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X-ray astronomy comes of age
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M Check for updates

The Chandra X-ray Observatory (Chandra) and the X-ray Multi-Mirror Mission
(XMM-Newton) continue to expand the frontiers of knowledge about high-energy
processes in the Universe. These groundbreaking observatories lead an X-ray
astronomy revolution: revealing the physical processes and extreme conditions
involved in producing cosmic X-rays in objects ranging in size from a few kilometres
(comets) to millions of light years (clusters of galaxies), and particle densities ranging
over 20 orders of magnitude. In probing matter under conditions far outside those
accessible from Earth, they have a central role in the quest to understand our placein
the Universe and the fundamental laws that govern our existence. Chandraand
XMM-Newton are also part of alarger picture wherein advances in subarcsecond
imaging and high-resolution spectroscopy across a wide range of wavelengths
combine to provide amore complete picture of the phenomena under investigation.
As these missions mature, deeper observations and larger samples further expand our
knowledge, and new phenomena and collaborations with new facilities forge exciting,
often unexpected discoveries. This Review provides the highlights of a wide range of

studies, including auroral activity on Jupiter, cosmic-ray acceleration in supernova
remnants, colliding neutron stars, missing baryons in low-density hot plasma, and
supermassive black holes formed less than abillion years after the Big Bang.

Observations of cosmic X-rays, which are emitted by the hottest, dens-
est and most violent places in the Universe, probe places and times
inaccessible in other wavebands, and have fundamentally changed our
understandingboth of the individual types of celestial sources, and of
therelationships between them'. Even sources that are not long-term
X-ray emitters become so at defining momentsin their evolution, such
asbirthand death. The combined capabilities of the X-ray Multi-Mirror
Mission (XMM-Newton) and the Chandra X-ray Observatory (Chandra)
(Box 1) have facilitated multifaceted studies of all kinds of celestial
sources. Although groundbreaking on their own, working in combi-
nation with current worldwide, multiwavelength capabilities, they
become even more impactful, and have led a revolution in our under-
standing of many kinds of celestial sources.

The penetrating power of X-rays allows them to escape the clouds
of gas and dust that envelope young stars, making X-ray observations
critical for the detection of young stars and protostars, and tracking
their early evolution. X-ray observations also provide aunique view of
stellar death, particularly in massive stars that explode as asupernova
and form hot, expanding remnants and extremely dense central com-
pactobjects such as neutronstars and black holes. Binary star systems
arecommon throughout galaxies. They often interact, producing winds
andjets thatyield transient, X-ray emission that probes their dynamic
structure and evolution. Other major galaxy components for which
X-ray observations provide a critically important window are hot gas,
and activity from a nuclear supermassive black hole (SMBH). The dis-
covery of X-ray and multiwavelength emission from SMBH-powered jets
has revolutionized our understanding of these powerful phenomena.
X-ray surveys have provided more complete samples of active and
normal galaxy populations. X-ray observations of the unexpectedly

complex structure in the hot gas in galaxy clusters, the Universe’s
largest gravitationally bound structures, have revealed fundamen-
tal relationships with their approximately 10°-times smaller, central
SMBHs. Cluster X-ray emission provides constraints on cosmological
parameters that complement those obtained by other methods.

Solar System

Theinteraction of solar energetic particles and radiation with the atmos-
pheres of planets, their satellites and comets produces X-rays through
various physical processes: scattering, fluorescence, charge exchange
or the stimulation of auroral activity. Chandraand XMM-Newton have
observed X-rays from Venus, Earth’s magnetosphere, the Moon, Mars,
Jupiter, its aurorae, some of its moons, the lo plasma torus, Saturn
and its rings, Pluto, and numerous comets. These observations have
implications for understanding the exoplanet response to flares from
their parent stars and thus the habitability of those planets.

Observations of Jupiter have enabled detailed study of the pro-
cesses involved in the large-scale energy transfer when a solar flare
impacts a planetary magnetosphere and atmosphere. High-energy
auroral acceleration observed in both northern and southern polar
regions may be associated with the Kelvin-Helmholtz instability and/
or magnetopause reconnection® The combination of Chandra and
XMM-Newton X-ray data with information from the ultraviolet and
particle detectors aboard the currently orbiting Juno spacecraft dem-
onstrate that Jupiter’s aurorae are produced by high-charge-state
oxygen, sulfur and carbon ions®. However, rather than originating in
the solar wind, these ions are precipitated into Jupiter’s atmosphere
from the magnetosphere.
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Review

Box 1

Chandra and XMM-Newton’s
X-ray revolution

In 1999, both NASA and the European Space Agency launched
major observatories that advanced X-ray astronomy orders

of magnitude beyond all previous capabilities and started a
revolution in X-ray astronomy that continues today.

The expanded energy range of both observatories (0.3-10keV)
combine bands that previously required different instruments.

XMM-Newton is an efficient survey instrument, with 10-100 times
increase in effective area compared with previous missions, a large
field of view (30' diameter) and 5" spatial resolution. Chandra’s
low background and high spatial resolution (about 0.5"), uniquely
comparable to ground-based telescopes, facilitate unconfused
deep surveys to depths well matched to multiwavelength facilities,
and the resolution of detailed structures in supernova remnants and
clusters of galaxies. Both observatories are in a high Earth orbit and
observe efficiently. Their detectors provide four-dimensional data,
including the sky position, energy and time for each X-ray photon,
enabling imaging, spectroscopic and timing analysis.

Both have grating spectrographs facilitating high-resolution
spectroscopy of a wide range of sources. Both have (microsecond)
timing resolution, and their long lifetimes uniquely facilitate
tracking temporal variations of celestial sources over years
to decades. They often work together, combining their
complementary capabilities to understand complex targets such
as clusters of galaxies.

