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Microcalorimeters have demonstrated success in delivering high spectral resolution, and have
paved the path to revolutionary new science possibilities in the coming decade of X-ray astron-
omy. There are several research areas in compact object science that can only be addressed
with energy resolution Δ𝐸 ∼< 5 eV at photon energies of a few keV, corresponding to velocity
resolution of ∼< a few hundred km s−1, to be ushered in by microcalorimeters. Here, we review
some of these outstanding questions, focusing on how the research landscape is set to be
transformed (i) at the interface between accreting supermassive black holes and their host
galaxies, (ii) in unravelling the structures of accretion environments, (iii) in resolving long-
standing issues on the origins of energy and matter feedback, and (iv) to test mass-scaled
unification of accretion and feedback. The need to learn lessons from Hitomi and to make
improvements in laboratory atomic data precision as well as plasma modeling are highlighted.

1. Introduction

Cosmic X-ray astronomy turns 60 this year [1]. In
this relatively short period, X-ray studies have trans-
formed our view of the hot and energetic side of the

universe. But the field still lacks capabilities that are
commonplace in other domains. While astronomers
have been splitting optical photons into their respec-
tive energies for more than a century using prisms
and gratings with effective resolving powers (𝐸/Δ𝐸)
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of several thousand and more, similar capabilities still
do not exist on X-ray telescopes in orbit.

The above threshold in spectral resolution is im-
portant on physical grounds. Much of the gas in
the cosmos, in planetary systems, stars, the inter-
stellar medium and some clusters of galaxies, shows
characteristic motions of order ∼ 100s km s−1 [2, 3].
These motions can only be resolved and mapped if
𝐸/Δ𝐸 > 1,000. A number of key plasma diagnostics
including density, ionisation state, and metallicity, rely
on isolating weak and often closely spaced emission
lines [4]. This, again, requires adequate spectral fi-
nesse. Inflows and outflows around galactic nuclei are
also often characterised by relatively mild speeds as
they traverse the threshold of the central black hole’s
gravitational sphere of influence [5].

Detecting and splitting X-ray photons is non-
trivial. A typical ∼ 10 keV X-ray photon has a
wavelength about a thousand times smaller than
an optical one. Detecting these requires exception-
ally precise optical surface smoothness, and small
incidence-angle focusing optics [6]. Absorption and
scattering in the Earth’s atmosphere necessitates
X-ray telescopes being space-based. X-ray gratings
can deliver the requisite spectral resolution needed,
but currently only at low energies [7, 8, 9]. Most
such X-ray observations are photon-starved, and also
unsuited to observations of extended objects in which
spatial and velocity information gets mangled.

But cosmic X-ray spectroscopy is about to enter a
new era through the use of microcalorimeters. These
devices can measure the heat deposited in an absorp-
tion layer by individual X-ray photons. When cooled
to cryogenic temperatures of ∼ 50 mK, the detectors
achieve low thermal noise and high energy sensitiv-
ity [10, 11]. These demanding requirements make
them challenging to operate in space, but we can
expect 𝐸

Δ𝐸 ∼> 1,000 for astrophysically important spec-
tral signatures spanning the energy range of 𝐸 ∼ 5–
10 keV with the upcoming generation of X-ray mis-
sions [12, 13]. Being non-dispersive, microcalorime-
ters optimise high energy resolution together with high
quantum efficiency for both point-like and extended
cosmic sources.

The Hitomi mission already gloriously demon-
strated the potential of microcalorimeter science
in-orbit, uncovering a surprisingly quiescent inter-
galactic medium in the Perseus cluster of galaxies
through measurements of hot plasma spectral fea-

Table 1. Salient nominal parameters of current and ap-
proved high spectral resolution X-ray instruments sensi-
tive at 6–7 keV.

Instrument Ref. 𝑅= 𝐸
Δ𝐸

Area (cm2)
Chandra HETGS [8] 165 28
XRISM Resolve [12] 1,200 210
Athena† X-IFU [17] 2,600 1,300

The Spectral Resolution 𝑅 and the effective area
listed are for the Fe K (≈ 6–7 keV) energy range. The
first-order grating parameters are listed for HETGS.
Values of Δ𝐸 = 5 eV and 2 eV are assumed for Resolve
and X-IFU, respectively, as nominal goals. †At the
time of writing, a redefinition exercise is ongoing,
to consider optimised science possibilities with a
streamlined mission designated NewAthena.

tures with an exquisite precision of 10 km s−1 [3].
But the mission had barely begun when it suffered a
premature demise [14]. This followed prior ill-fated
attempts to place other calorimeters in orbit including
Astro-E and XRS/Suzaku [15, 16]. Paving the road
to high spectral resolution X-ray astronomy has
proved to be exceptionally arduous. At energies
above a few keV, in particular, current grating
spectrometers lose sensitivity, and X-ray astronomy
has never seen a mission exploit this energy regime
at high resolution, other than Hitomi . This is set to
change with XRISM’s launch around 2023 [12] and
Athena [13] in the early 2030s, optimised for energies
𝐸 ∼ 0.5–10 keV and spectral resolution 𝐸

Δ𝐸 ∼> 1,000
at some of the key line transition energies. A few
key design parameters for these missions and their
respective spectrometers are listed in Table 1, and
compared against the current best spectral resolution
available with gratings on Chandra.

Here, we review the game-changing advances ex-
pected with microcalorimeters for accreting compact
objects. Accretion of matter is the primary mechanism
thought to drive the steady growth of black holes in
stellar-mass X-ray binary systems (XRBs) as well as
in supermassive black holes in active galactic nuclei
(AGN), as opposed to the more convulsive merger-
driven growth that we are beginning to probe with
gravitational-wave discoveries [18].

