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ABSTRACT

We propose a high-time-resolution, high-spectral-resolution X-ray telescope that uses transition-edge sensors
(TES) as detectors and collector optics to direct the X-rays onto the focal plane, providing a large effective area
in a small satellite. The key science driver of the instrument is to study neutron stars and accreting black holes.
The proposed instrument is built upon two technologies that are already at high TRL: TES X-ray detectors and
collector optics.

1. KEY SCIENCE GOALS

In the past 50 years, we have been able to observe what could be defined as the most amazing laboratories in
the Universe: black holes and neutron stars. These objects, often called compact objects, uniquely present an
environment to test the laws of physics at their extremes: the density in a neutron star reaches values several
times higher than nuclear density, magnetic fields are billions of times higher than the Sun’s, and gravity around
black holes is so strong as to trap light itself. In this short period of time, we have learned a lot about compact
objects, but their best kept secrets are still a mystery to us.

The X-ray emission of compact objects presents a rich phenomenology that can lead us to a better under-
standing of their nature and to address more general physics questions. The key scientific questions for Colibri
can be divided in three main areas:

Accretion physics in the strong gravity regions close to compact objects

e What happens within the innermost region of the accretion disc around black holes and neutron stars?
e What is the structure of the X-ray emitting region of the accretion disc?

e What powers the corona? What drives X-ray weak and strong sources?

Feedback mechanisms on all scales

e What drives outflows in AGN? What are the properties (density, velocity, geometry, kinetic luminosity) of
outflows?

e How do supernovae energize and enrich the environment with the elements essential for life? How do
massive stars (that eventually explode in supernovae) lose mass and interact with their environment and
what role do their magnetic fields play?

e (Colibri is well-suited to addressing another science objective found within the Cosmic Origins topical team,
but that falls into the feedback category, which is to characterize the highly ionized material of the hot
intergalactic medium.
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Physics of dense matter and extreme magnetic fields

e What is the equation of state for neutron star material, and how can we probe the interiors of neutron
stars?

e What are the properties of material and light in strong magnetic fields?

Colibri will be able to investigate these questions to a new level, thanks to its unprecedented throughput and
spectral and timing resolution in the 0.5-20 keV range.

1.1 Accretion physics in the strong gravity regions close to compact objects

Variability in the X-ray emission from accreting neutron stars and black holes carries detailed information on
the physics of accretion. Accretion disks and jets are ubiquitous in astrophysics; they are found around newborn
stars, during planetary formation, in active galactic nuclei (AGNs), in which they play a key role in shaping
the evolution of galaxies. However, the mechanisms for angular momentum transport in the disk and for jet
formation close to the central object are poorly understood. As for any type of physics, studying accretion at
its most extreme actualisation, the inner accretion disk close to compact objects, provides the best opportunity
for breakthroughs in the understanding of the phenomenon as a whole. For example, the high magnetic field
expected to be present in the disk of accreting stellar mass black holes, and even more so around accreting
neutron stars, could make it easier to highlight the role of magnetic fields in generating the viscosity needed for
accretion to occur. Or the role of the black hole spin in powering winds and jets can be better understood once
we measure the spins of many black holes.

Additionally, the X-ray emission of accreting compact objects provides a window into strong gravity. One of
the most subtle consequences of General Relativity is the “no-hair” theorem, for which black holes can be fully
characterized by their mass, angular momentum and charge. Since we expect no charge on astrophysical black
holes, the spacetime that surrounds a black hole can be nearly exactly described by the Kerr metric. The only
way to test this theorem is to probe the spacetime very close to the hole. Fortunately, the X-ray emission of
accreting black holes carries information about the inner region of the accretion disk, within a few gravitational
radii (R, = GM/c?) from the hole, encoded in the fast variability of its spectrum.

The emission from the accretion flow very close to accreting compact objects presents two possible high-
precision diagnostics of their spacetime and accretion processes: reverberation mapping and quasi-periodic os-
cillations (QPOs).

Reverberation mapping In black-hole X-ray binaries and AGNs, accretion to the central black hole takes
place via a geometrically thin, optically thick accretion disk, which emits thermally in the soft X-rays for black
hole binaries and in the optical and UV bands for AGNs [2, 3]. The photons emitted by the disk are thought
to be Compton up-scattered in an optically thin corona, which produces a power-law spectrum in the hard
X-rays [4, 5]. Some of the up-scattered photons in the corona are reflected back into the line of sight by the
disk. The reflected spectrum presents particular features, that include an iron Ka fluorescence line at 6.4 keV
and a reflection hump that peaks at ~30 keV [6, 7]. Gravitational redshifts from the black hole and relativistic
motion of the orbiting plasma in the inner disk distort the spectrum, providing insight on the dynamics of the
accretion disk [8]. The coronal emission shows rapid aperiodic variability, on timescales of milliseconds for stellar
mass black holes and of minutes for AGNs. Neutron stars also accrete via a disk, but in addition, the material
accreted onto the surface causes repeating thermonuclear reactions that are observed as bright bursts of X-ray
emission, with timescales that go from 100 ms to several hours [9-16]. Similar to the coronal emission for black
holes, this X-ray-burst emission can be reflected by the accretion disk, and indeed reflection spectra have been
observed [17-20]. In both cases, variability of the illuminating signal provides a way to map the inner regions
of the accretion disk, since fluctuations in the continuum emission are reflected in the reverberation spectrum
with a light-crossing time delay[21]. Time delays can be of the order of a few hundreds of microseconds for
Galactic binaries, and are much longer for AGN (scaling as oc M). Since different parts of the accretion disk will
be illuminated at subsequent times, photons of different energy will present different time delays, reflecting the
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Figure 1: Energy- and time-dependent reflected emission resulting from a d-function (the iron line) in the driving
continuum for a black hole with spin parameter a/M = 0.998. The corona is modelled as a point source along the
spin axis at z = 2GM/c? (lamppost), and the observer is located at an inclination of 86°. See also [1]. Upper
part: Central panel. Reverberation response spectrum for the accretion disk ending at the ISCO (red), 4G M /c?
(black) and 8GM/c? (blue). Upper panel. Energy integrated flux. Photons of different energies, coming from
different radii on the disk, also arrive at different times. Right panel. Time integrated spectrum. The caustics
form at the edge of the response function as can be seen in the reverberation spectrum measured a particular
time lag (green). Lower part: Central panel. The colored regions depict the reverberation signal from parts of
the disk where a QPO of @ ~ 10 and the nodal precession frequency of 1, 2, 5, 10, 20 and 40 Hz would exist for
a 10 Mg black hole, assuming the RPM model. Right panel. The caustics can be seen in the reflection spectrum
measured for a particular QPO.
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characteristic Doppler shift of the reflection region. Such reverberation lags have been detected in several AGNs
with XMM-Newton and NuSTAR [22, 23], and very recently in an X-ray binary with NICER [24].