Chandra and XMM-Newton collaborate with multiple operating
X-ray satellites. Swift, launched in 2004, finds and rapidly
follows-up transient targets such as y-ray bursts and outbursting
binary stars that Chandra and/or XMM-Newton track as they
fade. NUSTAR, launched in 2012, the first imaging hard-X-ray
telescope, partners with XMM-Newton and/or Chandra to
extend spectral coverage out to 80keV, which, for example,
provides constraints on obscuration levels in AGN. The Neutron
Star Interior Composition Explorer Mission (NICER), installed on
the space station in 2017, constrains the very soft X-ray spectrum
of transients such as neutron star X-ray binaries. The extended
ROentgen Survey with an Imaging Array (€ROSITA), onboard the
Spectrum-X-Gamma space observatory, began a multi-epoch,
0.3-10keV-band all-sky survey in December 2019. eROSITA detects
transients and millions of new X-ray sources, providing large
samples for study and follow-up observations.

Stars and exoplanets

Stars are intrinsically weak X-ray emitters, often found in crowded
regions. Chandra’s spatial resolution, combined with the sensitivity
of both Chandra and XMM-Newton, are key to fully developing the
contribution of X-ray observations to understanding star formationand
evolution. X-rays penetrate obscuring material and reveal previously
unseen populations. A typical Chandra observation of a single star
cluster detects more than 1,000 young stars with subarcsecond posi-
tionaccuracy. Alarge fraction of these stars was not previously found
because theirinfrared-bright disks have dissipated or been destroyed.

Muchlarger samples arerevealing the physical conditions instellar
populations. Chandraand XMM-Newton observations of X-rays from
hundreds of stellar coronae have shown a strong dependence on the
rotation, magnetic activity and age of a star, facilitating distribution
and dependency studies among these parameters*”’.
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XMM-Newton observations have also demonstrated that hot, mas-
sive stars show variability. Unusually, * Canis Majoris shows X-ray pulsa-
tions at the same period as the star’s fundamental oscillations®, which
suggestsaninteraction between the oscillations and the X-ray-emitting
wind in this source.

Comparative studies of many star clusters have suggested that the
fraction of stars with proto-planetary disks isabout 80-90% in young
(1Myr old) clusters,20% by 5 Myr and after 10 Myr almost all disks have
dissipated®. Evidence from the Eagle Nebula star-forming region indi-
cates that, whereas low-mass stars have a higher disk fraction, massive
stars erode and evaporate disks surrounding nearby low-mass stars'.
X-ray emission from young or forming stars may also be essential for the
accretion process that forms the disk as X-ray ionization s sufficient for
the magneto rotational instability to induce magnetohydrodynamic
turbulence™.

Owing to their low luminosities and close-in habitable zones, the
lowest-mass stars (Mtype) are the best targets for future direct (imag-
ing) giant planet searches and indirect (transiting) discovery and char-
acterization of potentially habitable exoplanets. On the basis of current
data, giant planets seem to be rare around M dwarfs, but terrestrial
planets and super-Earths (about 1.0-2.8 Earth radii) have an estimated
occurrence rate about 3.5-times higher than that around solar-mass
stars'>. The smaller planets may have a higher survival rate than gas
giants in the intense high-energy radiation from stellar magnetic
and accretion activity. For example, XMM-Newton observed an X-ray
luminosity for TRAPPIST-1 comparable to the solar X-ray luminosity,
although its bolometric luminosity is about 1,000-times lower®.

Supernovae and their remnants

Massive stars (>10 M,, where M, denotes the solar mass) shape their
surroundings throughmasslossin vigorous stellar winds. When these
stars explode as a supernova, the fast (roughly thousands of kilome-
tres per second) ejecta shock the circumstellar medium, producing
thermal X-ray emission that can provide awindow into the history and
chemical composition of this mass loss, and the density of the ambi-
ent medium. The cores of these massive stars cannot be stabilized by
electron-degenerate pressure, and they collapse catastrophically to
formaneutronstar,and thenablack hole (BH) if the star is sufficiently
massive'.

The rapid response time of the Neil Gehrels Swift Observatory ena-
bles fast identification of X-ray-emitting supernovae, facilitating Chan-
draand XMM-Newton follow-up. Implied progenitor mass-loss rates as
highasabout10~ M, yr forabout10* yr have been detected, although
typical rates are about 10-100-times less™ '8, As the nearest supernova
observedinthe past400 years, SN 1987A provides a unique opportunity
to study the first decades of a supernova’s evolution and probe the
circumstellar medium. The spatially resolved Chandra observations
allow comparison with the features detected at optical, infrared and
radio wavelengths. These data indicate that the shock wave is now
leaving the dense equatorial ring of gas produced by pre-supernova
winds, marking the beginning of a major change in the evolutionary
phase of SN 1987A%.

