAD in red) spectrum. Panel b: residuals as obtained by a 100 ks integration of a bright 1 mCrab AGN composed
of: the continuum, three components of ionized absorbers, the cold reflection and narrow Fe line K, Fe KB and Ni Ke, the ionized lines FeXXV and FeXXVI
and the blurred ionized reflection component (black hole spin a = 0.7). The model complexity we used for the simulation is similar to the case of the AGN
SWIFT J2127.4+5654 (Marinucci et al., 2014a; Miniutti et al., 2007) and is shown in panel ¢ where separate spectral components are indicated with different
colors (in blue the primary cut-off power—law, in cyan the blurred reflection component originated in the innermost regions nearby the central BH and in
magenta the contribution of the a cold reflection component originated in a medium distant from the central BH.

map shown in Fig. 14 as a good approximation of the
adopted pointing strategy. The WFM can produce con-
tinuous light curves with daily 30 detections for bright
sources (i.e., brighter than ~ 1 x 107'% erg s™' cm™ in the
7-50keV band, i.e., above the Fe K edge). Weaker objects
(~ 5x 107" ergs~' cm™2) will be detectable in weekly
exposures. These time scales are perfectly suited for the
narrow Fe line reverberation analysis, since the expected
time scales are from days to weeks to years (Markowitz
et al., 2003a), depending on the location and geometry
of the material and the intrinsic variability of the sources
(therefore, on the black hole mass and the accretion rate).
At the same time, the large area available with the SFA
and LAD will allow one to perform well-sampled moni-
toring of the Fe-K line and Compton reflection component
with short targeted observations. The CCD-class energy
resolution will easily allow one to disentangle the broad

Fe line component from the narrow core. In fact, in only
1 ks a narrow Fe line of equivalent width 100 eV can be
recovered with an uncertainty of 1-2% for bright sources
(~ 1 x107'° ergs™'em™ with ~ 10° SFA plus LAD
counts in the line). The same uncertainties can be recov-
ered for weaker sources (~ 5 x 107! ergs™' cm=2) with 5
ks exposures. Thanks to the broad bandpass of the LAD,
eXTP will be able to recover the reflection continuum with
10% accuracy in a 1 ks exposure for the brightest sources
(~ 1x107'% ergs~' cm™2). This measurement, together
with the WFM daily monitoring of the continuum above 7
keV (even with a low signal-to-noise ratio), will be a in-
strumental in identifying the origin of the narrow distant
reflection components in AGN.

What are the absorbing regions in the environment of su-
permassive black holes, from kpc to sub-pc scale? There
is strong evidence of at least three absorption components
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Figure 14 Number of AGN per 47 sr as a function of the position in the sky that are bright enough to be accessible to the WEM for studies of X-ray variability.
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on very different scales: on scales of hundreds of parsecs,
on the parsec scale, and within the dust sublimation ra-
dius, on sub-parsec scale (e.g., Bianchi et al., 2012; De
Rosa et al., 2012; Liu et al., 2010). The most effective
way to estimate the distance of the absorber is by means
of the analysis of the variability of its column density.
In particular, rapid (from a few hours to a few days) Ny
variability has been observed in most bright AGN in the
local Universe (Maiolino et al., 2010; Markowitz et al.,
2003c; Risaliti et al., 2013; Rivers et al., 2015; Sanfru-
tos et al., 2013; Torricelli-Ciamponi et al., 2014; Walton
et al., 2014), suggesting that obscuration in X-rays could
due, at least in part, to BLR clouds or in the the inner re-
gions of infrared-emitting dusty tori. These observations
with XMM-Newton and NuSTAR have achieved a preci-
sion for the covering factor of ~5-10%. Detailed simula-
tions show that such a measurement (assuming the same
observed fluxes) will be obtained with eXTP with signifi-
cantly higher precision (1-2%), on even shorter time scales
(few ks instead of ~100ks). This would allow, for the first
time, an extensive study of X-ray eclipses, which are fre-
quently seen in local bright AGN (e.g., Markowitz et al.,
2014). Following the time evolution of the column den-
sity and of the covering factor over timescales of a few ks

will provide unprecedented information on the structure,
distance and kinematics of the obscuring clouds. In partic-
ular, close to the lower end of the BH mass range in AGN,
with a single 100 ks observation it will be possible to fully
characterize the circumnuclear absorbing medium by sam-
pling eclipsing events from multiple clouds (e.g., Nardini
& Risaliti, 2011). which is now precluded by the short
timescales involved. Moreover, the broad-band energy
range offered by eXTP will allow one to explore in detail
also those clouds with larger column densities in Compton
thick AGN, whose variability mostly affects the spectrum
at high energies.