There are many unifying aspects to the structure
of the accretion zones across the full spectrum of
compact object masses. Fig. 1 attempts to illustrate
this unification in terms of the physical structures and
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Figure 1. Schematic overview of the environments of accreting compact objects and their X-ray spectra. Many
components in the inner accretion regimes are common to both AGN as well as XRBs, including the accretion
disc, corona/hot flow, and a relativistic jet. The left vs. the right-hand side depict differing potential models of
the outskirts that may be attributed to differing physical conditions (e.g. some components exclusive to AGN
are labelled on the right-hand-side). The geometry of several components remains unclear (e.g. the corona is
depicted with a spherical vs. an inhomogeneous pancake-like geometry above and below the nucleus, respectively,
for illustration) and the origin of others controversial (e.g. ‘the soft excess’). The ‘Emission Line Regions’ indicate
the broad and narrow line regions seen in AGN and nebular regions observed in XRBs. Approximate scales are
denoted in Gravitational Radii (𝑅G = 𝐺𝑀

𝑐2
) extending along the principal axes. The physical components manifest in

various spectral signatures depicted at the bottom, and discussed throughout the text. The inset zooms-in on the
Iron K energy range around 6–7 keV.
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spectral signatures seen across the stellar- and super-
massive compact object regimes. In order for a parti-
cle to accrete onto a central compact object, it must
traverse a huge dynamic range spanning several orders
of magnitude in physical scales (and corresponding ve-
locities). If accretion really is scale-invariant, it should
be possible to illustrate all compact object environ-
ments in terms of approximate mass-scaled size units,
as in Fig. 1 where scales are denoted in Gravitational
radii (𝑅G = 𝐺𝑀

𝑐2
, with 𝐺 the gravitational constant

and 𝑐 the speed of light).
But not all aspects of such unification attempts

are without controversy, as we will discuss herein. Ac-
cretion physics at all scales will thus strongly benefit
from gains in spectral resolution, in order to resolve
these controversies and break new ground in accretion
studies. No clean, high quality microcalorimeter spec-
trum of an accreting source has yet been obtained, so
this field is rife with discovery potential, as history has
repeatedly demonstrated. Fig. 2 highlights this point
by indicating key astronomical discoveries that have
been enabled by increasing X-ray spectral resolution
and flux sensitivity.

We focus herein on four key questions examin-
ing the structures and physical conditions of accreting
black hole environments (Section 2), and the nature of
energy and matter feedback (Section 3). This should
not be read as an exhaustive review, rather a taster
of the low-hanging fruit waiting to be plucked in high
spectral resolution studies. Space constraints preclude
detailed discussions of themes such as the nature of
Ultraluminous X-ray sources, tidal disruption events,
accreting neutron stars, and investigations of exotic
transients.

2. The Accretion Environment

Microcalorimeter science will dramatically widen our
reach of the physical scales that can be probed around
accreting compact objects, as well as the dynamical
range of their physical conditions amenable to study.
We begin by focusing on two key questions encom-
passing both these aspects:

[1] How does matter accrete from large scales?
[2] What are the physical conditions in the in-

ner vicinities around compact objects?

2.1. Gas flows at the interface between the

nucleus and host galaxy: The Keplerian velocity
of a particle of interstellar matter located at the
radius of influence 𝑟 of a massive black hole is
𝑣∼ 100

√︁
(𝑀/107M�) (4pc/𝑟) km s−1. Resolving such

‘mild’ velocities requires 𝐸/Δ𝐸 > few 1,000. The
inability to probe these velocities in X-rays has
hampered our understanding of the physical state
and kinematics of hot gas at the interface between
the black hole and its host galaxy.

Gas needs to shed several orders of magnitude of
angular momentum if it is to be accreted from here
onto the central engine. The physical mechanisms
driving these gas inflows are thought to be gravita-
tional instabilities, triggered either secularly or exter-
nally. Secular processes can include bending modes
and warps arising in lopsided gas and nuclear stellar
discs [27]. On larger scales, stellar bars might bring in
fresh supplies of gas from the host galaxy [28]. Exter-
nal processes comprise galactic mergers and interac-
tions, whose role still remains controversial and may
be dependent on luminosity and redshift [29, 30]. Mi-
crocalorimeters will enable measurements of faint ex-
tended gas flows with typical plasma speeds of ∼100s
km s−1 within the hot bulges and haloes of the nearest
galaxies.

Gas inflows not only feed, but also obscure the
central engine from direct view. The demographics of
‘obscured’ AGN require that nuclear veiling gas must
be distributed in a geometrically thick, axisymmet-
ric configuration, generically referred to as the ‘torus’
(Fig. 1). Its presence is key to unifying the character-
istics of all AGN under a simple inclination-dependent
metric, at least to first-order [31, 32]. In X-rays, the
torus manifests as line-of-sight absorption as well as
line and continuum scattering signatures, and can ex-
plain the integrated shape of the cosmic X-ray back-
ground radiation [33, 34, 35]. Yet, its structure and
dynamics remain much debated: e.g. is the gas in
the toroidal zone undergoing bulk Keplerian rotation,
or is it instead dominated by outflows? How is this
geometrically thick configuration supported and what
is the cloud filling factor [36, 37, 38, 39]?

The canonical torus picture envisions strong re-
processed thermal infrared reemission from obscuring
clouds in the equatorial plane. Recent interferometric
observations have instead revealed a surprisingly dif-
ferent spatial distribution, with dust being found to be
elongated along the polar direction on scales of a few
parcsec (Fig. 1), likely driven outwards by radiation
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Figure 2. The road to key discoveries
in X-ray astronomy as a function of in-
creasing spectral resolution and improv-
ing continuum sensitivity, inspired by
Harwit [19]. The relevant key discov-
eries from right to left are from Giac-
coni et al. [1], Gursky et al. together
with Mitchell et al. [20, 21], Barr et
al. [22], Tombesi et al. [23], Halpern
[24], Hitomi Collaboration [3], Bulbul
et al. [25] and, finally, Nicastro et al.
[26]. Source fluxes in the 2–10 keV band
(or equivalent continuum sensitivities in
100 ksec of exposure) are denoted on the
x-axis, and spectral resolution on the
y-axis. Unexplored parameter space (at
energies 𝐸 ∼> 6 keV relevant herein) is in-
dicated by the shaded golden area.

pressure [40]. The dynamical state of cold gas cou-
pled to this dust has been studied with ALMA [41, 42],
finding complex flows with characteristic velocities of
a few 100 km s−1. The characteristic inmost scale size
of the torus as inferred in the infrared is set by ra-
diative physics of dust sublimation [43], but X-ray ab-
sorbing gas must span this boundary and exist within
the sublimation radius down to scales of the accretion
disc. Microcalorimeters will be capable of probing hot
gas kinematics spanning the dust sublimation radius.