Observations so far are limited by either the low sensitivity or low timing resolution of current X-ray telescopes,
while the combination of high energy- and high time-resolution of Colibri will allow for the detection of these
lags in the reverberation spectra. High-resolution spectral fitting of the X-ray emission, especially of the Fe-line
profile, provides information on the strong-field gravity effects on the orbiting plasma and its dynamics, from
which radii can be inferred in units of the gravitational radius, as well as the spin of the black hole and the
inclination angle of the system. The possibility of performing reverberation mapping, which yields distances in
absolute units given by the light travel time, simultaneously to spectral fitting would therefore provide a test of
the Kerr metric itself, as well as a measurement of the mass of the compact object [25, 26]. Although the total
spectral features of reverberation are relativistically broadened in general, high energy and timing resolution
combined would allow slicing the emission in both the spectral and time domain, which could reveal sharp
features, broadened not by the bulk motion of the disk material but by thermal and turbulent motion within
the disk with v/c ~ 1073 or smaller as shown by the green curves in Figure 1.

Quasi periodic oscillations QPOs are nearly periodic fluctuations commonly observed in the X-ray light
curve from the inner regions of accreting compact objects [27-30]. The first to be discovered were the low
frequency QPOs (LFQPOs), with frequencies ~ 0.1 — 30 Hz. RXTE revealed higher frequency features: high
frequency QPOs (HFQPOs) in the range ~ 40 —450 Hz from black hole systems [31], and kHz QPOs in the range
~ 300 — 1200 Hz in neutron star systems [29, 32]. The origin of QPOs is still debated, but their frequencies are
commensurate with those of orbital and epicyclic motions in the Kerr metric close to the compact object, and
thus constraining the QPO mechanism would provide a new way to measure properties of the inner accretion
flow and the effects of strong gravity.

Current models for LFQPOs find their origin either in some instability in the accretion flow, or in a geometric
oscillation [33-40] such as, most notably, Lense-Thirring precession [34, 35, 37-39]. This is a nodal precession of
orbits inclined to the equatorial plane caused by a spinning compact object dragging the surrounding spacetime
around with it (the frame-dragging effect). The origin of HFQPOs and kHz QPOs is more obscure, with the
proposed models including Doppler modulation of orbiting hotspots in the inner disk, oscillation modes of a
pressure-supported torus, nonlinear resonances, gravity and pressure modes in the accretion disk [41, 42, and
references therein] and, for the case of neutron stars, beating with the neutron star spin frequency [43].

It is clear that new and better observations are needed to understand these phenomena and ultimately exploit
them as diagnostics. LFQPOs are normally detected with high significance using current instruments, thanks
to their high amplitudes. This enables studies of the QPO phase dependence of the spectral shape (i.e. QPO
tomography). Recently, Ingram et al. [44] detected the predicted quasi-periodic modulation of the iron line
centroid energy using XMM-Newton and NuSTAR data from the black hole XRB H1743-322, and performed
a tomographic mapping of the disk emission [45]. It was a challenging task, as it required very long exposure
times, and a relatively dim source was chosen to avoid photon pile-up in the XMM-Newton detectors. Colibri
will revolutionize such studies by providing vastly better spectral resolution and dramatically higher count rates,
particularly considering that instruments such as XMM-Newton (and ATHENA in the future) are limited by
photon pile-up and therefore cannot be used to observe the brightest sources. Furthermore, the unprecedented
count rates will, for the first time, enable similar tomographic analyses with HF and kHz QPOs, providing a
qualitatively new way of testing models. HFQPOs are much fainter than LF, and this explain the scarcity of
current detections. The high sensitivity of Colibri will enable the detection of HFQPOs in more systems and
it will test the presence of the even weaker signals predicted by some of the current theoretical models. The
observed HFQPOs with RXTE show a similar set of frequencies from all the sources. This may be a selection
effect from the RXTFE band, or it could mean that HFQPOs are excited only at specific frequencies. A higher
sensitivity and timing resolution could bring to the detection of additional signals or to a null detection at higher
frequencies, allowing to discern between the proposed models. Perhaps most important in the study of QPOs
is detecting large number of photons and high time resolution; nevertheless, combining this with high energy
resolution could allow a new type of diagnostic on the origin of QPOs: if the modulation is coming from a
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Figure 2: Left: Constraints on the mass and spin of the black hole in XTE J1550-564 obtained using the
frequencies in observed in [46] assuming that the black hole lacks charge and vacuum energy as expected for
astrophysical black holes. Right: Constraints on the mass and spin of the black hole as well as the additional
parameters that we expect to be zero from GR for astrophysical black holes (@ and H).

small area in the disk, slicing the emission in energy would provide information on where the perturbation is
happening.