How does the central engine produce the observed vari-
ability? Our knowledge of the X-ray variability in AGN
has advanced substantially in the last 15 years, thanks
mainly to monitoring campaigns with RXTE and day-long
XMM-Newton observations of a few X-ray bright AGN
(Arévalo et al., 2006; Gonzdlez-Martin & Vaughan, 2012;
Markowitz et al., 2003b; McHardy et al., 2004; Papadakis
et al., 2002). AGN show red noise in their power spectral
density functions (PSD) with a power law that decreases
at high frequencies as a power law with index -2. Be-
low some characteristic frequency the PSDs flatten and
the break frequencies scale approximately inversely with
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the BH mass, from BH X-ray binaries to AGN (McHardy
etal., 2006). These characteristic frequencies seem linked
to both the BH mass and the properties of the accretion
flow. Although all the relevant accretion disk time scales
depend on the mass of the central object, only a few of
them may depend (indirectly) on the accretion rate as well.
So far, our knowledge is based on the power-spectral anal-
ysis of a few objects. A substantial improvement of the
analysis of X-ray variability in AGN would be possible by
avoiding the problems introduced by large statistical noise
and irregular time sampling. The WFM plays a crucial role
in our understanding of the X-ray variability in AGN. The
WFM will survey large areas of the sky, allowing one to
study long-term X-ray variability of bright/nearby AGN.
Using the AGN number counts observed by previous mis-
sions, we computed the number density of sources that will
be accessible to eXTP in each region of the sky (assuming
an average AGN spectrum and Galactic absorption). Using
the typical AGN flux distribution, we derived the number
of sources that are bright enough to build a light curve with
a worst resolution of 1 month at signal-to-noise ratio of 3.
Fig. 14 shows the number density map of AGN that fulfill
these criteria. Allevato et al. (2013) demonstrated that it is
possible to retrieve the intrinsic variability (within a factor
of 2) even when using sparse light curves with low signal-
to-noise ratio, such as the ones expected here for most of
the faint AGN population in the WFM sample. Depending
on the exact monitoring pattern, much smaller uncertain-
ties are expected for the brightest 20 sources. The WFM,
even in its first year of operations, is expected to return
light curves with at least 10 data points per year for sev-
eral hundreds of variable AGN, allowing both individual
(for the brightest) and ensemble studies of AGN variability
on long (monthly) time scales. One will therefore be able
to determine accurately the intrinsic variability amplitude
(on long time scales) for hundreds of AGN and study the
variability-luminosity relation with an unprecedented ac-
curacy. This relation will then be compared with similar
relations for AGN at higher redshifts (see, e.g., that derived
from the Chandra Deep Field-South survey; Yang et al.,
2016), obtained, however, with much higher statistical un-
certainties, due to the limited sample size, that prevent us
to probe effectively the luminosity, redshift and timescale
dependence of the intrinsic AGN variability) (e.g., Paolillo
etal., 2017).

9 Radio-loud active galactic nuclei

eXTP is planned in the same time frame as other obser-
vatories that are opening up a window to short time scale

variability for AGN, such as the Cherenkov Telescope Ar-
ray (CTA) at TeV energies and the Square Kilometer Array
(SKA) and Atacama Large Millimeter Array (ALMA) in the
radio and (sub-)mm bands, respectively (see Fig. 1). This
offers a unique opportunity to interpret short time scale vari-

ability and connect accretion and jet physics in radio-loud
AGN.

eXTP will be able to follow-up a large number of AGN.
We estimate this to be a few thousand with SFA and a few
hundred simultaneously with the LAD. These numbers are
derived from the 30-50 keV log N—log S reported in Giommi
& Padovani (2015), after applying a flux rescaling to match
the LAD and SFA energy bands. This extrapolation is well
justified by the fact that a hard X-ray survey preferentially
selects Flat Spectrum Radio Quasars and low energy peaked
BL Lacs due to the hardness of their X-ray spectra, which are
generally well described by a single power law in this entire
energy range. In addition, the WFM can provide monitoring
of bright AGN on a days to weeks time scale thanks to its
large sky coverage.

Among the radio-loud AGN, blazars are certainly the most
promising in the era of the time domain astronomy. They
are among the most powerful persistent (Urry & Padovani,
1995) cosmic sources, able to release (apparent) luminosities
in excess of 10* ergs™! over the entire EM spectrum, from
the radio to the very high energy y-ray band. This intense
non-thermal emission is produced within a relativistic (bulk
Lorentz factor I' = 10-20) jet pointing toward the Earth. Rel-
ativistic effects lead to the beaming of the radiation within a
narrow cone of semi aperture ~ 1/I" rad with strong apparent
amplification of the luminosity and shortening of the variabil-
ity time scales in the cases in which (as in blazars) the jet is
closely aligned to the line of sight.

Blazars come in two flavors: those that show optical broad
emission lines (typically observed in quasars that are called
Flat Spectrum Radio Quasars or FSRQs) and those that in
general display rather weak or even absent emission lines,
collectively grouped in the BL Lac object class. The lat-
ter generally show the most extreme variability, with varia-
tions as fast as a few minutes, and the most energetic photons
(above 100 GeV).

The conventional scenario (e.g., Ghisellini & Tavecchio,
2009) foresees a single portion of the jet dominating the over-
all emission, at least during high activity states. However,
this simple idea has recently been challenged by the obser-
vation of very fast (minutes) variability, which requires the
existence of very compact emission sites. The most extreme
example is PKS 2155-304, which experienced two excep-
tional flares in 2006 - with a recorded luminosity of the order
of several times 10*7 ergs™' - on top of which events with
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rise times of ~100 s have been detected. Even assuming that
these strong events originated in very compact emission re-
gions, the physical conditions should be rather extreme and
Lorentz factors of I' ~ 50-100 seem unavoidable (Begelman
et al., 2008). Physical mechanisms possibly triggering the
formation of these compact emission regions include mag-
netic reconnection events (Giannios, 2013) and relativistic
turbulence (Marscher, 2014; Narayan & Piran, 2012).

Alternatively, narrow beams of electrons can attain ultra-
relativistic energies (I ~ 10°) in the black hole vicinity
through processes involving the black hole magnetosphere
(Ghisellini et al., 2009; Rieger & Aharonian, 2008). In this
case, it is expected that the emission shows up only in the
high energy y-ray region, giving no signals at lower fre-
quencies (thus resembling the case of the so-called “orphan”
flares; different from the simultaneous X-ray and TeV flaring
observed from PKS 2155-304 in 2006).

eXTP can address the following questions with regards to
radio-loud AGN:

o What causes the fast y-ray flares? Until now, ultra-fast
variability has been recorded only in the y-ray band, es-
pecially at TeV energies, at which the Cherenkov arrays
are characterized by gigantic collection areas, required to
probe such short time scales. Current instruments do not
provide an analogous sensitivity in the key X-ray band,
at which the low energy component of TeV emitting BL
Lacs (the so-called HBLs) peaks and thus it is not possible
to study potential ultra-fast variability events at these fre-
quencies. Moreover, such events appear to be quite rare,
with a duty cycle of less than 1%. Therefore, monitoring
of the sky is required to catch these events.