X-ray microcalorimeters will allow simultaneous
studies of the three fundamental phases of interstellar
matter – dust, atomic gas, and ionised gas – in par-
ticular, high 𝑍-number gaseous elements that ALMA
cannot probe. High resolution X-ray spectroscopy of-
fers the capability to decouple these phases, and to
track all ionisation states of many high-𝑍 elements,
something not possible in other wavebands. With
sufficient signal, dust absorption and scattering fea-
tures could be isolated from gas, delivering estimates
of grain size, composition and elemental depletion
around the dense environments of accreting sources
[44, 45].

The most prominent line transitions in the
X-ray regime are associated with Iron (Fe).
A relatively high cosmic abundance makes the
Fe emission and absorption features excellent spec-
tral probes of gas physical conditions, geometry and
dynamics [46, 47], including the torus [48, 49, 50, 51].

Any coherent Keplerian flows should be easily re-
solved as a result of rotational broadening of the Fe
K𝛼 and K𝛽 fluorescence line doublets around 6.4 keV
and 7.1 keV, respectively, and the inner edge of the
gas torus localised to better than 3% uncertainty in
nearby systems (assuming that Keplerian flows at the
inner edge dominate the reflected emission [52]).

The only microcalorimeter AGN spectrum ob-
tained so far is that of NGC 1275, the low luminosity
nucleus of the Perseus cluster [53], where a narrow
Fe line core (with characteristic velocity 𝑣= 500–
1,600 km s−1) was found by Hitomi , tracing reflection
in a putative extended torus out to scales of a few
hundred pc. This single observation is already in
conflict with prior (grating) studies of more luminous
Seyferts and quasars with Chandra, where an Fe K𝛼

line width of 𝑣≈ 2,000–3,000 km s−1, and much
broader in some cases, suggested an origin within the
torus dust sublimation radius [51, 54, 55, 56]. This
could be new evidence of luminosity (or accretion-
rate) dependent evolution of the obscuring geometry
[57, 58], since NGC 1275 has historically been a weak
AGN but with a recent variable, brightening trend
[59]. Spatial broadening may also have biased prior
grating studies of Seyferts as a result of extended Fe
line emission, but the magnitude of this bias remains
unclear [60, 56]; spatial extents equivalent to tens to
hundreds of pc, orders of magnitude larger than the
inner torus, would be required [61].
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Microcalorimeter (non-dispersive) spectra of more
‘standard’ AGN, free of contamination by cluster emis-
sion, are necessary if we are to scrutinise this putative
luminosity dependence and measure gas motions on
inner torus scales. Such observations ought to be high
priority for XRISM and Athena upon launch, and can
test the hot X-ray gas distribution against the distri-
bution of cooler gas and dust components inferred
at other wavelengths in local samples of AGN [62,
63]. Sensitive studies of Fe K𝛼 emission on extended
∼ kpc scales will also become possible in nearby AGN
hosts with Athena, tracing the reflection echoes of
long-term nuclear activity and improving upon photon-
starved studies with Chandra [64, 65].

Going beyond keplerian flows, high-order grating
data from Chandra show apparent blueshifts in fluo-
rescent Si emission lines at 1.74 keV of a few hundred
km s−1, which may be evidence for outflowing gas in
a polar elongated region, an important test of the
‘polar dust scenario’ [66, 51]. But this evidence is
still indicative at best, and such studies have been
limited to a handful of the brightest, nearby AGN.
Sub-mm observations also predominantly find equato-
rial, as opposed to polar, outflows [42]. X-ray line
features from the inner zones of any polar outflow
are needed to assess this model critically. The Re-
solve microcalorimeter on XRISM will have a spectral
resolution 𝐸

Δ𝐸
≈ 1,200 at the prominent fluorescence

Fe line energy of 6.4 keV, and its low background is
expected to robustly uncover outflows down to lev-
els several times fainter than currently possible (Ta-
ble 1; [67, 68]). Athena’s desired combination of high
spatial resolution of ≈ 5–10 arcsec together with an
𝐸
Δ𝐸 ∼> 2,600 for the X-IFU instrument [17] will greatly
expand this science by tracing motions of X-ray reflect-
ing clouds in nearby galactic bulges, and studying the
complex interplay between star-formation and AGN
activity [69, 42, 13].

The optical depth and ionisation state of obscur-
ing clouds will also be laid bare through the finesse
of microcalorimeters. A Compton shoulder (CS) to
the neutral Fe line is expected between 6.2–6.4 keV
as a result of Compton scattering in cold matter,
with a strength determined by gas optical depth and
covering factor [70]. XRISM is expected to find
this feature in many AGN, improving upon a few
tentative detections thus far [71, 72], and so provide
precise constraints on cloud geometry and optical
depth when combined with broadband modelling.

Chemical composition constraints will be possible
through accurate metallicity determinations of the
Fe edge, and by measuring the the Nickel and Iron
fluorescence line strengths relative to each other and
to the CS [48]. This will shed light on the origin of
the accreting material, e.g. the starburst history in
the case of AGN tori [73], or abundances of material
that is accreting from the donor star in XRBs [74].
Fe abundance has been found to be super-Solar in
the bright Circinus Galaxy (𝐴Fe = 1.7) with ≈ 10 %
precision [73]. Microcalorimeters will improve upon
this, and will cast the net of detection possibilities
much wider across the AGN population.

We have discussed probes of kinematic and of gas
physical conditions above. Some of the most trans-
formational science is likely to come from the ability
to provide simultaneous constraints on these, as we
illustrate with the following example. The ionization
state of the absorbing and reflecting gas at any dis-
tance 𝑟 from a central engine is quantified by an ‘ion-
ization parameter’ (𝜉 = 𝐿/𝑛𝑟2) dependent on the ion-
izing power 𝐿 and the local space density 𝑛. For every
ionic stage of Iron, the transition energy centroid 𝐸

ramps up by a few tens of eV (up to Fe xvii, beyond
which 𝐸 increases even faster [75]). This corresponds
to log 𝜉 ramping up approximately by 0.1–0.2 dex at
each step [76]. Thus, 𝜉 can be measured in warm
plasmas to within a precision of 0.1 dex, if photon
energies around the Fe band of 𝐸 ∼ 6–7 keV can be
constrained to an accuracy . 5–10 eV (i.e., a velocity
resolution Δ𝑣 . 200–500 km s−1).