Supernova remnant (SNR) shock waves probably have an impor-
tant role in the acceleration of cosmic rays to petaelectronvolt ener-
gies. Energetic arguments suggest that the acceleration of particles
in supernova shock waves is the source of cosmic rays (mostly pro-
tons and helium nuclei) up to the knee in the cosmic-ray spectrum at
10" eV (ref.?°). The recent detection of 100-GeV y-rays from the Tycho
SNR by the Fermi Gamma-Ray Space Telescope supports thismodel?,
but the y-ray data can also be explained by energetic electrons rather
than protons®. Simulations show that a cosmic-ray, current-driven
instability can amplify the magnetic field and produce narrow peaks
in the magnetic turbulence with a separation approximately equal to
the gyroradius®. Chandra observations of Tycho reveal a strikingly



Fig.1|Chandraimage of the Tycho supernovaremnant. Theinsetimages
show close-ups of two different regions that contain the brightest stripes and
fainterstripes, aslabelled. The stripes are produced by synchrotron radiation
from protonsinregions of enhanced magnetic fields**. The spacing of the
stripes corresponds to the gyro-radii of protons with energies of roughly
petaelectronvolts. X-ray energy:red,1.6-2.15keV; green, 7.15-9.3 keV; blue,
4-6 keV. Credit: X-ray, NASA/CXC/Rutgers/K. Eriksenetal.; optical, Digitized
Sky Survey.

ordered pattern of non-thermal stripes (Fig.1) with a spacing of about
0.2 pc, corresponding to the gyroradii of 10" eV to 10" eV protons for
magpnetic field strengths of about 1-10 microgauss (ref. *).

Anunsolved problemis whether type lasupernovae are produced by
the merger of two white dwarfs (double-degenerate model), or when
theaccretion of matter from anormal solar-type star or red giantonto a
white dwarf (single-degenerate model) drivesit over the Chandrasekhar
limit. Inthe former, the SN shock expands into a fairly uniform ambient
medium, whereasin thelatteritis non-uniform owingto the presence
of the companion star and its stellar winds. These differences lead to
detectable effects on the shock-wave evolution and associated X-ray
light curves, images and spectra. Detailed modelling of recent X-ray
data has found mixed results, favouring a double-degenerate explo-
sion for G1.9%, whereas Kepler* and RCW 86 are probably examples
of single-degenerate events.

Phase-connected timing studies facilitated by the high sensitivity and
timingresolutionof XMM-Newtonand Chandradeterminedthemagnetic
fields for four neutronstarsinthe centres of SNRs assuming spin-down
owing to magnetic dipole radiation. All show relatively low magnetic
field strengths, B=10'°-10" G (refs. *7°). However, X-ray and y-ray
observations have also revealed slowly spinning (period P= 0.3-10's),
highly magnetized (B = 10" G) neutron stars called magnetars>.
XMM-Newton observations detected the first wind nebula around a
magnetar®, confirming an association with supernovae and the end-
points of stellar evolution. Their slow rotation implies that magnetic
energy dissipation, rather than magnetic dipole radiation, explains the
steady X-ray luminosity (about 10*>-10* erg s™') and short, energetic
flares (10*°-10* erg s ) that characterize magnetars. According to the
magnetar model, thelarge internal field ultimately deforms or cracks
the crust of the neutron star, disturbing the external field, causing
X-ray and soft y-ray bursts.

Beyond the accepted neutron star and magnetar classifications,
continuing observations with XMM-Newton and Chandra also reveal
neutron stars with unusual, magnetar-like properties. Monitoring of
SGR 0418+5729 with Chandra, Swift, XMM-Newton and Rossi X-ray
Timing Explorer (RXTE) shows the sporadic X-ray bursts and persistent

pulsations that are characteristic of magnetars, yet the spin-down
rate implies a remarkably low B = 6 x 102 G (ref. **). Phase-resolved
spectroscopy inalong XMM-Newton observation detected a cyclotron
absorption line that varies with rotational phase**. Assuming that the
absorptionlineis associated with protonsyields B=1x10"-2 x10* G,
which is strong enough to break the crust and yield a magnetar-like
burst. The neutron star’s field may be complex, perhaps similar to a
solar flare, that is a weak dipole field and a strong localized erupting
loop. The pulsar (pulsing neutron star) in the SNR RCW 103 has exhib-
ited peculiar and puzzling temporal behaviour for several decades,
showing two large outbursts, one with a factor of 60 variability in
5 months. XMM-Newton higher-sensitivity observations, later con-
firmed by Chandra and Nuclear Spectroscopic Telescope Array
(NuSTAR), revealed a 6.67-h periodicity with strong (about 50%) modu-
lation, the longest spin period ever detected in a pulsar by orders of
magnitude®. In2016, Swift detected a magnetar-like (millisecond time-
scale, soft X-ray spectrum) X-ray burst. The most viable interpretation s
of amagnetar that had astrong supernovafall-back accretion episode,
which spun down the pulsar?®.

The interior structure of neutron stars remains a major open ques-
tion. One suggestion is that the baryons in their cores may transition
to asuperfluid or superconducting state. The intermittent millisecond
X-ray pulsar HETE J1900.1-2455 undergoes episodes of accretion that
heat the star, followed by periods of cooling. Chandramonitoring has
observed rapid atmospheric cooling to atemperature of 54 eV, implying
that the core makes a negligible contribution to the total heat capacity,
and providing observational support for asuperfluid or superconduct-
ing scenario®.

Neutron-star and black-hole binaries

Neutronstars and Galactic BHs, the endpoints of the evolution of very
massive stars, provide laboratories for dense matter and curved space
time, neither of which are accessible from Earth. When located near a
donor star, they often become bright X-ray sources as gravitational
energy is converted into electromagnetic radiation, enabling the
detailed study both of the accretion physics and of the feedback and
interaction with the environment.