The LAD, thanks to its timing capability, will allow one
to detect the X-ray counterpart of the very fast variabil-
ity observed at TeV energies for 2—10 keV fluxes above
2 x 107" ergs~! cm™2, shedding light on the nature of the
X-TeV connection in HBLs (Kang et al., 2012). More-
over, eXTP polarimetric measurements of HBLs will con-
strain the nature of the electron population(s) responsible
for the X-ray emission, providing us with the magnetic
field orientation and its change during the flaring activity as
compared with the average emission. In these blazars, the
polarimeter energy band will cover the region of the syn-
chrotron peak, where flux and polarization degree demand
sub-daily integration times. If one assumes a 2—10 keV
flux of 2x 1071 erg s~! cm™2, one can measure a minimum
detectable polarization of ~ 10% in 5 ks with the PFA. This
value is in the range of polarization measurements for syn-
chrotron emission as derived from optical measurements
(between 3% and 30%). A highly ordered magnetic field
would imply higher polarization degrees. In this respect,

eXTP will be able to probe the evolution of the magnetic
field lines and their role in powering fast variations as de-
tected by the LAD (flare rise over 100 s as detected in the
TeV range).

o What accelerates highly energetic electrons? A further po-
tential of eXTP in the study of HBLs is measuring the
change in spectral curvature of their synchrotron spectra
which will enable a direct study of the mechanism of ac-
celeration of highly energetic electrons. These studies will
benefit from the simultaneous observations of the LAD and
SFA that provide the broad band coverage (0.5-30 keV) of
the synchrotron emission.

o Where is the high-energy dissipation region? The SFA sen-
sitivity is very promising for the study of FSRQs with a
0.5-10keV flux 2 2 x 10713 ergs™' ecm™2. For these ob-
jects, eXTP will probe the rise of the inverse Compton
(IC) emission whereas new generation radio and (sub-)mm
instruments will provide excellent timing capabilities to
study short time-scale correlations with the synchrotron
spectral domain. The nature of the photon seeds for the
IC emission responsible for the high-energy emission is
still strongly debated. Tight constraints are expected to
come from the investigation of time scales of variability
and polarimetry. In this respect, the SFA will be crucial
in a multi-frequency context providing: a) temporal inves-
tigation on second time scales; b) spectral trend investi-
gation on minute time scales. With CTA, this may pro-
vide a multi-wavelength perspective to understand better
the rapid (unexpected) TeV emission recently detected in
some FSRQs. The WFM will provide not only an excellent
trigger for both CTA and (sub-)mm observatories but also
long-term monitoring of a large sample of blazars.

Moreover, polarimetric measurements performed in the
2-10 keV band, in comparison with polarization at lower
frequencies, represent a powerful tool to solve the long-
standing problem of the origin of the seed photons and
therefore constrain the high-energy dissipation region for
the brightest objects and flares on daily time scale. The
average X-ray fluxes of FSRQs are actually much lower
than those of high synchrotron-peak blazars (in the range
1072-107"" erg cm™2 s7!) and small amplitude variations
have been detected during the flaring activity. This im-
plies much longer integration times to achieve MDP val-
ues of the order of a few %, important to disentangle
among different leptonic models (external Compton ver-
sus synchrotron self Compton, SSC) by modeling the X-
ray emission. In particular, in the case of FSRQs with flux
~2x 107" ergs™! em™2, a minimum detectable polariza-
tion of 7% will be obtainable in 100 ks.

o What is the disk-jet connection in misaligned AGN? WFM
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Figure 15  Chandra 0.3-7keV image of the FRII radio galaxy 3C 111 with 3.6 cm radio contours overlayed (Leahy et al., 1997). In the inset the multi-
wavelength light curve from mm to y-rays is shown (from Grandi et al., 2012). The simultaneity of the flare is impressive: the core luminosity was increasing
from millimeter to X-ray frequencies exactly when the greatest flux of y-ray photons occurred. This is a clear indication of the cospatiality of the event. The
outburst of photons is directly connected to the ejection of a new radio knot (the time of the ejection is indicated by the black arrow).

long term monitoring (monthly time scale) of radio galax-
ies hosting efficient accretion disks (mainly Fanaroff-Riley
II sources, hereafter FRIIs) will provide an optimal tool to
investigate the disk-jet connection by triggering both ra-
dio and LAD X-ray follow-ups. eXTP will investigate the
disk-jet connection in a similar manner as in X-ray bina-
ries, that exhibit the same behavior (Wu et al., 2013).
Recent detections of radio galaxies hosting inefficient
accretion flows (Fanaroff-Riley I, hereafter FRI) at high
and very high energies (e.g., IC 310; Aleksi¢ et al., 2014)
are providing a further sample of radio-loud sources well
suited for follow-up observations with eXTP. Combining
SFA and LAD with CTA simultaneous observations will
be crucial in constraining the TeV emitting region, likely
connected with the magnetosphere surrounding the cen-
tral engine, as derived by the rapid variability observed
by MAGIC (Aleksi¢ et al., 2014). FRI behave like high
synchrotron-peak blazars (with lower luminosities) and
therefore simultaneous observations in X-rays and at TeV
energies are the key to interpret their spectral energy dis-
tribution in terms of SSC rather than hadronic models (not
ruled out so far). Given the typical fluxes of TeV FRI (a

few x107'? ergs™! cm™?), SFA (combined with LAD for
the brightest flares) observations will allow one to detect
the X-ray counterpart of the fast TeV variations, providing
tight constraints on the location of the TeV emitting region
and the particle acceleration process (Ahnen et al., 2017).

How important is reflection in spectra of radio-loud
narrow-line Seyfert I galaxies (NLSyls)? NLSyls are of-
ten considered as a third class of AGN with relativistic jets
(D’ Ammando et al., 2015; Foschini et al., 2011). LAD
observations will be very promising not only for study-
ing the physical mechanisms responsible for the higher en-
ergy emission (in y-rays or at TeV energies) and then the
blazar-like behavior, but also for determining the role of
the thermal component. The combination of SFA and LAD
follow-up of the high energy flares from NLSy1 detected in
y-rays or at higher energy y-rays will allow one to follow
the X-ray spectral variations of these sources in the broad
energy range (0.5-30 keV) down to a 1072 ergs™! cm™2,
unveiling the interplay between the Comptonized radiation
from the corona and the non-thermal emission from the jet.
The LAD observations extending up to 30 keV will play an
important role in the detection and characterization of the
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Fe-K line, and test with high accuracy the reflection model
applied to the X-ray spectra of NLSy1. This is to investi-
gate the possible link between accretion and jet properties.