We tested this capability of jointly constraining 𝑣

and 𝜉 by simulating the presence of a putative (and
so-far undetected) ionised outflow in the prototypical
Seyfert galaxy NGC 4388. This is amongst the bright-
est of nearby, hard X-ray Compton-thin (mildly ob-
scured) AGN with a prominent, narrow fluorescence
line [77]. Prior studies of this galaxy are used to in-
form our base X-ray model comprising a power-law
and neutral emission line components [78], atop which
we introduced an additional putative ionised outflow,
with a modest blueshifted velocity 𝑣= –300 km s−1.
The spectrum of the outflow itself is modelled as an
ionised reflection component using the xillver code
[79, 80] with log 𝜉 = 1.8, corresponding to Solar metal-
licity gas with a volume density of 𝑛H = 106 cm−3 lo-
cated at a distance of 0.1 pc from a central engine
with ionizing luminosity 𝐿 ≈ 1043 erg s−1. This could
represent the optically-thick base of the dusty polar
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outflow known to exist in this source [81]. Its simu-
lated strength has been constrained to be consistent
with flux limits inferred from prior X-ray observations
[78].

Spectra simulated with 300 ksec–long CCD
(XMM-Newton EPIC) and microcalorimeter (XRISM
Resolve) observations are shown in Fig. 3. The
simulated CCD emission line is considerably broader
than the corresponding line as seen by the mi-
crocalorimeter, and is even broader than the plotted
energy range. The bottom panel shows the best-fit
confidence contours between log 𝜉 and 𝑣, derived by
fitting the 6.2–6.6 keV spectral window. Degenerate
coupling between the two parameters limits the con-
straints possible with the CCD, but not for XRISM,
demonstrating the power of the microcalorimeter
to robustly isolate blueshifts from ionisation effects.
The structured Fe line complex together with the
high spectral resolution of Resolve provide this
distinguishing capability. 𝜉 will be constrained to a
precision of better than 10%. The uncertainty on 𝑣

is ≈ 70 km s−1, more than a factor of 20 better than
what is possible with CCDs, even in this conservative
simulation. Though we have focused on the Fe K𝛼

regime here, the K𝛼 to K𝛽 line strengths ratio can
also be leveraged to provide further constraints on
𝜉 [52]. Athena should improve upon XRISM’s best
spectral resolution by a further factor of ≈ 2–4 in
the Fe band with its integral field instrument X-IFU
[17], allowing additional physical conditions such as
abundance studies of the material outflowing from
the torus.

As one final line of investigation with no current
observational constraints, we mention the un-
known prevalence of binary supermassive black holes
(SMBHs). Such objects in the process of merging are
expected to be prime targets for the next generation
of space gravitational wave interferometers [82]. If
one or both of the component SMBHs are accret-
ing, complex reflection line profiles are expected
[83, 84]. The combination of electromagnetic line
shifts with gravitational wave detections will enable
unique constraints on relativitic physics and SMBH
growth models via accretionBinary SMBHs that have
suffered a recoil of magnitude ∼ 500 km s−1 or more
[85] could be easily isolated, if the recoiling SMBH is
accreting and shows X-ray line features clearly offset
from narrow lines that arise farther out. There is
also the potential to learn how nature circumvents

the so-called ‘final parcsec problem’ – the unknown
mechanism by which binary black holes can lose
angular momentum and thereby overcome the final
hurdle to merging [86].

2.2. Spectrally resolving the inner accretion
regime: The hottest plasmas at the hearts of
accreting sources are key to testing the behaviour
of matter under extreme gravity. Their studies
open the gateway to measuring several fundamental
physical quantities including (1) central object mass
𝑀, (2) its spin magnitude 𝑎 and direction, together
with (3) the dynamics and (4) the geometry of
the inner accretion regimes. There appear to be
some beautifully simple homologies between the
stellar-mass and supermassive scales (as illustrated
in Fig. 1), though several of these correspondences
remain controversial [87]. Studies of both classes of
sources are thus enlightening and important.

The inner accretion zones are known to un-
dergo dramatic flux and spectral transitions during
well-defined accretion episodes, or ‘outbursts,’ in
XRBs. Several distinct transient accretion states
have been identified in these outbursts, broadly
classified as ‘hard’, ‘soft’ and ‘intermediate’ based
upon the X-ray continuum spectral slope, and flux
variability amplitude [88, 87]. These are thought
to be triggered by instabilities in the accretion flow
driven, ultimately, by accretion rate variations in
the outer disc [89], though the detailed processes
underlying the state transitions, and associated
changes in geometry and physical state, remain to
be clarified. Longer transition timescales in AGN
preclude a proper understanding of accretion states
in supermassive black holes. Recent years have seen
an increasing number of identifications of so-called
‘changing-look’ or ‘changing-state’ AGN that switch
between AGN classes [90]. However, their switchover
timescales are far too rapid to be explained solely by
viscous accretion rate changes. Irradiation effects,
magnetic support, and external perturbations such as
tidal disruption events may play a significant role in
explaining their rapid transitions [91, 92, 93].

Dynamical motions deep in the gravitational po-
tential wells of compact objects can reach significant
relativistic speeds. Low spectral resolution 𝐸

Δ𝐸 ∼< 100
thus easily suffices for the most rapid motions, as pio-
neering studies demonstrated more than 20 years ago

7
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Figure 3. Comparison of joint physical constraints on a
mild ionised outflow with a microcalorimeter vs. a CCD.
(a): X-ray spectral model of the nearby Seyfert NGC 4388,
including an additional ionised outflow in the Fe band.
The ionised outflow contributes only a small fraction of
the full spectrum line flux. (b): 300 ksec XMM-Newton
(CCD; red) and XRISM (microcalorimeter; black) simu-
lated counts spectra. A zoom-in around the Fe lines is
shown, while the fit itself has been computed over a wider
energy range. Lower panel: Fit contours at 68%, 90%,
and 99% confidence levels between the ionization param-
eter log 𝜉 and the outflow velocity. The red and blue
contours are for XMM-Newton and XRISM, respectively.
Negative velocities indicate blueshifts. The Resolve mi-
crocalorimeter on XRISM will be sensitive enough to
decouple the degeneracy apparent with the CCD, and to
pick out fine velocity shifts that are physically relevant
in the outer ramparts of the accretion regime.