As an example of the power of QPOs as diagnostic, Fig. 2 shows the results of a simulation for a HFQPO
on a 10 My BH rotating at 95% of the critical spin performed for Colibri where the relativistic precession
model (RPM) for HFQPOs was assumed. In the RPM, four signals are expected in the power spectrum: Lense-
Thirring precession, radial epicyclic motion, periastron precession and orbital motion, and the relation between
the frequencies is uniquely determined by the Kerr metric. A drift in the frequencies is observed, correlated to a
variability in the flux, that is interpreted in the RPM as a response to a change in the inner radius of the disk.
Observations of the four signals and of how they drift, not only would shed light on the origin of the phenomenon,
it would constrain the mass and spin of the hole with great accuracy, as shown in Fig. 2. Furthermore, since mass
and spin are the only parameters important in describing the spacetime around a black hole in the Kerr metric,
these observations could provide constraints on deviations from it. In Fig. 2 a simple test is shown: adding a
charge or a cosmological constant, both expected to be negligible in astrophysical black holes, changes the metric
from Kerr; finding a value different from zero would hint to a deviation from the Kerr metric and from GR.

If we turn our focus to accreting neutron stars, the highest-frequency quasi-periodic oscillations (QPOs)
observed in accreting neutron star systems can provide unique constraints on the neutron stars themselves [47]
if the oscillation can be associated with motion near the inner edge of the accretion disk. The current record is
4U 0614409, which has a QPO with three-sigma lower limit on its frequency of 1267 Hz, yielding a constraint
on the mass of this object of less than 2.1 Mg [48]. High-resolution spectroscopy of the QPO itself can bring
the power of these constraints forward to obtain stellar mass measurements and probe the spacetime around the
neutron star as well (perhaps measuring the moment of inertia). The objects that have been found to exhibit
these high frequency QPOs are typically brighter than 0.1 Crab (this is in part a selection effect). They are
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sufficiently bright that a focusing instrument like the X-IFU on ATHENA [49] would have significant difficulty
doing spectroscopy due to photon pile-up, but a TES experiment with collecting optics could provide exciting
measurements of neutron star masses and moments of inertia, as well as a basic test of the models for the QPOs.

Testing General Relativity The detections by the LIGO experiment over the past four years of gravitational
radiation from inspiraling black holes represent the most spectacular verification of the unification of gravity with
special relativity. The existence of gravitational waves is the most basic feature of a relativistic theory of gravity.
It is direct proof that the disturbances in spacetime itself travel at the speed of light. The discovery, on 17 August
2017, of gravitational waves from merging neutron stars and a nearly coincident gamma-ray burst constrained
the speed of gravitational waves to be within one part in 10'® of the speed of light. Furthermore, gravitational
waves are a window into gravity at its most dynamic: during the final moments of the inspiral detected in
September 2015, the energy released by the two black holes in the form of gravitational radiation exceeded the
energy released in all forms by the rest of the Universe in that moment.

General relativity is one among many possible relativistic theories of gravity that are consistent with the
current constraints in the weak-field regime and with the observed LIGO events. In this context, Colibri can
play a crucial role in probing gravity in the strong field near black holes and neutron stars and in putting
constraints on the different theories. The timing capabilities of Colibri will yield complementary probes of
strong gravity. One of the most subtle consequences of general relativity is the “no-hair” theorem, which states
black holes can be fully characterized by their mass, angular momentum and charge. In an astrophysical context,
this means that the spacetime outside of black holes is nearly exactly described by the Kerr metric. By measuring
multiple QPOs from multiple black holes, Colibri will not only measure the spin and mass of black holes, but
provide crucial constraints on the departure of the spacetime from the Kerr metric and a verification of the
“no-hair” theorem. Through spectroscopic studies of accretion disks around black holes, e.g. by looking at the
reverberation spectrum or by mapping the iron line, it will be possible, with Colibri, to probe the fine scale
structure of the spacetime around black holes, both within the equatorial plane and above it.

Although gravitational waves provide a window to strong gravity, the wavelength of these waves is necessarily
comparable to the size of the black holes; therefore, without extremely high-signal-to-noise, the study of grav-
itational waves cannot provide a detailed probe of the spacetime surrounding black holes, and electromagnetic
signals provide a crucial complementary window into strong gravity.

1.2 Feedback mechanisms on all scales

Most galaxies are known to host a supermassive black hole at their centre; additionally, a tight correlation is
observed between the mass of the host galaxy and the mass of the supermassive black hole. This observational
correlation requires a mechanism that connects the accretion growth of the black hole to the star formation
growth of the galaxy. Understanding this feedback mechanism is crucial to the study of how the galaxies and the
black holes at their centre evolve.

Actively accreting black holes are among the brightest extra-galactic X-ray sources in the sky. As the X-
rays travel through space, the spectrum is imprinted with the signatures of all of the material along the line of
sight. This includes the material in the immediate vicinity of the black hole, including energetic winds that are
launched from the system. Further away from the hole, X-ray photons travel out of the host-galaxy of the black
hole and through the reservoir of gas and dust that is the intergalactic medium. In particular, as the X-rays
travel through the hot filamentary web of the warm-hot intergalactic medium (or WHIM), some photons can be
absorbed by the highly ionized metals contained in the gas. From these absorption lines in the spectra, we can
measure how much gas is contained in these otherwise dark reservoirs.

A different feedback mechanism is important at a smaller scale: as stars die, their ultimate explosions,
supernovae, energize and enrich with elements the gas in star-forming regions. The study of supernova remnants
with the high spectral resolution and high throughput of Colibri will enable a better understanding of the
composition of the outflows and of the different types of supernovae.
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Figure 3: Left: Simulations of a 100 ks observation of absorption by the ultra-fast outflow from the quasar PDS
456 at about 7 keV with Colibri. Upper right: The observations are sensitive to the turbulent velocity broadening
of the outflow (3000 km/s and 5000 km/s). Lower right: The observations also probes the mean velocity; the
velocities of the model and data differ by one percent.