10 Tidal disruption events

Observational evidence is mounting to support a scenario
where most galactic nuclei host SMBHs. Gas inflow causes a
small (~1%) fraction of SMBHs to accrete continuously for
millions of years and shine as AGN. Most are expected to
be quiescent, accreting if at all at a very sub-Eddington rate
(Shankar et al., 2013). Observationally, it is therefore hard
to assess the presence and mass of most SMBHs beyond the
local universe. Occasionally, a sudden increase of the accre-
tion rate may occur if a large mass of gas, for instance a star,
falls into the tidal sphere of influence of the black hole and
finds itself torn apart and accreted. One calls these events
’tidal disruption events’ (TDEs, see Rees, 1988). TDEs can
result in a sudden increase of EM emission. They can reach
the luminosity of a quasar but they are rare (~ 10~* yr~! per
galaxy ; in particular types of galaxies, it may be ~ 1073 yr~!
per galaxy; French et al., 2016; van Velzen, 2017) and last
several months or years. TDEs are a multi wavelength phe-
nomenon, that has so far been detected in radio, optical, UV,
soft and hard X-rays. They display both thermal and non-
thermal emission from relativistic and non-relativistic matter
(for a recent review on observations, see Komossa, 2015).

The detection and study of these flares can deliver other
important astrophysical information beyond probing the pres-
ence of a SMBH. First, TDEs can allow one to discover
intermediate mass black holes, as their peak bolometric lu-
minosity is expected to be inversely proportional to the black
hole mass. Second, TDEs are signposts of supermassive bi-
nary black holes, as their light curves look characteristically
different in the presence of a second black hole, which acts
as a perturber on the stellar stream (Liu et al., 2009). Re-
cently, a disruption by a SMBH binary candidate has been
claimed (Liu et al., 2014). Thirdly, as also mentioned be-
low, TDEs give us the opportunity to study accretion and jet
formation in transient (~month to year time scale) accretion
episodes around SMBHs in contrast to AGN. Fourthly, dor-
mant SMBHs represent the majority of the SMBHs in our
universe. X-ray fares from TDEs provide us with the oppor-
tunity to probe mass and spin distribution of previously dor-
mant SMBHs at the centers of normal galaxies as well as the
geometry of the debris flow of the accretion flare through X-
ray line reverberation (Zhang et al., 2015). Finally, in X-rays
TDEs represent a new probe of strong gravity, for instance
tracing precession effects in the Kerr metric (see, e.g., Fran-
chini et al., 2016; Hayasaki et al., 2016).

The first TDEs were discovered in ROSAT surveys of the
X-ray sky (e.g., Grupe et al., 1999; Komossa & Bade, 1999),
see Komossa (2002) for a review. Later, GALEX allowed for
the selection of TDEs at UV frequencies (Gezari et al., 2012,
2009). Many of the most recent TDE candidates are found
in optical transient surveys (Cenko et al., 2012; Chornock
et al., 2014; van Velzen et al., 2011). An alternative method
to select TDE candidates is to look for optical spectra with
extreme high-ionization and Balmer lines (Komossa et al.,
2008; Wang et al., 2012). This class of TDEs is called "ther-
mal’, and the spectral energy distribution is believed to be
associated with phenomena that lead to mass accretion onto
the black hole.

Currently, the theoretical picture proposed to interpret the
observational properties of TDEs is as follows. After stel-
lar disruption, part of the stellar material is accreted onto the
black hole, causing a luminous flare of radiation. If the star
is completely disrupted, its debris is accreted at a decreas-
ing rate according to M oc 733 (Phinney, 1989; Rees, 1988).
Therefore, TDEs allow one to study the formation of a tran-
sient accretion disk and its continuous transition through dif-
ferent accretion states. The super-Eddington phase - which
occurs only for SMBH masses M < 107 M, - is theoretically
uncertain, but it may be associated with a powerful radia-
tively driven wind (Rossi & Begelman, 2009) that thermally
emits 10*' —10* erg s~! mainly at optical frequencies (Lodato
& Rossi, 2011; Strubbe & Quataert, 2009). The disk lumi-
nosity (10% — 10% erg s™!) peaks instead in the far-UV/soft
X-rays (Lodato & Rossi, 2011). As an alternative scenario to
thermal emission from an accretion disk, the optical emission
has been suggested to come from shocks as the stellar debris
self-crosses or from reprocessed X-ray light (e.g., Piran et al.,
2015).

A few years ago, the Swift Burst Alert Telescope (BAT)
triggered on two TDE candidates in the hard X-ray band
(Bloom et al., 2011; Cenko et al., 2012). A multi-frequency
follow-up from radio to yy-rays revealed a new class of non-
thermal TDEs. It is widely believed that emission from a
relativistic jet (bulk Lorentz factor I' ~ 2, Berger et al,,
2012; Zauderer et al., 2013) is responsible for the hard X-ray
spectrum (with a negative power-law photon index between
-1.6 and -1.8) and the increasing radio activity (Levan et al.,
2011a) detected a few days after the trigger. More recently,
Brown et al. (2015) reported another candidate relativistic
TDE (Swift J1112.2-8238). Hryniewicz & Walter (2011)
found nine TDE candidates in BAT data after searching the
data from 53,000 galaxies out to 100 Mpc. Finally, Alexan-
der et al. (2016) and van Velzen et al. (2016) discovered the
first radio outflow associated with a thermal TDE, suggesting
that jets may be a common feature of TDEs.
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The best studied of the relativistic events is Swift
J1644+57 (Sw J1644 in short; Burrows et al., 2011; Levan
et al., 2011b). The two main features that support the claim
that Sw J1644 is a TDE are 1) the X-ray light curve behavior,
that follows Lx o« M(t — 7)7>/3 after a few days (t ~ 3 day)
from the trigger (Donnarumma & Rossi, 2015), and ii) the
radio localization of the event within 150 pc from the center
of a known quiescent galactic nucleus (Zauderer et al., 2011).