[94, 95]. Particularly in a disc-dominated accretion
state, the inner edge of the disc likely lies close to or
reaches the innermost stable circular orbit (ISCO), a
key dynamical threshold in the space-time metric of
black holes [6]. Inner disc reflection of primary coronal
X-ray emission manifests as Fe fluorescence emission
broadened due to Doppler and relativistic effects [96].
The magnitude of broadening depends on the relative
geometrical configuration and extent of the disc ver-
sus the corona and, crucially, scales with 𝑎 [97, 98].
Because of their ability to constrain the innermost
disc zones, broad Fe line studies have matured over
the past thirty years and now occupy an important
niche within X-ray astronomy [47, 99, 80, 100].

Progress has been impressive enough that the fo-
cus has shifted from reducing statistical uncertain-
ties to deliberations on systematic modelling issues.
For instance, debates rage regarding the proximity
of the inner disc edge to the ISCO in other accre-
tion states [101, 102, 103, 104], and how Fe line
constraints match up with those inferred from rever-
beration mapping and disc continuum modelling tech-
niques [105, 106, 107, 108]. It has also been pos-
tulated that it is not the inner disc, but rather the
characteristic scale height of the corona, that instead
varies with accretion rate [109]. The line strength
depends upon the disc inclination angle, and there re-
main disagreements between the inferred inner disc in-
clination (as measured in X-rays) vs. the binary orbital
plane (as inferred in the optical) [110, 111]. This may
point to warped inner disc geometries, which would
then need to be accounted for self-consistently when
inferring 𝑎 [112]. The origin of the so-called ‘soft ex-
cess’ below 1 keV (Fig. 1) also remains under discus-
sion, with blurred reflection, thermal Comptonisation,
and models including contamination due to ionised
host galaxy gas having been proferred [113, 114, 115].
Resolving these disagreements has important conse-
quences for cosmic spin measurements, black hole
growth, and comparisons between XRBs and for black
hole binary mergers events detected by LIGO/Virgo
[100, 116]. The relevance of spin in powering relativis-
tic jets also remains controversial [117, 118], partly a
consequence of small numbers of accurate spin mea-
surements thus far.

Many of these issues can be traced back
to the difficulty of properly decoupling broad
reflection and absorption features from the
underlying X-ray continuum. The continuum it-
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self may also be more complex than a simplistic
single thermal plasma, with hybrid plasmas and multi-
temperature zones plausibly being more physically
realistic [119, 120, 121]. Since most of the radiated
accretion power emerges in the X-ray continuum, at
least in XRBs, accurately characterising its origin is
critical.

If we are to break systematic degeneracies, boost-
ing detected counts alone will not suffice. Higher spec-
tral resolution is critical for proper deconvolution of
confusing narrow features, absorption lines, reflection
edges and other subtle spectral curvature. As an ad-
ditional example, Fabian et al. [122] demonstrate the
possibility that absorption of reflected photons within
a disc atmosphere around 8–9 keV can mimic the ap-
pearance of a broad blueshifted outflow in the well-
studied narrow-line Seyfert 1 galaxy IRAS 13224–3809.
If true, this will allow studying not only the disc atmo-
sphere, but also disc dynamics, within a few 𝑅G of the
black hole through studies of absorption features. Mi-
crocalorimeter spectra could resolve the shape of the
absorption feature from the underlying continuum, lo-
cating and mapping the disc absorber precisely.

More generally, there is an enormous disparity in
the dynamic range of physical scales over which emis-
sion and absorption operate. In the deep potential
around a rapidly spinning black hole with 𝑎 −→ 1, most
of the observed energy release from a luminous disc
occurs very close to the centre (∼ 50 % of energy
is liberated within <5 𝑅G; [123]). If this also ap-
plies to the coronal emission then it will be similarly
compact. By contrast, warm absorption, outflows
and dusty gas might arise on disc, torus, or galac-
tic scales, with absorption along many sight-lines that
can impact the appearance of that inner emission. Mi-
crocalorimeters can make an important contribution
in disentangling these. In particular, samples of ‘bare’
AGN, with minimal absorption [124], need to be com-
pared with more complex ones. XRISM can place the
best constraints on just how bare such AGN are, and
how well we can isolate the inner emission to robustly
measure spin (e.g. [98]). Athena’s high sensitivity will
push this envelope to include large ensembles of tar-
gets at high redshift. 𝑘-corrections will redshift key
emission and absorption features to lower observed-
frame energies where X-IFU’s effective area will peak
[17]. For example, mean uncertainties on spin 𝑎 under
conservative assumptions could be < 0.05 [125]. Ide-
ally, this would be further combined with broadband

spectral sensitivity (e.g. with NuSTAR [126] or future
missions sensitive above ∼ 10 keV), in order to accu-
rately model the underlying continuum to high ener-
gies. This was highlighted in a recent study of one of
the brightest X-ray transients MAXI J1820+070 [127],
where a ∼ 1 keV blackbody emission-excess has been
reported that cannot be explained by disc continuum
nor standard Fe fluorescence [128]. Instead, it is in-
terpreted as thermal emission from a non-zero torque
arising at the plunge region inside the ISCO where
matter freely falls into the black hole [128]. Other
transients may already have shown this feature [129],
but its faintness makes its detection and study non-
trivial. Any additional ionised outflows superposed on
this would render this near-impossible to isolate and in-
terpret. Coordinated observations with microcalorime-
ters will thus be crucial to testing this scenario.