Black hole winds The most significant feedback mechanism is seen when active galaxies are in “radio mode”
and launch collimated jets of material across the intracluster medium. In “quasar mode”, diffuse winds are
released from the accretion disc region into the host galaxy. While the quantity ejected in quasar mode may be
more modest than in radio mode, it can still have a profound effect on star formation and the distribution of
elements in the host galaxy. These more common outflows appear in nearly half of all AGNs, exhibit velocities
of hundreds up to ~ 1000 km s~!, and are seen in optical, UV, and X-ray spectra.

With the large effective area at high energies (~ 5—10 keV) provided by XMM-Newton, came the discovery of
absorption features above 7 keV [e.g. 50, 51]. These features were attributed to highly ionized Fe XXV and XXVI
that are outflowing from the inner regions. The blueshifts indicate the material is moving at mildly relativistic
velocities of about 10* — 10° km s~! and have been coined ultra-fast outflows (UFOs). If confirmed, UFOs would
correspond to the hottest, densest, and fastest gas expelled from the black hole system and dispelled on the host
galaxy.

Determining the nature of UFOs may be the key to understanding how galaxies grow and evolve. However,
the modest spectral resolution of current instruments means little is known about the wind. The high spectral
resolution and throughput of Colibri will reveal the composition of the wind and the launching mechanism.

Supernova Remnants Supernovae energize and enrich the environment with the elements essential for life.
As such, they are the main sources for the chemical enrichment of the Universe and our own galaxy. Supernova
remnants (SNR) serve as laboratories to probe these elements through X-ray spectroscopic studies and compar-
ison to nucleosynthesis models developed by nuclear astrophysicists. However, the details of these important
processes and how elements are created and dispersed into the interstellar medium remain unknown to date,
largely due to the lack of high-resolution spectroscopy needed to resolve spectral lines and constrain the abun-
dances of the elements. In particular, the following questions remain to be answered: what is the mechanism
behind the type Ia thermonuclear explosions of white dwarfs (accretion from a non-degenerate star, merger of
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Figure 4: A simulation of the observations of the WHIM along the line of sight to the blazar 1ES 1553+113
with XMM RGS [as in 52] and Colibri. Here we focus of the a-line of helium-like oxygen from an absorber at
z = 0.4433.

two white dwarfs, or both)? Can we probe the heavy, rare and odd-Z elements (like Mn and Cr) beyond the
most abundant even-Z species detected with CCDs? Is the observed diversity of neutron stars, born in core-
collapse supernovae, linked to that of their supernova progenitors? The answer lies in future high-throughput,
high-energy resolution spectroscopy, as hinted by Hitom:’s glimpse of a handful of SNRs and the Perseus Cluster.
Colibri can serve as a future instrument for high-throughput, high-resolution spectroscopy of a sample of diffuse
objects that do not require spatially resolved studies.

Finding the missing baryons Ultimately the feedback from supernovae and AGN not only affects the star
formation of the host galaxy but also energises the surrounding gas and pollutes it with material from the galaxy
itself. Bright quasars illuminate the gas along the line of sight, i.e. the gas between the galaxies in intergalactic
space. With its high spectral resolution and high sensitivity, Colibri will enable detection and characterization
of this material through absorption features.

Analysis of the density fluctuations in the cosmic microwave background, as well as observations of the
high-redshift intergalactic medium (IGM) through Lyman-« absorption, provide an estimate of the fraction of
baryonic matter in the Universe. Recent Planck results estimate this baryon fraction to be 4.86% [53]. Of this
fraction, about 10-20% is found in galaxies, groups and clusters, while the rest is expected to lie in the reservoirs
of gas that make up the IGM. However, observations of the IGM at low redshift account only for about half
of the remaining 80-90% of baryons. A big question then arises: where are the missing baryons in our current
epoch?

Cosmological simulations suggest that the gas in the IGM at low redshift is distributed over a wide range
of temperatures and densities, which are usually divided into two main components: a diffuse and photoionized
phase, with temperatures of the order T ~ 1039745 K and electron densities of about n, ~ 1078 — 107° cm ™3,
and a condensed (n, ~ 1076 —107*% cm~3) filamentary web that is heated by shocks to temperatures T' ~ 10°~7 K
[54]. The diffuse phase can be traced by detecting Lyman-a absorption lines in the spectrum of background
quasars and contains about 25% of the low-redshift baryons [55]. The condensed and hot phase is called the
warm-hot intergalactic medium (or WHIM), and it is thought to contain the remaining 60% of the gas in the
IGM [56].

Due to the large abundance of hydrogen in the collisionally ionized WHIM, it is possible to detect broad
Lyman-a absorption from a small neutral fraction at temperatures up to T ~ 10 K [57, 58]. Other successful
surveys of low-z WHIM at T' < 10% K were obtained by observations of high ionization resonance lines in the far
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or extreme ultraviolet (as for example Oxygen VI or Neon VIII lines) [55, 59, 60]. The two methods have some
overlap, and the estimates of the fraction of baryons contained in the warm phase of the WHIM are of the order
of 20-30% [52, 56].

The remaining 30-40% of elusive baryons may be hidden in the hotter portion of the WHIM, and searching for
them requires detecting the metal absorption lines in the X-rays from highly ionized C, O or Ne. The throughput
of current high-resolution spectrographs on Chandra or XMM-Newton is too low to obtain significant detections of
these absorption lines in the spectra of bright background quasars in reasonable exposure times; however, several
controversial detections have been claimed of absorption lines of helium-like Oxygen VII [61-63] or hydrogen-like
Oxygen VIII [64, 65]. Recently, an extremely long observation (1.85 Ms) with XMM-Newton of the brightest
X-ray blazar in the sky with z > 0.4 (1ES 1553+113) has produced a 3 — o detection of two helium-like Oxygen
VII absorption lines which are likely to originate in the IGM and not in the quasar’s environment [52]. A similarly
significant detection of a O VII line was obtained with a much shorter (470 ks) observation of the luminous quasar
H 18214643, by blue-shifting and stacking the X-ray spectrum corresponding to the redshift of 17 absorption
line systems in the quasar’s sightline previously detected in the UV [66]. Fig.4 shows the sensitivity of Colibri
to the weak absoption lines of the WHIM.