If one uses the Sw J1644 radio and X-ray light curves to
estimate prospects for any future planned missions, one ob-
tains that non-thermal TDEs can be discovered at a higher
rate thanks to triggers provided by radio surveys and to
follow-ups at higher energies. The wide field-of-view sur-
vey of SKA will effectively detect TDEs in the very early
phase, allowing follow-up X-ray observations in the very
early phase (Donnarumma et al., 2015; Yu et al., 2015). In
synergy with SKA in survey mode, the SFA can in principle
successfully repoint to each radio candidate in the sky acces-
sible at any moment to eXTP (i.e., 50% of the time), and
measure its light curve decay index and spectral properties.
The X-ray counterpart of radio-triggered events can be fol-
lowed up with the LAD too (see Fig. 6 in Donnarumma &
Rossi, 2015), thus extending the energy coverage up to 30
keV with a better characterization of the non-thermal process
and of the jet energy budget. The X-ray polarimeter will def-
initely play the major role. For events followed up within
a few weeks from the beginning, a fraction of ~10% of the
radio-triggered events will have a 2—10 keV flux greater than
1071 ergs~! cm™2. For these events, it is possible to derive
a minimum detectable polarization of ~10% over a 5 ks time
scale. This will allow one to test the variation of magnetic
field over a time scale of one hour and derive the time needed
for the transient jet to build up a large scale coherent mag-
netic field. Moreover, if eXTP were able to follow-up TDEs
within 1 day, with the trigger provided by LSST, SKA, the
Einstein Probe or WFM and if the source is bright enough in
2-10 keV (> 10710 erg s~!em™2), it will be possible to inves-
tigate also polarization angle variations aimed at assessing the
role of jet precession in the early phase of the event. In this
case, one foresees a set of daily (50 ks) observations (Saxton
et al., 2012; Tchekhovskoy et al., 2014) spread over 10 days
in order to appreciate angle variations within a few degrees.

eXTP is therefore very well suited for the X-ray follow-up
of jetted TDEs in the SKA era. The expected rate is between
a few to several tens per yr (depending on the value of I'). The
attractive prospect is that of building for the first time a sam-
ple of well studied TDEs associated with non-thermal emis-
sion from jets. This will allow one to study disk-jet formation
and their connection, in a way complementary to other more
persistent sources such as AGN and X-ray binaries. In addi-

tion, jetted TDEs can uniquely probe the presence of SMBHs
in quiescent galaxies well beyond the local universe (redshift
range 1.5-2).

Moreover, the SFA energy band and sensitivity will en-
able the follow-up of thermal TDEs, that are expected to be
triggered in a large number with LSST. These will be study
with eXTP in a tight connection with the X-ray binary tran-
sients. The combination of the soft telescopes, the broad en-
ergy coverage and the polarimetric capabilities makes eXTP
a great X-ray mission to study all the variety of tidal disrup-
tion events and to provide the unique opportunity to answer
the following questions:

o What is the rate of non-thermal TDEs? The SFA sensitivity
will allow one to follow up and identify any radio triggered
TDEs. The WFM can allow the serendipitous detection of
non-thermal TDEs in X-rays at a higher rate (between one
and a few tens per year) than any current missions. The
combination of the two will provide a unique tool to es-
tablish the rate of non-thermal TDEs and study the mech-
anisms powering the hard X-ray emission.

e Do TDEs exhibit similar spectral states as X-ray binary
transients? The SFA energy band and sensitivity will en-
able the follow-up thermal TDEs that are expected to be
triggered in large numbers with LSST. Several thousands
per year are expected to be triggered up to z ~ 1 (Strubbe
& Quataert, 2009). The X-ray follow-up with SFA will
make it possible to study the evolution of the thermal TDEs
and possibly see the transition from soft to hard spectra as
expected at later stages due to the coronal Comptonized
component (Lin et al., 2017).

o  What are mass and spin of the previously dormant SMBHs
at the centers of normal galaxies? AGN cover only a small
portion of the SMBHs in our universe. The distribution of
the masses and the spin of these SMBHs is important to
our understanding of the cosmological growth of mass and
evolution of the spin of the majority SMBHs. At present
and in the near future, we are only able to study the prop-
erties of these dormant SMBHs (also some intermediate-
mass black holes in dwarf galaxies) through these flar-
ing events. Among them, X-ray flaring TDEs allow us
to probe the mass and spin with X-ray line reverberation
(e.g., Zhang et al., 2015). For future X-ray bright relativis-
tic TDEs or thermal TDEs, it is possible to detect spectral
features with 1 ks SFA and LAD exposures.

11 Gamma-ray bursts and supernovae

Gamma-ray bursts (GRBs; for reviews, see Gehrels et al.,
2009; Mészaros, 2006; Piran, 2004) are short (~10 s), bright
(up to 1073 erg s~! in 10 keV — 1 MeV), energetic (with flu-
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Figure 16 Simulation of a neutron star - neutron star merger. The four frames are timed within 6.8 ms. From Rosswog (2013).

ences up to more than 10~ erg cm~2) and frequent (about one
per day). Observational efforts since the 1990s have pro-
vided, among others, 1) the accurate localization and charac-
terization of multi-wavelength afterglows (Costa et al., 1997,
van Paradijs et al., 1997), 2) the establishment of cosmologi-
cal distances and supernova-like radiated energies (Metzger
et al., 1997), 3) the identification of two classes of GRBs,
long and short, with a division at 2 s (Kouveliotou et al.,
1993a), and 4) the connection of long GRBs with Type Ib/c
supernovae (Galama et al., 1998). The most important open
questions in our current understanding of GRBs involve: the
physical origin of sub-classes of GRBs (i.e., short, X-ray rich,
sub-energetic and ultra-long GRBs), the physics and geome-
try of the prompt emission, some unexpected early afterglow
phenomenology (e.g., plateaus and flares), the connection be-
tween GRBs and particular kinds of supernovae, the nature
of the ’central engine’ and the use of GRBs as cosmological
probes.