Sources that happen to lie edge-on as seen from
our vantage point will provide a unique line-of-sight to
study the composition of their disc atmospheres. In
particular, for those seen at inclinations ∼> 80 ◦, scatter-
ing off extended plasma overlying the disc will dom-
inate, without being blinded by radiation from the
central accretion disc. Expected recombination X-ray
emission should allow us to probe the plasma metal-
licity, density and ionisation structure [130]. Push-
ing down to energy resolutions Δ𝐸 . 10 eV with mi-
crocalorimeters will open up the possibility to precisely
measure radial stratification within the atmosphere,
and also deconvolve double-peaked disc lines, some-
thing not possible with gratings. Only a few of these
sources are currently known [131], but XRISM and
then Athena will push the flux limits to which these
can be detected.

Finally, it should be possible to detect motions
of individual structures within the accretion stream
(e.g. hot spots in the disc) in ‘real-time,’ if (i)
they are bright enough to stand out above the
continuum, and if (ii) they display regular Doppler
shifts. Tentative detections have previously been
reported from Fe K–bright spots located at radial
distances of just ∼ 10 𝑅G in AGN; [136]. Higher
spectral resolution time-resolved observations will
not only uncover secure examples, but also help to
constrain the central compact object mass 𝑀 by
modelling of the dynamical line modulation.

Dynamical line modulations could also be em-
ployed to obtain mass constraints for XRBs. If the
radial velocity modulation of the donor star, or of the
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accretor, can be measured as a function of orbital
phase, this leads to an estimate of the binary mass
function which, together with independent estimates
of the inclination angle, constrains the masses of
the individual XRB components. This proposed
technique relies on detecting narrow absorption
features in the disc wind of the accretor [137] or,
complementarily, on emission line fluorescence from
the surface of the donor star [138]. The radial
velocity sensitivity required is ∼ 10 km s−1, depending
upon system parameters [139]. This is within reach
of microcalorimeters at the bright end, but it is
still unclear whether such features can be routinely
isolated and whether their point-of-origin within the
binary can be constrained well enough to model the
mass function. Prior detections of narrow features
with Chandra are encouraging [140, 135], and if these
techniques work, they have the potential to extend
mass function measurements to the highly obscured
population of XRBs in the Galaxy – objects that have
thus far eluded dynamical mass measurements in the
optical [139].

3. Energy and Matter Feedback

We next turn attention to the impact of accretion
on the galactic-scale environment, a topic of intense
interest in compact object physics, galaxy evolution
and cosmology. Specifically, the following questions
will shape our discussion below:

[1] Are accretion and outflows scale-invariant?

[2] What drives and regulates energy and mo-
mentum feedback?

3.1. Scale-invariance: Supermassive black holes
at the centres of galaxies impact their host galaxies
via radiation and outflows, the latter being in
the form of collimated jets or wide-angle winds
[141, 5, 142, 143]. Such energy and momentum
‘feedback’ results in a symbiotic coupling of the
central SMBH’s growth to that of the host galaxy,
as can be appreciated from the following simple
energetic argument [144, 145]: the gravitational
binding energy of a typical galaxy is approximately
𝐸bind ∼ 1060 (𝑀gal/1012M�)2/(𝑅gal/30kpc) erg.
This turns out to be comparable to the rest-
mass energy associated with a growing SMBH,

𝐸rest ∼ 1060 ( 𝑓𝐶/0.01)(𝑀/108M�) erg, if 𝑓𝐶 = 1 %,
that is, 1 % of the rest mass energy can be fed
back outwards, coupling to matter on galactic scales.
Numerical simulations that have implemented simple
energy coupling prescriptions between AGN output
and circumnuclear gas have, indeed, succeeded
in explaining some tight correlations observed be-
tween SMBH masses and host bulge properties
[146, 147, 148].

However, the processes transporting energy and
metals from the nucleus out to interstellar and circum-
galactic scales are complex, as is their net effect on
the evolutionary history of the host galaxy. Therefore,
it remains an open question whether jets or winds ex-
ert a larger influence on such evolution. An important
limitation in determining the primary feedback chan-
nel is our lack of understanding of how jets and winds
are launched, and high X-ray spectral resolution is key
for advancing our knowledge of winds.

Accretion disc winds are observed both in XRBs
and AGN via highly ionised absorption and emission
lines in moderate to high-resolution X-ray spectra
[149, 150]. In AGN, winds span a wide range
of velocities, from ∼ 100 km s−1 in the so-called
‘warm absorbers’ observed mainly in the ultraviolet
or soft X-rays [24, 151], and reaching relativistic
speeds in ‘Ultra-Fast Outflows (UFOs)’ [152] of
which the prototypical example is PDS 456 [153].
UFOs are, therefore, expected to exert significant
kinetic feedback, and thus be important for host
galaxy evolution, if confirmed to be at the origin of
larger (parsec-scale) molecular outflows [152, 154].

In contrast, most XRB warm absorbers do
not show significant blueshifts and even winds
in iconic black hole XRBs like GRO J1655–40
and GRS 1915+105 show velocities . 2000 km s−1
[155, 156, 157, 149] (but see [158, 159] for examples
of larger velocities reported in some neutron star
XRBs), and consequently, are not expected to
contribute significantly to kinetic feedback. But
when winds are present, the large masses expelled, of
the order of 1018 g s−1, [160, 161], are comparable to
mass accretion rates in these objects, and could result
in depletion of the outer disc and a halt of accretion
onto the compact object [162], thus limiting the duty
cycle of the XRB and ultimately determining the
amount of global feedback.

Here, it is now important to reduce the uncertain-
ties in the mass outflow rates, estimated as ¤𝑀outflow =
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Ω𝑛𝑚p 𝑟
2 𝑣out, where 𝑚p is the proton mass and 𝑛, 𝑟,

𝑣out and Ω are the outflow density, launching radius,
velocity and solid angle, respectively. For example, the
solid angle of the winds remains ill-constrained, but
high detection rates in AGN imply that winds must
have wide-angled geometries, with solid angles cover-
ing at least 30 % of all sight-lines, and more after ac-
counting for observational biases [163, 152]. In XRBs,
there are important state dependences, with detec-
tions restricted (until recently) to equatorial sightlines
in the soft state [161], though this paradigm may now
be changing [164].

A major step in the unification of black hole ac-
cretion was the discovery of the fundamental plane
of black hole activity relating radio and X-ray lumi-
nosities across more than six orders of magnitude in
mass 𝑀 [165, 166], and indicating similar accretion
and jet launching physics at all scales (cf. Fig. 1).
Since winds, similar to jets, are a fundamental piece
in the accretion–ejection paradigm, we might expect
that they also scale with 𝑀.