BHs in X-ray binaries (BHXRBs) are of prime interest, because they
offer the potential to measure, with fairly high accuracy, the BH mass
and spin, whichtogether fully characterize theintrinsic nature of aBH.
The mass can be determined from dynamical modelling on the basis of
opticaldataonthebinary system. Twoindependent methods have been
used to measure the spin, both assuming that the inner radius of the
accretiondisk lies at theinnermost stable circular orbit, which depends
onthe BHmass and spin. Inthe Fe Ko method, spin-dependent models
oftherelativistically broadened iron (Fe) line profile are compared with
observations. The continuum-fitting model uses the Stefan-Boltzmann
law to measure the area of the X-ray-emitting region, which depends
on the mass and the spin. These methods have determined that the
Cygnus X-1BH is rotating at or near its maximum allowed spin rate®*,

Gas flows near BHs have complex dynamics, harbouring a mix of
accretion onto the BH and mass loss owing to a wind. The extremely
bright (about 4 x 10* erg s™) outburst of the BHXRB V404 Cygnishowed
arich, variable emission-line and continuum spectrum indicating an
energetic (about 10% of the source luminosity) outflow similar to those
in SMBHs (Fig. 2). The ratios of the helium (He)-like triplet lines, relative
abundances of He-like and hydrogen (H)-like ions, and the line widths
and luminosities constrain the parameters of the emitting gas. The
Fe xxv lines are formed at a distance of about 7 x10° cm = 5,000 R,
from the BH (where R, = GM/c?, the BH gravitational radius; where Gis
gravitational constant, Mis the stellar mass and cis the speed of light).
The Si x111 lines are formed farther out, at about 4 x 10" cm (ref. *°).

Relativisticjets are emitted by accreting BHs. The impact or feedback
of jets on the environment strongly depends on their composition:
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Fig.2|Unfolded, high-resolution ChandraHETG spectra of V404 Cygniin
outburst.a,On22June2015.b,0n23]June 2015. Emission features are
observedin Mg x11, Si X111, Si X1V, S XV, S XVI, Fe Ka.and Fe KB, Fe xXv and Fe XXVI.
Comparisonofthe twospectrareveals changesin the spectralshapeanda
broadincreaseinthe Fe Kalineataround 6.4 keVbetween the two
observations. Figure reproduced with permission fromref.*°, AAS.

baryonic jets carry significantly more energy than jets composed of
electrons and positrons. XMM-Newton detected X-ray emission lines
from BHXRB 4U 1630-47, coincident with the appearance of radio
emission*.. These lines arise frombaryonic matter inajet travelling at
about 2/3c. Baryonic jets are probably powered by the accretion disk
and are strong sources of y-rays and neutrino emission.

The neutron stars in X-ray binaries are remnants of supernovae.
SNRsare visible for about 10* yr (ref. *?), so the rare neutron-star X-ray
binaries within SNRs probe their earliest evolutionary stages. In2013,
Chandra and radio observations discovered the SNR of the accreting
neutron star Circinus X-1. An upper limit of 4,600 yr was placed on its
age, makingit the youngest known X-ray binary, and consistent with the
system’s observed rapid orbital evolution and highly eccentric orbit*.

Millisecond pulsars are thought to be neutronstars that were spun-up
by accretion of matter and angular momentum. Whereas the radio
signal of these pulsarsis powered by arotating magnetic field, the X-ray
emission is powered by accretion from a low-mass companion star.
XMM-Newton and Chandra observed the transition between the radio-
and X-ray-emitting states in the bursting source IGR J18245-2452*,
whichwas first detected by the International Gamma-Ray Astrophysics
Laboratory (INTEGRAL). The large effective area of XMM-Newton ena-
bled the detection of pulsationsinthe X-ray emission with afrequency
consistent with that of the known pulsar. Chandra’s high spatial resolu-
tion demonstrated the coincidence of the radio and X-ray positions.
Afewdays after the month-long X-ray outburst ended, the radio signal
was again detected, the most dramatic demonstration so far that the
system can switch between the two states on short timescales.

Ultraluminous X-ray sources (ULXs) are spatially offset from galac-
tic nuclei and have X-ray luminosities of about 10¥-10* erg s ™. ULX
luminosities imply that they are powered by an extreme accretion
rate onto a compact stellar remnant. Although evidence is mounting
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Fig.3|Chandraimage of Circinus X-1. Theimage shows a set of four
concentric rings around the neutron star*’, Therings are light echoes, which
are produced whenaburst of X-rays from Circinus X-1scatters off clouds of dust
lying between Circinus X-1and Earth. Red, green and blue colours represent low
(1-2 keV), medium (2-3 keV) and high (3-5 keV) energy X-rays, respectively.
Credit: X-ray, NASA/CXC/Univ. Wisconsin-Madison/S. Heinz et al; optical, DSS.

that the majority of ULXs are neutron stars or stellar-mass BHs, the
brightest few, with luminosities greater than 5 x 10*° erg s, may be
intermediate-mass BHs (IMBHs, about10?-10° M,)). These may represent
the missing link between stellar-mass BHs and SMBHs and could be
the long-sought seeds from which SMBHs grow (see ‘Galaxies, active
galaxies and SMBHs’).

High-resolution XMM-Newton spectra resolved atomic absorp-
tion lines, revealing fast outflowing gas in the ULXs NGC 1313 X-1 and
NGC 5408 X-1*. The outflow velocity in both sources is about 0.2c,
as predicted for stellar-mass black holes hyper-accreting above the
Eddington limit (wherein the radiation pressure force on the accret-
ing matter owing to electron scattering equals the pull of gravity).
Coherent pulsations with periods of about 1 s from several bright ULXs
demonstrate that some of these sources are powered by accretion onto
aneutron star**’, This discovery suggests that either accretion rates
are10-500-times greater than the Eddington limit for aneutron star,
or theradiationis highly beamed. Alternatively, very intense magnetic
fields (about 10"-10" G) could raise the Eddington limit by a factor of
more than 200 by suppressing the electron-scattering cross-section*,

Distance measurements within the Milky Way are often difficult.
An ingenious method used Chandra and XMM-Newton data for
neutron-star binary Circinus X-1 (Fig. 3). Four concentric X-ray light
echorings were produced when Circinus X-1flared inlate 2012 and the
X-raysscattered offintervening clouds on route to Earth*. Therings, in
combination with the time delays (40 days and 80 days after the flare),
determine the location of Circinus X-1relative to the clouds, yielding a
distance to Circinus X-10f 9.4 kpc, accurate to about 10%. Conversely,
this technique was used to probe the distribution and distances to
interstellar dust clouds in the directions of GRB 160623A, with about
1% accuracy®®, and of V404 Cygni®, for which the distance is known to
6%accuracy from Very Long Baseline Interferometry radio observations.