Short GRBs were long suspected to be connected to bi-
nary neutron-star merger events (Eichler et al., 1989; Kou-
veliotou et al., 1993b). The detection of short GRBs asso-

ciated with old stellar populations, their offsets from their
host galaxies and the identification of a candidate kilonova
explosion supported this association (e.g. Fong et al., 2010;
Gehrels et al., 2005; Tanvir et al., 2013). The suspicion re-
ceived unprecedented support through the coincident detec-
tion of the short GRB170817A (Goldstein et al., 2017) and
the binary merger gravitational-wave event GW 170817 (Ab-
bott et al., 2017f,e). The masses of the two binary compo-
nents measured through the GWs are more consistent with a
set of dynamically measured neutron star masses than with
that of black holes. The tidal disruption of neutron stars (see
Fig. 16 for stills from a simulation) is expected to yield EM
radiation because of the delayed accretion of part of the ex-
pelled matter onto the merger product, the strong radio-active
decay of r-process elements produced during the merger, the
shocks resulting from an expanding cocoon and/or jets.

The prospect of GW detections with Advanced LIGO and
Virgo, KAGRA and LIGO-India in the 2020s have been cal-
culated to be rather promising (tens to hundreds per year) for
distances of up to ~300-500 Mpc (Abbott et al., 2013; Yang
et al., 2017). So far, very few (4-5; see, e.g., Fong et al.,
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2015; Gehrels et al., 2006) supernova-less GRBs (including
the so-called long-short GRBs and short GRBs) have been
localized within this distance regime. This may improve with
the softer response by the WFM and its larger field of view.
It was thought that, due to the beaming effect in special rel-
ativity, only relativistic jets from the mergers of two neutron
stars or of a black hole and a neutron star beamed toward
the Earth can be detected as short GRBs. The detection of
the off-axis GRB170817A (Goldstein et al., 2017), without
any noticeable signal of a relativistic jet in our line of sight,
suggests better prospects for the detection of off-axis X-ray
emission, possibly produced as a result of the shock propa-
gation or by the mildly relativistic cocoon (see, e.g., Lazzati
et al., 2017; Salafia et al., 2016). This emission has a much
larger opening angle, and despite the much lower luminos-
ity, it might still be observable by eXTP within the LIGO-
Virgo detection horizon. Moreover, independently from short
GRBs, some models predict detectable and nearly-isotropic
X-ray emission powered by the merger remnant (Gao et al.,
2013; Metzger et al., 2008; Rowlinson et al., 2013; Siegel
& Ciolfi, 2016a,b; Zhang, 2013; Zhang & Mészaros, 2001).
With its unprecedented large field of view, WFM may help
to confirm or exclude these models by possibly detecting EM
signals from the remnant on the needed time scale (from ~ 1 s
to longer). GRB170817A would have been detectable with
the WEM with a signal-to-noise ratio during the peak of up
to about 10 if its spectrum would be on the 1o soft side of
the error margins of the spectral shape parameters measured
with Fermi-GBM (Goldstein et al., 2017).

The nature of the second SN in tight binaries, which are
responsible for producing the binary neutron star progeni-
tors of short GRBs and GW sources, are the ultra-stripped
SNe (Tauris et al., 2013). These SNe produce relatively faint
and rapidly decaying light curves (Moriya et al., 2015; Tauris
et al., 2015). A prime candidate for such a SN event is SN
2005¢ek (Drout et al., 2013). Furthermore, as a result of se-
vere mass transfer in the X-ray phase just prior to these SNe
(via so-called Case BB Roche-lobe overflow), such systems
are also likely to be observable with eXTP as pulsating ultra-
luminous X-ray sources (see Sect. 12.1).

Another interesting class of soft GRBs may arrive from su-
pernova shock breakouts. Wide-field soft X-ray surveys are
predicted to detect each year hundreds of supernovae in the
act of exploding through the supernova shock breakout phe-
nomenology (Campana et al., 2006; Horiuchi et al., 2011).
Supernova shock breakout events occur in X-rays at the very
beginning of the supernova explosions, allowing for follow-
up at other wavelengths to start extremely early on in the su-
pernova, and possibly shedding light on the nature of the pro-
genitor of some types of supernovae. To date, only one su-

pernova shock breakout has been unambiguously detected, in
Swift observations of NGC 2770 (Soderberg et al., 2008). It
has a fast-rise, exponential decay light curve with a rise time
of 72 seconds, and an exponential decay time scale of 129
seconds, and a peak X-ray luminosity of 6.1 x 10* ergs s7!.

An interesting target for eXTP are the recently discovered
ultra-long GRBs (Gendre et al., 2013; Levan, 2015). These
events are soft gamma-ray bursts lasting hours (instead of
seconds). Only a few events are known, and most of their
properties remain to be studied. We know however that these
events present a possible faint thermal component, and that
they may be linked to progenitors very similar to population
IIT stars (i.e. extremely massive, metal poor stars; Ioka et al.,
2016). These objects are not brighter than normal long GRBs
(albeit the total energy budget is far larger), but last for so
long that it is possible to re-point eXTP and still to observe
the very bright prompt phase. This brightness, combined with
the unprecedented large collecting area of the LAD, would
allow spectral studies impossible to perform with any other
mission to date, studying in detail the evolution of the ther-
mal component and its still debated nature (Piro et al., 2014).