However, this scaling remains largely unexplored
(see [167, 168, 169] for a few attempts), mostly
due to the paucity of data and the difficulties of
characterising the winds. The breakthrough that the
field awaits is a better understanding of the primary
drivers of wind launching. Microcalorimeters will
tackle this in detail, as we discuss in the following
section. Better spectral resolution and sensitivity will
allow fair comparisons of stellar- and super-massive
systems matched on physically meaningful parame-
ters such as accretion state and the Eddington-scaled
accretion rate. This will allow us to determine
whether differences observed between the stellar
and supermassive scales are due to different wind
launching physics possibly varying with mass scale
𝑀, and to ascertain the impact of the wind physics
on feedback.

3.2. The Physics of Launching Outflows: Accre-
tion disc winds can be launched by (1) thermal, (2)
magnetic or (3) radiation pressure. Which mechanism
or mechanisms dominate(s), and whether XRBs and
AGN can be unified in this regard, continues to be
debated (e.g. [170, 149, 155, 171, 172, 173]). These
mechanisms can leave telltale imprints on various ab-
sorption (and emission) lines in the X-ray spectral
regime. But characterisation of the winds, and conse-

quently of their origin, is hampered by current X-ray
instrumentation, with limited capabilities to resolve
line profiles, to disentangle different wind components,
to measure small (< 100 km s−1) line shifts, and to
overcome saturation effects associated with high op-
tical depths. Fig. 4 attempts to strip down and cap-
ture some of these complex effects at play, in order to
illustrate the expected imprints schematically. Impor-
tantly, due to these limitations, the density-velocity
profile of winds, a key diagnostic of their origin [171],
remains to be measured.

Thermal (Compton-heated) and magnetic winds
differ in that there is a minimum disc radius at which
the former can be launched. Such a radius depends
on the Compton temperature, the temperature to
which the upper layers of the accretion disc are heated
by X-rays from the innermost accretion regions, and
this temperature is, in turn, uniquely determined by
the illuminating spectrum [174]. Consequently, in
thermal winds, we expect a small range of velocities,
set by the escape velocity at the launching radius
(a few hundred to a few thousand km s−1 at radii
∼ 106–104 𝑅G, typical of XRBs in the soft state).

In contrast, it may be possible to launch
magnetic winds from across the entire disc, result-
ing in high speeds for inner disc lines and broad
and asymmetric line profiles overall, reflecting the
transverse motions that are unique to such winds
[175, 176, 177]. This appears to hold true quite
generally, despite a broad variety of predictions for
the structure of magnetic winds that depends on
the initial (uncertain) magnetic field configuration
[178, 179, 180].

As one example of a litmus test between these
competing models, Fig. 5 presents a simulation of
XRISM’s capability, relative to the current best
grating spectral resolution with HETGS in the
Fe band. Here, an optically thick wind has been
simulated for the case of the bright 2005 outburst of
the black hole XRB GRO J1655–40, assuming both
a thermal-radiative [181] and a magnetic driving
model [182], respectively. The Chandra grating
data obtained for this outburst played an influential
role in triggering interest in magnetic wind driving
models, but this has remained debated [155, 181].
The simulation zooms in on the Fe xxvi doublet at
≈ 6.97 keV, arising from spin–orbit coupling. The
magnetic wind extends over a wide range in radii
down to regions very close in to the black hole.
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It thus shows the characteristic aforementioned
blue asymmetry lacking in the thermal wind which
originates farther out. XRISM will not only measure
the absorbing wind properties, but will also allow the
profiles to be modelled with far greater fidelity, in a
fraction of the exposure time relative to the gratings
[181, 177].

In the absence of additional turbulence, the simu-
lated line doublet can be resolved with microcalorime-
ters for thermal winds. This doublet offers the advan-
tage of being free from line blends impacting other
energies, but only weak constraints derived from obser-
vations of bright XRBs with third order Chandra grat-
ings are currently available on this feature [183, 171].
While turbulence could add additional scatter, a high
degree of turbulence is not expected according to cur-
rent simulations and, most importantly, isotropic tur-
bulence will not result in asymmetric lines [171] (see
Fig. 4, lower panel). Overall, this provides a promis-
ing potential pathway for distinguishing the underlying
launch mechanism.

This picture can be complicated in the presence of
radiation pressure, which may drive winds on its own
or in combination with thermal or magnetic pressure
[170, 184, 185]. Radiation pressure can manifest in
multiple ways, including (i) ‘line driving’ which arises
from boosted absorption opacities at resonance line
transitions, (ii) and ‘continuum driving’ via Thomp-
son scattering in highly ionised gas (a third scenario
of ‘dusty AGN outflows’ was discussed in Section 2).
In particular, line radiation pressure can drive very fast
winds at relatively low luminosities, though inclusion
of relativistic deboosting could reduce the expected
velocities [186]. In any case, an important require-
ment for line driving is that the gas must have a low
ionisation state in order to support the line force in the
first place [187]. Therefore, ionisation of the gas after
it has been accelerated, or some degree of shielding in
hot discs, is required in order to explain winds that are
simultaneously fast and highly ionised [168, 172, 188].
Continuum radiation pressure is instead expected to
be more efficient in launching winds at high Edding-
ton accretion rates via Thomson scattering in fully
ionised gas [189], or to aid in launching of thermal
winds closer to the compact object [170]. In the end,
the difficulty in disentangling the role of radiation pres-
sure lies in the need to infer the illumination to which
the gas is exposed despite complex radiative transfer
effects [190, 191, 192, 172], and to try and recognise

whether ‘failed winds’ (e.g. [169, 188]) or ‘vertically
extended coronae’ [193] provide the necessary shield-
ing for line driving in regions that would otherwise be
too hot. However, even in this case, magnetic wind
line profiles can be extreme (i.e. wider and more asym-
metric), helping to disentangle the roles of radiation
and magnetic pressure [191, 192, 172].