1.3 Physics of dense matter and extreme magnetic fields

The density reached in a neutron star’s core, several times higher than nuclear density, is not reached anywhere
else in the universe at cold temperatures, let alone in our terrestrial physics labs, and therefore neutron stars
represent the only laboratory available to look for the equation of state for cold, dense matter. The holy grail
of neutron star observations, the mass-radius relation, if measured for several neutron stars, could put stringent
constraints on the nuclear equation of state, and thus on the detailed physics and composition of matter at
high density [67]. Mass measurements of massive neutron stars exclude a number of equations of state that
predict a relatively “soft” dependence of pressure on density, as the nuclear pressure must be high enough for
massive neutron stars to be stable. Although a number of masses of neutron stars have been measured with high
precision, especially for compact binaries, radius measurements are much harder to achieve with the precision of
less than a kilometre required to put stringent constraints on the equation of state.

The advent of moderately high-resolution X-ray spectroscopy with Chandra and XMM-Newton promised to
usher in a new age in the study of neutron stars: we thought we would study neutron stars like stars, with
resolved absorption spectra revealing their surface chemical composition and physical conditions (e.g. surface
gravity, pressure, temperature). Nature, however, did not cooperate in this endeavor, as observations of neutron
stars have not revealed verified atomic absorption lines from their surfaces yet. Colibri will allow us to study
neutron stars in much greater detail by achieving high-energy resolution with much larger collecting areas, to
uncover even weak spectral features over a wide range of photon energies.

High energy-resolution, high-throughput spectroscopy of the neutron star surface Due to the high
surface gravity of neutron stars, the elements in neutron star atmospheres stratify within 30 seconds, leading
to a photosphere made from only the lightest element present, typically hydrogen. In most neutron stars, some
amount of accretion (from a companion star, the interstellar medium, or fallback from the supernova) will have
occurred, so featureless (in the X-ray) hydrogen atmospheres are generally expected [e.g. 68].

However, a variety of elements may be present in the photospheres of neutron stars, if the neutron stars are
actively accreting. On rapidly spinning neutron stars, spectral lines will be spread out by the Doppler shift;
therefore, detecting and measuring the energy and width of the spectral lines from a rotating neutron star would
directly provide an estimate of the neutron star radius, if the spin period is known [69]. In general, rapid rotation
may make the lines too broad to be detected. However, the narrow cores of these broad lines may be deep enough
to be clearly detected with appropriate throughput and spectral resolution [70]. Also, some X-ray binaries have
relatively low spin (e.g. Terzan 5 X-2, [71]), and/or very low inclination, either of which would narrow the lines
sufficiently for possible detection [72].

During active accretion episodes, the surface of the neutron star is generally not visible, as photons from the
stellar surface are Comptonized by the accreting material. Thermonuclear X-ray bursts represent an exception, as
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Figure 5: The left figure shows the line detected with Hitomi at 4.2345 keV from PSR J1833-1034 (green)

compared to simulations for ATHENA (red) and Colibri (black) for the same observing time. The figure on the
right is the comparison of the Hitomi, ATHENA and Colibri detection of the line at 9.296 kev.

the reactions on the surface of the star dramatically increase the emission from the surface itself, so it dominates
the X-ray emission for a few seconds to hours. Cottam et al. [73] identified absorption lines in the sum of
XMM-Newton spectra over many Type-I X-ray bursts from EXO 0748-676, which they argued were redshifted
Fe lines from the stellar surface. This particular source is now thought to be rotating rapidly [74], which makes
it challenging to explain the relatively narrow spectral features that they found [70, 75].

However, several X-ray bursts since then have shown evidence for broader features, likely due to heavy
nuclear burning products being mixed up to the photosphere in particularly energetic bursts [76]. These include
observations of a likely edge around 7.5 keV in HETE J1900.1-2455 by RXTE [77], and 8 keV in GRS 1747-312
by RXTE [78]. However, RXTE’s spectral resolution was insufficient to clearly identify the spectral feature,
while Colibri will have the spectral resolution to clearly resolve edge features such as these, and the effective
area to spot them in short time periods (~ 1 s), allowing robust determination of the surface redshift of these
bursting neutron stars.

These particular observations are hard for planned instruments such as the X-IJFU on ATHENA [49], because
of photon pile-up, but straightforward for Colibri. The count rate during X-ray bursts will peak at about 1-
10 kHz (scaling from RXTE results [15]) for ATHENA and Colibri, which both plan to use TES X-ray detectors
for spectroscopy. In the case of ATHENA’s baseline design, if two photons arrive within 2.6 ms from each other
on the same pixel, the energy of the second photon cannot be measured. The expected count rates for X-ray
bursts dramatically exceed this limit, and therefore, without blocking filters to reduce the effective area to the
level of XMM-Newton or deliberate defocusing, ATHENA cannot perform spectroscopy during X-ray bursts.
On the other hand, because a mission with collecting optics such as Colibri builds effective area by having
many collectors operating in parallel, with each collector focusing X-rays on several elements of a TES array, its
nominal configuration can achieve high-resolution spectroscopy to count rates well beyond 100 kHz.