Thanks to its unique combination of field of view, broad
bandpass, spectral resolution, large effective area, and polar-
ization capabilities, the instruments on board eXTP , partic-
ularly the WFM (see Fig.18), can address questions of funda-
mental importance to understanding the above phenomena:

o What are X-ray Flashes? eXTP can enable a substan-
tial increase (with respect to past and current missions) of
the detection rate of X-Ray Flashes (XRFs), events com-
monly interpreted as a softer sub-class of GRBs (but see
also Ciolfi, 2016) which likely constitutes the bulk of the
GRB population but still lacking a good body of obser-
vational data (Heise et al., 2001; Sakamoto et al., 2005,
2008). With respect to HETE-2 WXM (2-25keV), the
most efficient XRF detector flown so far, WFM will in-
crease the XRF detection rate 7-fold, with an expected rate
of 30—40 XRF per year (e.g., Martone et al., 2017).

e What are the main radiative mechanisms at the basis of
GRB prompt emission? Measurement of the GRB spec-
tra and their evolution down to 2 keV are an indispensable
tool for testing models of GRB prompt emission and will
be studied with unprecedented detail thanks to the WFM’s
unique capabilities.

o What is the nature of GRB progenitors? Transient absorp-
tion edges and emission lines in the prompt and afterglow
X-ray spectra of long GRBs are expected in several sce-
narios for their origin. Firm detections or deep limits on
such features would be essential for the understanding of
the properties of the circumburst matter (CBM) and hence
the nature of GRB progenitors. In addition, they could en-
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GRB 090618 - WFM+GBM: BB+PL (Black, Blue) vs. Band(Red)
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Tlustrative plots of WFM capabilities and of their impact on GRB science. Left: Simulated WFM spectra of the first ~50 s of GRB 090618 (from

1zzo et al. 2012) obtained by assuming either the Band-function extrapolation (black) or the power-law plus black-body model extrapolation (red) to the Fermi
GBM measured spectrum (blue). The black body and power-law model components best-fitting the Fermi GBM spectrum are also shown in black dashed
lines. Middle: GRB detection sensitivity in terms of peak flux sensitivity as a function of the spectral peak energy E, (Band, 2003) of the WFM (red) for M4
configuration compared to those of CGRO BATSE (green), Swift BAT (blue), Fermi GBM (brown), and SVOM ECLAIRs (cyan). Right: Simulation of the
transient absorption feature in the X-ray energy band detected by BeppoSAX WEFC in the first 8 s of GRB 990705 as it would be measured by the WFM (Amati

et al., 2000).

able us to determine the GRB redshift directly from X-ray
observations. Up to now, only a few marginal detections
were provided by BeppoSAX, XMM-Newton and Chan-
dra, while no significant evidence for line emission was
found in Swift afterglow data. As illustrated in Fig. 18
(right panel), eXTP, thanks to the good energy resolution
of both WFM and SFA, combined with a large field of
view and a large area, respectively, can greatly contribute
to solve this issue and possibly open a new discovery space
in the understanding of the GRB phenomenon.

e Can supernovae be discovered promptly? Supernova ex-
plosions can be detected at their onsets thanks to the shock
breakout effect. According to recent supernova rate esti-
mates (Horiuchi et al., 2011), about one to two supernova
breakouts per year should be detectable with the WFM out
to 20 Mpc. If one takes the case of NGC 2770 as a tem-
plate, the optimum integration time to detect such events
out to 20 Mpc is 240 s (the WFM sensitivity for the de-
tection of impulsive events within this time interval is ~30
mCrab).

o What is the structure and evolution of GRB jets? The
contribution to GRB science by the LAD and especially
the PFA may provide breakthrough information on the
jet structure and on the nature of the afterglow flares
and plateaus (Burrows et al., 2005; Nousek et al., 2006;
O’Brien et al., 2006; Zhang et al., 2006), as different mod-
els make different predictions on the evolution of the polar-
ization during these phases (Dai, 2004; Sari & Mészaros,
2000). However, this will strongly depend on spacecraft
re-pointing capabilities and is likely limited to the 20%
brightest events. For instance, by using the mean parame-
ters of the X-ray afterglow light curves quoted by Margutti
et al. (2013) (i.e., a flux normalization at the beginning of

the plateau of 6 x 10710 ergs™' cm=2 and 3.96, -0.16 and
1.59 for the decay indices in the three phases - steep, shal-
low, normal- respectively), we computed the average flux
for an exposure of 100 ks starting at different epochs af-
ter the trigger. We find that sensitive polarimetric stud-
ies with the PFA (i.e., average fluxes above 1 mCrab) can
be performed for a typical X-ray afterglow only if it is
observed no later than a few minutes after the GRB trig-
ger. However, when considering X-ray afterglows with a
bright plateau phase (i.e., 10 times brighter at the start of
the plateau), an average flux of few mCrab can be reached
for a 100 ks exposure even starting the observations after 6
hours.

e What is the end product of a neutron star merger? The

end product of a merger of two neutron stars can either be
a black hole or a heavy neutron star that may be hyper-
massive (temporarily supported by for example fast spins)
with magnetic fields of order 10'> G (thus a magnetar, e.g.,
Rowlinson et al., 2013). This probes a very interesting
question: what is the threshold mass above which a neu-
tron star cannot exist (see also Sect. 5)? This is intimately
related to the neutron star equation of state. A possible
observational means to distinguish between both kind of
compact objects is, apart from the GW signal (Watts et al.,
2017), the detection of a pulsed EM signal after the merger
event, for instance in the so-called plateau phase of GRB
afterglows that is suggested to be due to rapidly rotating
magnetar (e.g. Lasky et al., 2014; Rowlinson et al., 2017).
eXTP would be well equipped to hunt for such a signal,
provided the LAD is pointed quick enough and the prompt
signal is very luminous (roughly in the neighborhood of
its Eddington limit for a distance of 40 Mpc and a signal
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Figure 18 As an example, we considered the redshifted Fe-K line that was measured by BeppoSAX in the X-ray afterglow spectrum of GRB000210 (Antonelli
et al., 2000). We show in the left panel a simulated SFA spectrum as obtained considering the same afterglow intensity and line equivalent width as detected by
BeppoSAX 12 hr after the onset of the GRB. An exposure time of 50 ks is assumed (average flux of 8 x 10713 ergs™! cm™2). The detection of the iron line with
the eXTP instrument would be outstanding. The right panel shows the same simulation for Swift /XRT. No line is detected. This confirms the low sensitivity
of XRT to similar features. These unique and unprecedented results would provide an important step forward in the investigation of the circumburst material
composition and distribution, with important consequences for shedding light on the nature of GRB progenitors and emission physics.

duration of 10* s, or more).