The discovery of the gravitational-wave source GW170817%* and its
electromagnetic counterpart—the result of the merger of two neutron
stars—ushered in a new era of multimessenger astrophysics wherein
gravitational waves and photons provide complementary views of the
same source. The Laser Interferometer Gravitational-wave Observatory
(LIGO)/Virgo detectionimplies that the merger formed an object with
amass of 2.7 M, Observations at optical and infrared wavelengths



unveiled the onset and evolution of a radioactive-powered transient,
known as akilonova. Chandra observations, followed by observations
atradio wavelengths, revealed a delayed, non-thermal emission com-
ponent exhibiting a power-law spectrum extending fromradio to X-ray
frequencies™ . Continued monitoring with Chandraand XMM-Newton
showed that the X-ray emission increased steadily with time, peaked
atl,~10* ergs™atabout 160 days post-merger, and then declined
with a power-law slope of about -2, indicating that our line of sight is
now down the expanding cone of the decelerating relativistic jet>".
Modelling has suggested that the jet core is narrow, approximately 4°,
and is viewed approximately 22° off-axis.

The discovery and detailed observations of sources similar to
GRB 170817A will be necessary to reveal their nature. GRB 150101B,
atredshift z=0.1341, exhibited a faint, short burst characterized by a
bright optical counterpartand along-lived X-ray afterglow. Chandra’s
ability to distinguish the X-ray emission from GRB 150101B from that of
its parent galaxy was crucial. The observed properties are consistent
with an explosion viewed off-axis, optical light produced by aluminous
kilonova, and X-rays thatimply an extended afterglow from a jet with
anopeningangle of about 3-5° viewed at an angle of about 13° (ref. ).

Galaxies, active galaxies and SMBHs

Chandra’s high spatial resolution, together with the energy resolution
of both Chandraand XMM-Newton, have enabled the detection, separa-
tion and study of the three major components of X-ray emission from
galaxies: X-ray binaries (XRBs), which dominate the X-ray emission of
normal galaxies at energies 22 keV; ahot gaseousinterstellar medium
(ISM) prevalent at energies <1 keV; and high-energy activity produced
by an SMBH in the galaxy’s centre, for example, Sagittarius A* in the
core of the Milky Way.

Chandra has detected and characterized previously inaccessible
populations of point-like sources in all galaxies within 20-30 Mpc,
finding properties consistent with amixture of low-mass and high-mass
XRBs similar to those in the Milky Way. As all the XRBs in a given galaxy
areatthesamedistance, their absolute luminosities can be determined,
and X-ray luminosity properties correlated with the star-formationrate
and mass content M. (in solar masses) of their parent stellar populations.
Recently, stacking (adding together) the emission from galaxies that
areindividually undetected in deep surveys has confirmed the linear
relationship between the XRB luminosity and M., an approximately
linear dependence on star-formation rate and a weak dependence on
redshift® out to redshifts of about 5.

Chandra’s subarcsecond imaging and spectroscopy have firmly estab-
lished the link between star formation and ISM heating via supernova
explosions. Insome cases (for example, M82 and NGC 253) the supernova
heating rate is high enough to produce a wind of matter flowing out of
the galaxy. In galaxies experiencinginteractions or mergers, enhanced
star formation can produce extended, luminous hot halos, akey compo-
nent of galaxies. XMM-Newton’s deep imaging probes their properties,
including the dramatic example of the merging pair NGC 6240 found to
havealarge (about100 kpc), hot (7.5 MK) X-ray halo, with atotal mass of
about 10 M, (ref. *°), comparable to a small galaxy group.

Itis now well established that most galaxies harbour an SMBH in their
centre. Accreting SMBHs, termed active galactic nuclei (AGNs), are
visible as bright, nuclear sources. The most luminous, called quasars
or quasi-stellar objects, outshine the stars in their host galaxies. Active
accretiononto nuclear SMBHs releases large amounts of gravitational
energy in the form of electromagnetic radiation and launches jets,
outflows and winds. The outgoing transport of energy and momentum
significantly impacts the environment, and is currently thought to
be quenchingstar formationand interrupting the supply of accreting
matter in a process called feedback.

However most nuclear SMBHs are inactive or weakly accreting. Chan-
dra’s high-spatial-resolution X-ray vision has facilitated the discovery of

Galactic latitude

Fermi bubbles]
—q0

Galactic longitude

Fig.4|The XMM-Newton observation of the X-ray emission from the
central 300 pcby 500 pc of the Milky Way. The red-green-blueimage shows
emissionintheenergy ranges:1.5-2.6 keV; 2.35-2.56 keV, corresponding to the
S xvtransition;and 2.7-2.97 keV, respectively. Sagittarius A* (Sgr A*) and the
central massive star cluster are located at the centre. Ashell-like feature witha
diameter of about 160 pc, dubbed the northern ‘chimney’, is visible to the north
of Sgr A*. Diametrically opposite to the chimney with respect to Sgr A*is the
bright, elongated feature dubbed the southern chimney. The north and south
features have comparable brightness, extent and colour, suggesting similar
emission processes (see regions enclosed by white dashed lines). Their relative
placement suggestsacommonoriginlocated close to Sgr A*. The white arcs
correspond to the low-latitude edges of the Fermibubbles. Figure reproduced
fromref. ®®, Springer Nature Ltd.

low-luminosity nuclear sources with a wide range of mass (10°-10"° M,)
inmany galaxies. The resulting emission from galaxy nuclei uniquely
probes the SMBH and surrounding structure.