Low-mass X-ray binaries during quiescent periods between outbursts also exhibit surface features. If no
accretion is occurring, then the photosphere will contain only the lightest element (typically H or He), and no
lines will be present. However, if accretion onto the neutron star exceeds M ~ 10713 M /year (corresponding
to Lx ~ 1033 erg/s), it is likely that metals will substantially populate the photosphere. Evidence for metal
features in the photosphere of the quiescent LMXB Aquila X-1 was produced by Rutlege et al. [79] from one (of
several) Chandra observations. However, Chandra’s spectral resolution and low-energy calibration left the nature
of this feature in some doubt. Colibri will permit clear identification of these spectral features, likely within the
context of a program to monitor the cooling of neutron star crusts after an outburst [80], when occasional burps
of accretion are often observed.
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High-energy-resolution, high-time-resolution spectroscopy of the neutron star surface Many neu-
tron stars are also rapidly rotating. Observing phase-resolved spectral features adds the requirement of high-
time-resolution to high-throughput. Here, Colibri builds upon the heritage of RXTFE and NICER. In particular,
we plan to have an effective area larger than NICER, while using similar concentrators so that the count-rates
will be similar to or larger than RXTE but extend to softer X-rays. Furthermore, unlike RXTFE and NICER,
Colibri will have high-resolution spectroscopy along with high-time resolution. Rotation imparts a particular
pattern in the observed X-rays as a function of energy and phase. In particular, if only a portion of the surface
is emitting, hard X-rays will lead softer ones [81], and if the emission pattern is known or can be constrained
from observations as it could be in Type-I X-ray burst oscillations [82], one can constrain the mass and radius
of the neutron star [83, 84]. The boost in effective area of Colibri relative to NICER will allow us to study
fainter objects in shorter times and to derive constraints from ensembles of Type-I X-ray bursts with oscillations.
The dramatic increase in energy resolution will probe and constrain the underlying emission models, reducing
potential systematic errors in the determinations of mass and radius.

Recently, the Hitomi satellite opened a new window in high-resolution spectroscopic studies of neutron
stars. During a calibration observation of the supernova remnant G21.5-0.9 hosting the rotation-powered pulsar
PSR J1833-1034, the Soft X-ray Spectrometer (SXS) led to the surprising discovery of two spectral features at
4.2345 keV and 9.296 keV [85]. We have simulated this observation for Hitomi, ATHENA and Colibri with the
results presented in Fig. 5. The red and black points show the simulated results with ATHENA and Colibri.
Colibri will also open the possibility of phase-resolved spectroscopy to verify that the feature indeed originates
from the pulsar rather than the hosting supernova remnant. PSR J1833-1034 rotates with a period of 66 ms, so
the rotational velocity at the equator of the neutron star is about 1000 km/s, yielding a width of about 15 eV,
just a factor of two larger than Hitomi’s energy resolution. If the line indeed originates at the surface, it is
somewhat puzzling that Hitomi discovered such a narrow feature.

Strong evidence for spectral lines has been found for several slowly rotating neutron stars with stronger
magnetic fields. The X-ray dim isolated neutron star (XDINS) RX J1308.6+2127 exhibits a spectral feature at
about 740 eV with an equivalent width of about 15 eV [86] over only a portion of its rotation. Unfortunately, the
energy resolution of the Epic-pn instrument on XMM-Newton is insufficient to resolve the line. A comprehensive
analysis of the available data for the XDINS with XMM-Newton yields upper limits on the equivalent width of
narrow (unresolved lines) of 10-50 eV, depending on the source and the duration of the available observations.
Colibri, thanks to its energy resolution of about 1 eV, with a similar effective area to XMM-Newton would yield
constraints ten times stronger for similar observing times.

Magnetars are among the most magnetic compact objects in the Universe. Their high energy properties and
spin parameters point to a super-strong magnetic field of the order of 1014 —10'® G. Spectroscopy provides a direct
diagnostic of their total surface magnetic field strength. While their electron cyclotron features would fall in the
MeV band, their proton cyclotron lines fall in the X-ray band. To date, we have evidence of sporadic detections
of spectral features in several magnetars’ X-ray spectra, in outburst or quiescence (e.g., a 5 keV absorption line
from SGR1806-20 [87]; 8.1 keV absorption line from 1RXS J170849-4009104 [88]; 4 keV and 8 keV emission lines
from 4U 0142+62 [89]). While the interpretation of these lines is still being debated, they have been mostly
interpreted as proton cyclotron features from a magnetar-strength magnetic field, confirming in many cases the
high magnetic field value inferred from spin-down measurements. More recently a variable absorption feature
near 2 keV was discovered in phase-resolved spectroscopy of the magnetar SGR 0418+5729 whose spin properties
point to a much lower magnetic field (6 x 10'2G) below the QED value, supporting high-order multipolar field
components [90]. This line, when interpreted as a proton cyclotron feature, yields a magnetic field ranging from
2 x 10'* —10'® G. This suggests that spectroscopy can directly probe the topology of the magnetic field, in ways
that cannot be done with timing, which only infers the dipole field strength. Furthermore, the data depicted
hint at a second feature on the opposite hemisphere of the star. Observing similar lines in more neutron stars
and with the higher sensitivity of Colibri could reveal the structure of the magnetic field and how magnetars
work.

While early theoretical predictions suggested relatively wide absorption lines [e.g. 91, 92] as observed in some
of the magnetar burst spectra, vacuum polarization has been subsequently suggested to suppress the strength of
the proton cyclotron resonances in strongly magnetized plasma [93, 94]. This could reduce the line equivalent
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width by nearly an order of magnitude. Colibri will open a new window for a higher sensitivity search for the
proton or ion cyclotron features (or atomic lines from high Z elements) with weak (shallow or narrow) lines, and
will be especially suited to studying bright burst spectra and monitoring the evolution of magnetars’ spectra.