Proper characterisation of optically thick regions,
with equivalent Hydrogen column densities > 1023–
1024 cm−2, is often impossible due to line saturation
(see Fig. 4, upper panel). With microcalorimeters,
line saturation (and thus opacity) will be reliably mea-
sured and lines in crowded regions of the spectrum will
be resolved, allowing multiple wind components to be
disentangled. Small redshifts signaling the possible
presence of failed winds will be then easily identifi-
able. Crucially, line profiles will be properly resolved
in uncrowded regions of the spectrum, such as the
Fe xxvi band. Here, the emission component via
scattering in the wind also becomes relevant. This
emission component will be broad and centred at the
rest wavelength, thus reducing the equivalent width
of the blueshifted absorption [194]. A precise char-
acterisation of the full profile of the lines will then
constrain the scattering fraction, the wind launching
radius, and the solid angle, crucial for measuring the
mass outflow rate. Determination of the illumination
of parts of the disc/wind shielded from the central
source will provide clues on the long-standing mystery
of how nature prevents wind over-ionisation.

Obscuring and scattering columns in some sources
are known to be exceptionally variable. Classic exam-
ples include XRBs that approach high Eddington ac-
cretion rates such as V404 Cyg, which showed spectac-
ular spectral variability on a broad range of timescales
during outburst [195]. It remains unclear how much
of this is intrinsic, or caused by variable gas columns
and changes in ionisation degree, or a combination
of these. Time-resolved high-resolution spectroscopy
of key obscuration diagnostics such as the Compton
shoulder and absorption edges, obtained during future
bright outbursts, should help to resolve this.

Ultimately, line profiles will likely be more com-
plex in reality than depicted in Fig. 4 due to limita-
tions of current simulations, e.g. in the treatment of
radiation transfer for optically thick winds, or the in-
clusion of scattering. However, detailed simulations
for different types of winds in AGN already reveal the
extent to which precisely determining saturation, mea-
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suring line profiles, and resolving different wind com-
ponents with microcalorimeters, together with some
prior knowledge of systems such as inclination (well
constrained for a majority of XRBs) will help to deter-
mine the kinematic structure of accretion disc winds
for the first time, and to pinpoint their origin [196].

4. Concluding Remarks
If Hitomi unlocked the door to X-ray microcalorimet-
ric studies, XRISM is expected to throw this door
open wide. The decade of the 2030s should then
be ripe for detailed exploration of this new parame-
ter space with the next generation of missions, hope-
fully improving upon XRISM’s spectral resolution by
a factor of 2 or more [13, 17]. The studies outlined
herein represent only the tip of the iceberg in terms
of microcalorimeter advancements expected for accre-
tion studies. Unforeseen and exciting serendipitous
discoveries beyond these can be expected whenever
new parameter space is opened up [19].

We have focused on science that only high spec-
tral resolution X-ray studies can deliver. But accretion
is an inherently broadband phenomenon, and there
is no doubt that multiwavelength observations coor-
dinated with microcalorimeters will yield novel con-
straints on a host of important questions, whether it
be the link between winds in various ionisation stages
in AGN and XRBs [197, 162], the distribution of dust
vs. gas in AGN [63] or the accretion–jet connection on
timescales relevant for the inner accretion flows [198],
to name just a few outstanding issues. The newly
operational James Webb Space Telescope is also ex-
pected to play to pivotal role in addressing these is-
sues, enabling highly sensitive and high spatial reso-
lution mid-infrared constraints that can be compared
to X-ray observations.

But all this will only come to fruition if the in-
struments operate successfully in space, and if sys-
tematic uncertainties (both instrumental and model-
ing) can be kept under control. At the time of writ-
ing, a redefinition exercise to optimise Athena sci-
ence under a new mission designation NewAthena is
being conducted, where such considerations will be
paramount. Hitomi data highlighted discrepancies of
order 16% between Fe abundance estimates from dif-
ferent atomic databases [199], significantly exceeding
statistical errors. A putative 3.5 keV feature in deep
observations of galaxy clusters and galactic haloes
may be a signature of decaying sterile neutrino dark

Figure 4. Schematic illustration of the spectral line
imprints left by various feedback mechanisms, gas kine-
matics, and the ambient physical conditions in the ac-
cretion system. These influence the position of the line
(depicted as Energy on the x-axis), its strength (de-
picted as a column density on the y-axis), as well as
its width. Upper panel: First, we show how line char-
acteristics translate into some generic physical effects.
Turbulence results in broadening while a flat bottom de-
notes line-of-sight optically-thick absorption. Scattering
can mimic apparent redshifted emission and PCygni–
like profiles. Line shifts due to approaching and receding
motions are indicated. Lower panel: Next, we show pro-
files expected for isolated lines driven by thermal and
magnetic winds. The latter are expected to preferen-
tially show stronger blue skews (based on [176]), though
other shapes, including red skews, are possible depending
on the detailed photoionisation balance and the wind
density at the innermost launching region, [196, 177].
However, the magnetically-driven lines are expected to
be significantly more asymmetric than in the case of ther-
mal winds. The spectral resolution of microcalorimeters
to be flown aboard XRISM and Athena is similar to the
width of the line expected for thermal driving with low
turbulence (or better) in typical Galactic XRBs, so these
lines will easily be resolved.
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Figure 5. Simulations of XRB thermal vs. magnetic
winds. FeXXVI doublet resulting from thermal (or-
ange points) and magnetic (blue circled points) winds
simulated with the parameters of the black hole XRB
GRO J1655–40 during its 2005 outburst [182, 181]. The
upper/lower panels show simulations of 100 ksec/5 ksec
observations with the Chandra gratings and with the
XRISM microcalorimeter Resolve, respectively. The
Chandra gratings are photon-starved and cannot resolve
the doublet. The asymmetry of the line profiles in the
magnetic wind is also not unambiguously captured, so
that the observations cannot distinguish a magnetic wind
from a thermal wind with a high turbulence. XRISM eas-
ily overcomes these handicaps, in far shorter an exposure.

matter particles [25]. But this also remains contro-
versial, and ill-appreciated processes such as charge
exchange together with abundance mismatches could
provide alternative explanations [200, 201]. Hand-in-
hand with better modeling and laboratory validation
needed to resolve systematic conflicts, adequate re-
sources to support calibration activities will be crucial
to ensure optimal science exploitation [202].
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