Sagittarius A*, the SMBH in the centre of the Milky Way, is currently
in a radiatively inefficient accretion phase. Deep Chandra observa-
tions allowed the tracing of an accretion flow and identified its origin
with stellar winds of massive stars in the SMBH vicinity. Less than 1%
of this gas accretes onto the SMBH, the remainder being ejected in
apolar outflow®"2, On larger scales, about one to hundreds of par-
secs, XMM-Newton detected two X-ray structures, revealing exhaust
channels that transport energy and mass into two big gaseous orbs
called the Fermi bubbles® (Fig. 4). Sagittarius A* manifests flares of
synchrotron emission confirmed by simultaneous observations of a
powerful flare with XMM-Newton, NuSTAR and Spectrograph for INte-
gral Field Observationsin the Near Infrared (SINFONI)_°*. The number
of bright flares seen by Chandra and XMM-Newton increased about
six months after the closest approach of the gas cloud G2 to Sagitta-
rius A*, which suggests thatits passage triggered additional accretion.
Gas clouds within 300 pc of Sagittarius A* emit non-thermal X-ray
emission whose spatial and temporal fluctuations have been linked
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Fig.5| The XMM-Newton high-resolution spectrum of the luminous quasar
PDS 456. A self-consistent P Cygni profile from aspherically symmetric
outflow (red curve) issuperposed onthe XMM-Newton (inblue; +1s.d.error
bars) and NuSTAR (in green) data.”. We thank Emanuele Nardini for providing
thisfigure, adapted with permission fromref.”, AAAS.

to pastillumination by at least two bright, 10-year-long outbursts of
the central SMBH®.

Broad Fe Ko emission lines in the X-ray spectra of AGNs are inter-
preted as fluorescence caused by reflection from the inner part of a
small-scale (<1 pc) circum-nuclear torus. As for BHXRBs, the line pro-
files, modified by relativistic effects near arapidly rotating SMBH, can
be used to measure the spin. Combined XMM-Newton and NuSTAR
observations of NGC 1365 ruled out alternative models and revealed
Fe Ko emission from within 2.5R, of an SMBH with spin, a* (=/c/GMj,’,
where/is the angular momentum, and My, is the black hole mass) > 0.84,
where the maximumrateis1(ref. ). The Fe emission’s response to fluc-
tuationsintheincident coronal emissionis delayed by light travel-time
effects (reverberation), which constrains the size of the emission
region. Constraints derived from measured delays in 43 XMM-Newton
AGN spectra® have updated the relation between the amplitude of Fe
lags and SMBH mass. The size of the Fe-emitting region was further
constrained to less than 98 pc around the SMBH of NGC 1275, in the
core of the Perseus cluster®®, Gravitational lensing has extended this
technique to high-redshift quasars®, and established X-ray microlens-
ing events as an efficient, independent probe of nuclear structure and
SMBH spin’®7,

During the past decade, the inflowing and outflowing material in
the vicinity of SMBHs have been studied in detail. Powerful outflows
are assumed to transfer energy from an AGN to its host galaxy and
any surrounding cluster, providing a feedback that regulates their
evolution. Ultrafast outflows (UFO) are detected as blueshifted absorp-
tion lines with velocities of 0.03cto 0.3cin 35% of high signal-to-noise
AGN spectra. Mass outflow rates of 0.01-1M, yr™, about 5-10% of the
accretion rates, provide significant contributions to AGN cosmological
feedback”. The luminous quasar PDS 456 shows a roughly spherical
UFO with velocity, v,,. = 0.35 + 0.02c, and enough kinetic power to
regulate SMBH and host-galaxy co-evolution™ (Fig. 5). IRAS 13224-3809
hasa0.24c UFO, whichresponds toinner-accretion-disk fluctuations,
demonstrating a connection between accretion processes occurring
onvery different scales”.

Further insight into the formation and evolution of nuclear SMBHs
isprovided by tidal disruption events (TDE): time-constrained events
owing to accretion of individual stars or gas clouds that locate nas-
cent accretion disks and normally invisible, non-accreting SMBHs.
Therecentincrease in optical monitoring of large sky areas has found
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Fig.6|XMM-Newton time lag versus energy spectrum. The spectrumwas
derived from thelight curve of the TDE in SwiftJ1644+57 in the frequency range
(2-10) x10~* Hz. The zero-point has been shifted so that zero lag corresponds
totheemission thatvariesfirst. The emission fromabout 4-5keVand about
8-13 keV (primary continuum-dominated bands) vary first, and the Fe Ka line
fromabout 7-8 keV responds approximately 100 s later, consistent with
short-timescale reverberation offanionized accretion disk. The asymmetric
profile of the Fe Ka lag shows that the emission is gravitationally redshifted and
therefore originates close to the central massive BH®. The error bars are 1o.
Figurereproduced fromref.”, Springer Nature Ltd.