High-time-resolution, high-throughput spectroscopy of fast spinning neutron stars Among the zoo
of neutron stars, there is an important class of millisecond-period rotation-powered X-ray pulsars that have been
used by NICER to constrain the neutron star equation of state. These pulsars spin fast with frequencies ranging
from 200 — 300 Hz, and their pulsations have been detected in radio, X-ray, and in some cases gamma-rays. None
of these pulsars are accreting material from a companion, and their X-ray pulsations are thought to arise from
heating of the star’s surface at the magnetic poles by the return currents that are the mechanism behind the
radio and gamma-ray pulsations. The pulsations are remarkably stable, allowing instruments such as NICER to
observe for short periods of time and then phase-connect the short observations into one long observation. These
pulsars have been key science targets for the NICER mission, as they allow a measurement or constraints on the
masses and radii of selected pulsars, as well as providing new information about their magnetic field geometries.

NICER is currently observing the X-ray pulsations of a handful of pulsars with the goal of measuring their
masses and radii. The method of pulse-profile modelling [95-97] uses relativistic ray-tracing to predict how X-ray
photons travel from the hot spot on the star to the telescope. Since the light originates from anisotropies on
the surface, the resulting X-rays are pulsed. The pulse profile, a plot of intensity versus spin phase (that also
depends on photon energy) has information about the spacetime geometry encoded in its shape. The strength
of the gravitational field depends on the ratio of the mass to the radius (also known as the compactness ratio),
which controls how curved the path of the light is near the neutron star. Large compactness ratios curve the
paths of photons more strongly, making it possible to view larger fractions of the star, and reducing the pulsation
amplitude. Meanwhile, large speeds introduce Doppler effects which introduce harmonics into the pulse profile.
Combined with a physical model for the atmosphere, it is possible to infer the neutron star’s mass and radius,
and constrain the equation of state of dense matter.

Among this class of pulsars, two exhibit large masses (near 2.0My; PSR J1614-2230 and PSR J0740+6620),
as determined from independent radio observations. NICER has detected X-ray pulsations from both of these
pulsars, however both are very faint so the pulse profiles have low signal-to-noise. These two pulsars are of high
scientific interest for two reasons. First of all, with such high masses, they may be close to the maximum mass
allowed by the neutron star equations of state. Determination of the radius of such a high mass neutron star
has the potential to provide very useful constraints on the equation of state. Secondly, even with low statistics,
observations of pulsations provide interesting limits on the neutron star’s radius. Since a large mass to radius
ratio will allow for a larger part of the star’s surface to be seen, a very small star with high mass will tend to
have a low pulse fraction. The detection of a significant pulse fraction will then give a strong lower limit on the
neutron star’s radius.

These two high-mass pulsars J1614 and J0740 are potentially excellent targets for Colibri. Observation of
either or both pulsars will provide a significant improvement in the signal-to-noise and help strengthen constraints
on the physics of dense matter. In particular, the rapidly rotating (3.15 ms) and massive (1.97 +0.04Mg) pulsar
PSR J1614-2230 is an excellent target [98] for high-time-resolution spectroscopy with Colibri. Pulsations have
been detected by NICER [99], however it is somewhat too faint for a long targeted NICER observation that
would constrain the neutron star’s radius from a detailed analysis of its pulse profile. Observing PSR J1614-2230
with greater effective area could yield powerful constraints on the radius of this neutron star as well as the
emission mechanism to control systematics. Given that this is a faint source, pile-up is not an issue. Because
the field of this star is weak and it has not recently accreted, we do not expect to see spectral features, so the
high-energy resolution is not crucial.

In parallel, similar science can be achieved when tackling another class of X-ray pulsars in both the hard and
soft X-ray bands. Accretion-powered millisecond-period X-ray pulsars (AMXPs) are neutron stars in LMXBs that
exhibit X-ray pulsations when the binary system goes into outburst. The stable pulsation periods, generally a few
milliseconds, are most easily explained by identifying the pulsation period with the neutron star’s rotation. The
rapid rotation implied by the AMXP pulsations is comparable to the fastest rotation-powered pulsars (described
above), which is evidence that the millisecond rotation-powered pulsars evolved to their rapidly spinning state

Proc. of SPIE Vol. 11444 114442A-12

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 16 Dec 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Table 1: Key Mission Parameters

Baseline requirements Optics
Energy range 0.5-20 keV Focal length 49m
Spectral resolution 2-5 eV Number of Arrays 7
Timing resolution 250 ns Foils per Array 30
Effective area 3,000 cm? Inner Radius 4 cm
Count rate >100 kHz Outer Radius 24 cm
Orbit Geometry Conical Wolter 1
Altitude 1,688 km Coating Iridium
Inclination 103.0° Field of View 50 arcseconds
Period 120 minutes Angular Resolution 6 arcseconds
Sun Synchronous Detectors TES Bolometers
Payload Bath Temperature 70 mK
Size 21 mx7.0m T 100 mK
Mass 2,000 kg (fixed bench) Array 12 x 12 (50 pm pitch)
Power 1,800 W Lifetime minimum 5 years

through the accretion of material from a companion during an earlier LMXB phase. More recently the discovery
of the transitional pulsars that are seen to transform from an accreting phase to a rotation-powered radio pulsar
stage and back provides further evidence that the AMXPs are the progenitors of the millisecond rotation-powered
pulsars.

The underlying model for an AMXP is that the neutron star’s magnetic field lines trap material from the
accretion disk, funnelling it onto the neutron star’s magnetic poles [100]. The accreted material creates a hot
spot on the star’s surface which radiates as a soft (~ 1 keV) blackbody. The blackbody photons are inverse
Compton scattered to a harder spectrum by energetic electrons near the star’s surface. This leads to X-ray
pulsations in the soft and hard parts of the X-ray spectrum. Since the pulsed X-rays are emitted at (or very
close to) the neutron star’s surface, analysis of the pulse profiles could yield information about the neutron star’s
mass and radius, using the same methods employed for the rotation-powered pulsars described above.