Finally we note that, as a public community service,
eXTP will include a capability to localize short transients
automatically onboard using data from the WFM. These po-
sitions, or a subset of them, will be disseminated via a VHF
network and the internet in a similar fashion as for the SVOM
mission (Schanne et al., 2015; Zhang et al., 2017).

12 Objects of uncertain nature

12.1 Ultraluminous X-ray sources

Ultraluminous X-ray sources (ULXs) have observed fluxes
indicating (assuming isotropic radiation) Ly > 10> erg/s, and
often > 10% erg/s. As these luminosities exceed the Edding-
ton limit (at which released radiation drives away in-flowing
mass) for typical stellar black hole masses, they indicate the
presence of either much larger-mass black holes, of super-
Eddington accretion rates, and/or beaming of radiation into
limited angles. The recent discovery of X-ray pulsations by
XMM-Newton in three ULXs (Bachetti et al., 2014; Fiirst
et al., 2016; Israel et al., 2017a,b) proves that some ULXs
contain neutron stars, and the sinusoidal pulse shape indi-
cates low beaming, so these systems clearly accrete at super-
Eddington rates (likely from high-mass donors, e.g., Motch
et al., 2011; Rappaport et al., 2005). These systems are now
being intensively studied, to try to understand the magnetic
fields of their neutron stars, their long-term spin behavior,
and the nature of the accretion flows.

eXTP can provide a substantial contribution to ULX sci-
ence, by finding and timing ULX pulsars. eXTP s SFA has

an effective area roughly 5.5 times that of XMM-Newtons pn
camera at 6 keV (the relevant comparison, since ULX pul-
sations are stronger at high energies), and an angular res-
olution of 1’, enabling high count rates for relatively faint
objects. As pulsation detection is generally a function of
count rate and pulse fraction, the higher SFA effective area
means that eXTP should be able to detect pulsations over
twice as far away (e.g., ~10 Mpc vs. 5 Mpc for 10* erg/s
ULXs with 20% pulsed fractions), and thus within an effec-
tive volume 8-10 times larger. A systematic eXTP program to
survey bright ULXs within 10 Mpc (identified by, for exam-
ple, eROSITA on Spectrum-X-Gamma, along with Chandra
and XMM-Newton surveys), and the brightest ULXs beyond
that, may discover ~30 new ULX pulsars, allowing signif-
icant statistical conclusions about the ULX population. Re-
peated timing of these ULXs will measure their spin-up rates.
eXTP s high effective area will also allow studies of QPOs
(Strohmayer & Mushotzky, 2003), time lags (De Marco et al.,
2013), and eclipse searches (e.g., Urquhart & Soria, 2016),
opening up substantial discovery space for these extreme ob-
jects.

12.2 Fast radio bursts

In recent years, there has been much excitement about the
enigmatic Fast Radio Bursts (FRBs; Lorimer et al., 2007).
These are bright, millisecond duration, radio bursts with large
dispersion measures pointing at extra-galactic distances and
large luminosities. A few tens have been detected since 2001
and estimates about their all-sky rate range into the thousands
per day (e.g., Keane & Petroff, 2015). Radio telescopes are
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being adapted to detect many more and aiming to distribute
alerts in close to real time (e.g., Petroff, 2017). The origin
of these bursts is undetermined and the models range from
neutron-star collapse to black holes, neutron star or white
dwarf mergers and non-cataclysmic pulsar events (for a re-
view, see Rane & Lorimer, 2017). There is one FRB source
which has repeated tens of times (Spitler et al. 2016), while
all other observed FRBs have not been observed to repeat (al-
though it is possible that repeats have been missed due to in-
strument sensitivity limitations and survey strategies; Petroff
et al., 2015). The case of the repeater gives rise to a mod-
els where the energy is from magnetic reconnection events
from a young magnetar (e.g., Katz, 2016) or giant pulses from
a rapidly rotating neutron star (e.g., Lyutikov et al., 2016).
However, there is no consensus yet (Rane & Lorimer, 2017).

To date FRBs have no counterparts outside the radio band.
However, there are models predicting FRBs associated with
some GRBs and, hence, a faint, broadband afterglow may be
expected (e.g., Zhang, 2014). Coordinated searches of FRBs
in the repeating source revealed no detection in X-rays and
gamma-rays with 0.5- 10 keV flux limits of order 1077 erg
s~! em™2 (e.g., Scholz et al., 2017). This limit can be vastly
improved with LAD and SFA to values of 107! to 107!! erg
s~! ecm™2. Because of the WFM s large field of view, the pos-
sibility of a FRB being detected inside that field of view is
enhanced. Detection of the prompt few millisecond duration
emission will be difficult though given the flux limit of ap-
proximately 107 erg s=! cm™2. If there is a longer duration
X-ray counterpart, chances will become better.

Conversely, eXTP could instead provide candidates for tar-
geted searches for FRBs. Many of the progenitor theories re-
quire a young neutron star that is rapidly rotating and/or has
a high magnetic field (e.g., Rane & Lorimer, 2017). Neu-
tron stars of this type are proposed to be the central engines
of some GRBs and superluminous supernovae (see Section
11). Additionally, the host galaxy of the repeating FRB is
consistent with the host galaxies of long GRBs and superlu-
minous supernovae (Metzger et al., 2017). However, for long
GRBs and superluminous supernovae progenitors, it will take
a few decades to clear the surrounding medium to allow the
radio emission to escape (Metzger et al., 2017). The short
GRB progenitors do not have this issue and bursts may escape
much sooner. eXTP will be able to identifying the plateau
phase (the signature of the formation of a magnetar Zhang &
Mészaros, 2001) following GRBs and these sources can be
targeted with rapid response and late-time FRB searches (see
Chu et al., 2016, and references therein).
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