more TDEs, revealing some surprising properties including: high
accretionrates, IMBHs and quasi-periodic oscillations (QPOs). Rever-
beration mapping of gravitationally redshifted Fe Kax photons from
the inner accretion flow of the TDE Swift J1644+57 allowed estimates
of the BH mass, suggesting an accretion rate of about 100 times the
Eddingtonlimit™ (Fig. 6). High-resolution XMM-Newton spectra of the
TDE ASASSN-14li showed winds, again suggesting a super-Eddington
nascent accretion disk””. Chandra and XMM-Newton observations of
3XMM J150052.0+015452 established the existence of a decade-long
sustained TDE’®, whereas a TDE in astar cluster off-centre in its galaxy
revealed evidence for an IMBH”. X-ray QPOs, detected in only one
AGN?, were found in two TDEs: Swift J164449.3+573451 (about 200 s)®!
and ASASSN-141i (1315)%2, Both QPOs suggest emitting regions close to
the event horizon and in the latter, a rapidly spinning BH. Even more
strangely, GSN 069 has shown 9-h, X-ray quasi-periodic eruptions of
up to a factor of 100 since December 2018, each lasting just over an
hour® (Fig.7). A possible scenario isasecond compact object orbiting
the central BH, crossing the accretion disk plane and impacting the
accretiondisk every 9 h.

Thesources detected by Chandraand XMM-Newtonin the Chandra
deepfields, the Cosmos field and the XMM-Newton XXL field, are pre-
dominantly AGNs and so provide an excellent database for multiple
studies of their evolution up to a redshift of about five®, Of particular
interest are the SMBH co-evolution with its host galaxy®, the effects of
accretion and obscuration on AGN evolution®**® and the X-ray luminos-
ity function of AGNs®8%,

XMM-Newton and Chandra observations indicate that the X-ray
spectra of the highest-redshift luminous quasars (z>5.5) resemble
low-redshift AGNs*°, supporting a non-evolutionary scenario for the
properties of luminous AGNs. Those observations imply SMBH masses
(10°-10" M,) at less than 1 Gyr after the Big Bang, requiring massive
seeds (10° M,) at z2 10, growing and emitting radiation by accreting
leftover halo gas. Assuming standard Eddington-limited accretion,
the non-detection of these seeds in the Chandra Deep Field South
constrains the mass densities of MBHs, p < 2.5 x10° M, Mpc>forzz 6
MBHs*",

The massive seeds required to explain the early appearance of
luminous quasars at z > 5.5 motivated systematic searches for IMBH
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Fig.7|Light curvesshowing nine-hour quasi-periodic eruptions fromthe
low-mass BH GSN 069 during a TDE outburst. The panels show the
background-subtracted 0.4-2 keV light curve from the XMM-Newton and
Chandraobservations. The time axes are on the same scale highlighting the

inthelocal Universe with Chandraand XMM-Newton. Candidates have
beenidentified in low-luminosity AGNs, extending the BH-bulge-mass
scaling relation towards lower masses®?, and in regular and starburst
dwarf* galaxies extending down to around 50,000 M, in the nucleus of
RGG 118%*. X-ray emission from 10 out of 605 dwarf galaxies is consistent
with BH masses of about 10°-10° M, (ref. ).

The merging of BHsis anotherimportant process for AGN and SMBH
evolution over cosmic time. Chandra’s high spatial resolution is crucial
foridentifying mergersin nearby galaxies where both SMBHs are accret-
ing. The binary AGN in NGC 6240 are separated by only 1kpc (ref. %),
whereas SDSS J1254+0846, the first detected luminous, spatially
resolved binary quasar, has a separation of 21 kpc (ref. ). Other close
binary AGN have been identified, with separations of 8 kpc, 3.4 kpc
and 1.9 kpc (refs. #87109),

Galaxy clusters

X-ray observations have established that the dominant baryonic
component of galaxy clusters is hot plasma, called the intracluster
medium (ICM). ICM temperatures range from 10 MK to 100 MK, and
its mass is about 10"*-10" M,, about 6-10 times the mass in stars. The
dark-matter component of galaxy clusters has a mass about six times
that of the baryonic matter and gravitationally binds the ICM to the
cluster. The ICM s diffuse, with plasma number densitiesn =107 cm™,
sotheradiative cooling timein the outer regions is roughly billions of
years, comparable to the cluster lifetime. As the ICM has been confined
to galaxy clusters since they were formed, it retains a fossil-like record
thatincludes the elements heavier than helium produced instars and
ejectedintotheICM, and evidence for cosmic violence involving enor-
mous injections of energy over roughly hundreds of millions of years
from central SMBHs and high-velocity collisions between galaxies and
subclusters. Evidence for such a high-velocity collision is seen in the
colliding cluster pair 1E 2216.0-0401 and 1E 2215.7-0404 where Chan-
draand XMM-Newton observations have traced a pre-merger shock.
Unusually, this shock propagates along the merger’s equatorial plane'”,
probably owing to interaction of the outer regions of the clusters.

The plasma cooling times in cluster centres is often much less than
the clusters’ lifetimes!®2. The lack of any evidence for a sizable compo-
nent of cool gas suggests that heating is occurring in the central regions,
and that heating and cooling rates are linked in a negative feedback
loop. This occurs naturally if an AGN-cluster feedback cycle operates
wherein cooled or cooling gas fuels a central AGN that provides the
power to inhibit further cooling.

Observations with Chandra and radio telescopes have provided dra-
matic examples of the feedback cycle in a number of AGNs located in
galaxy clusters, for example, M87 in the Virgo cluster’®***and NGC 1275
in the Perseus cluster'®. Typically, jets and lobes of high-energy par-
ticles produced by the AGNs are embedded in cavities in the hot,

similar quasi-periodiceruptionrecurrence time.Error barsrepresent 1o
confidenceintervalsinall panels®®. We thank Giovanni Miniutti for providing
this figure. Figure reproduced fromref. 3, Springer Nature Ltd.