2. TECHNICAL OVERVIEW

The key characteristics of Colibri are its high spectral resolution, high throughput and large effective area, and
they can all be achieved by using already mature technologies: thin-foil nested X-ray mirrors and transition-edge
sensors as single-photon X-ray bolometers. Please consult Tab. 1 for an overview of the mission parameters. An
array of seven telescopes yields a total effective area slightly larger than the three XMM-Newton telescopes with
a focal length of 4.9-metres (see Fig. 6). The reduced focal length is achieved by reducing the outer diameter of
each telescope to 32 cm (compared to the 70 cm for XMM-Newton) and by optimizing the on-axis performance
at the expense of performance off-axis. This results in a large effective area for high-resolution spectroscopy from
0.2 keV to 20 keV as shown in Fig. 7

Colibri offers a similar energy resolution to the gratings on Chandra and XMM-Newton and to the bolometers
on Hitomi SXS, but with ten times the effective area of these missions. It gives a similar energy resolution to
ATHENA with lower effective area below about 6 keV, but higher above 6 keV, because of the mirror-design
choices.

The second key characteristic of Colibri is high throughput combined with high-time resolution. The optics
are purposefully defocused so that the emission from a source on axis is spread over a large portion of a TES
array. Furthermore, seven arrays operate in parallel. This dramatically reduces the likelihood of several photons
landing on the same detector element within a short time, which would result in poor energy measurements,
pile-up and lost photons, and allows to sustain count rates a factor of 1,000 larger than ATHENA. Furthermore,
because the individual detector elements relax more quickly than those planned for ATHENA, and there are
seven arrays operating in parallel, Colibri will over-perform ATHENA by more than a factor of ten in count rate
even if ATHENA offers a defocused observing mode. Colibri’s rapid sampling of the TES arrays will achieve
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Figure 6: Cut-Away of Colibri to highlight the optical path, detectors and cooling concept.
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Figure 7: Left panel: X-ray Missions with X-Ray Spectroscopy Figures of Merit: Effective area and Spectral
resolution at 1 keV and 10 keV. Right panel: X-ray Missions with X-Ray timing figures of merit: time resolution
and throughput

a time resolution similar to that of NICER and a factor of one-hundred finer than ATHENA. Fig. 7 depicts a
summary of past, current and planned missions in the X-ray-timing space.

3. TECHNOLOGY DRIVERS

At its heart, Colibri relies on TES-enabled X-ray bolometers with small relaxation times and high sampling
rates. These detectors, combined with non-focusing optics, yield high throughput, high spectral and timing
resolution and high quantum efficiency over a wide range of photon energies. The performance that is required
for Colibri’s bolometers has already been achieved in the laboratory, and similar detectors are already in use at
X-ray beamlines. Colibri could be the first mission to use these detectors in space. Although Colibri requires a
cryogenic focal plane, the individual detector arrays and the accompanying superconducting electronics are much
smaller than the focal planes of recent CMB experiments (e.g. Planck HFI at 100 mK) that have required similar
operating temperatures; Hitomi’s SXS used a similar technology as Colibri, and operated also at 50-100 mK.
Furthermore the X-ray optics are well tested; telescopes with similar or better performances have been used on
many missions.

The first key technology challenge is the on-board pulse processing that is required to achieve the energy
and time resolution. Each of nearly two thousand TES bolometers must be sampled every 5 microseconds, for a
total sampling rate of 400 MHz. We have developed a scheme of linear filters to achieve the required energy and
time-resolution that will limit the required on-board computation to a manageable level. For example, Hitomi’s
SXS pulse processor was limited to count rates below 200 Hz by computational constraints. We plan to achieve
counts of 100s of kHz from sources with Crab-like fluxes.

The second key challenge is to bring the data back to the ground. During a day-long observation of a bright
source, Colibri will amass about 50 GB of data (assuming just five bytes per photon), twenty times the mean rate
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for HST and one-fifth that of JWST. However, with Colibri in low-Earth orbit, the time each day to downlink
data to a single ground station is dramatically diminished. We are exploring three options: a high-frequency
(e.g. Ka-band as for JWST) downlink to a single ground station, downlink via satellites in high Earth orbit (as
for Hubble) and an optical downlink to a telescope ground station. The final option potentially offers the most
flexibility and room for growth but also is the most technically challenging.

The total power requirement for cooling the focal plane is about 1600 Watts. Although we do not yet have
power estimates for other systems, cooling will play a major part of the power budget for the mission.

4. ORGANIZATION, PARTNERSHIPS, AND CURRENT STATUS

The Colibri collaboration consists of most of the Canadian high-energy astrophysics community teamed up with
Canadian particle and condensed matter physicists as well as other scientists around the world. We recently
completed an 18-month science concept study funded by the Canadian Space Agency, with Honeywell and
MDA as industrial partners. During the study, we developed the optical design and cooling concepts, as well as a
detailed plan for the payload and spacecraft bus. We have identified several additional potential partners: NASA
(mirrors and TES detectors), NIST (TES detectors) and the Canadian Light Source (testing and calibration),
NASA/ESA (launch).

5. SCHEDULE

The proposed Colibri mission has just completed the science concept study stage, in March 2020, which defined
the mission success criteria as well as the mission requirements. In an optimistic timeline, the mission definition
phase will continue for 4 years. During this time, science maturation studies and technology development studies
will proceed in parallel to the mission definition in order to increase the science and technology readiness levels.

Over the subsequent 6 years, activities leading to launch will include defining the system requirements,
a preliminary system design and a detailed system design, and then fabricating, integrating and testing the
system. A data analysis pipeline will also be developed. This will lead to a mission launch in about 10 years,
in the early 2030s. After the commissioning activities, the nominal science operations are estimated to occur
over 5 years. Decommissioning activities are estimated to take 2 additional years, with the safe disposal of the
Colibri space mission and final data archiving with documentation to ensure the usefulness of Colibri data long
after the mission is completed.
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