X-ray-emitting gas'®'°. In the radio galaxy Pictor A (Fig. 8), an X-ray
jetextendsfor over100 kpc (320,000 light years) in projection, and is
visible all the way from the core of the cluster to the terminal hotspot'””.
In the Phoenix cluster (SPTCLJ2344-4243), at redshift z=0.596, the
most X-ray-luminous galaxy cluster yet discovered (Ly (2-10 keV) = 8.
2x10% ergs™), Chandra datareveal the presence of deep X-ray cavities
inthe inner roughly 10 kpc of the hot (kT = 5 keV, where kis the Boltz-
mann constant and T the temperature ) gas in the cluster'®, A survey
of 83 distant galaxy clusters suggests that the power generated by AGN
feedback has remained unchanged for about 7 Gyr, over half the age of
the Universe'®’, cementing the longevity of the major paradigm change
inour understanding of clusters (Box 2).

Bound by deep potential wells, galaxy clusters are self-similar and
follow awell defined scaling relation between entropy and temperature.
In contrast, XMM-Newton and Chandra observations show that the
radio galaxies in galaxy groups produce sufficient energy to unbind
asignificant fraction of the hot plasma, breaking the self-similarity in
these smaller systems"*™,

Over the eons, galaxy clusters have been enriched with elements
produced after the Big Bang, that is, all elements heavier than lithium
(known as ‘metals’). As most of the baryonic matter is contained in the
hotICM, X-ray observations are key to determining the history of these
elements. Extensive studies of the metal content of hundreds of clusters

Supermassive

black hole Hotspot

Counterjet

Fig.8|Compositeimage of Pictor A. The image shows the Chandra X-ray
(blue) jetand the Australia Telescope Compact Array (ATCA) radio (red)
lobes'””. The X-ray jetis 570,000 light yearsinlength (in projection). Credit:
X-ray, NASA/CXC/Univ. Hertfordshire/M. Hardcastle etal.; radio, CSIRO/ATNF/
ATCA.
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Box 2

Highlights of XMM-Newton and
Chandra™® paradigm changes

The first targeted Chandra observation, of a distant radio-loud
active galaxy—a point source on which to focus the telescope—
revealed an X-ray jet extending along the known radio jet™®,
which opened up multiwavelength studies and major progress in
understanding jets.

Chandra and XMM-Newton discovered long-lasting and
complex structures in the hot, X-ray-bright gas of galaxy clusters.
This changed the paradigm from passive cooling in cluster cores
to dynamic heating and feedback from AGN outbursts, and
ongoing interactions with neighbouring clusters. XMM-Newton
characterizes the global properties of these large objects',
whereas Chandra resolves and probes the detailed structures''.

Chandra’s spatial resolution has been crucial in identifying
ULXs, X-ray binaries with luminosities implying super-Eddington
accretion. The precise locations of hundreds of ULXs have
established a link with ongoing star formation in their host galaxies.

Variable X-ray spectra and light curves obtained by
XMM-Newton and Chandra for a sample of magnetars
demonstrated the complexity of the magnetic field compared with
the previous dipole assumption®*'42,

Long time series of X-ray spectra obtained by XMM-Newton
facilitate reverberation mapping of structures surrounding the
SMBHs in AGN, revealing their mass and spin, along with the size of
the X-ray emitting corona™®.

The multifaceted X-ray vision of these observatories probes
through the debris of supernova explosions to find the compact
remnants of the progenitor stars, detects newborn stars in the
depths of gas and dust in star-forming regions, constrains velocities
and physical conditions in accreting material, and much more.

using XMM-Newton and Chandrayield a consistent picture. Cluster out-
skirts (radii 21 Mpc) show a uniform metallicity, Z= 0.2-0.3 Z, (where
Z,is solar metallicity), whereas for the inner regions (radii <100 kpc),
Z=0.6 Z,(refs. ") These resultsimply that ICM enrichment initially
occursbefore cluster formation. Later, the plasmain cluster centresis
further enriched as the stellar populations evolve and supernovaeinthe
central galaxies eject metals into the ISM. The metals are subsequently
sweptinto the ICM by galactic winds, stripping by intergalactic medium
ram pressure, or AGN activity™.

The discovery of CLJ1001+0220, at a redshift of z= 2.5, extends the
cluster formationepoch back by about 700 Myr to about 2.6 Gyr after
the Big Bang. The presence of ahot ICMis demonstrated via the detec-
tion of extended X-ray emissionin co-added images from XMM-Newton
and Chandra™.

One of Chandra’s first major discoveries in galaxy clusters was the
presence of exceptionally sharp edges (less than the Coulomb mean
free path) in the X-ray surface brightness where the gas density rap-
idly rises while the temperature falls, the opposite of shock fronts.
Mergers with off-centre impacts can cause the plasmain the cluster
to slosh or oscillate, creating these edges, which are similar to cold
fronts in terrestrial weather patterns. The sharp edges indicate that
diffusion and conduction processes are suppressed in the ICM, most
likely by transverse magnetic fields"”"®, Chandra observations of the
Centaurus cluster show one of the clearest and nearest examples of a
cluster cold front™, a circular structure with a radius of about 30 kpc
spanning nearly 180°. Large-scale cold fronts have been discovered in
the outer reaches of galaxy clusters. These structures rise gradually
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Fig.9|Combined Chandra, XMM-Newton and Rontgensatellit (ROSAT)
imagesreveal acold frontinthe Perseus cluster. This relatively cool (30 MK)
gas hasbeen moving outwards through hotter (80 MK) gas for about 5 Gyr
(ref.'?°). The cold front spans about 2 million light years, and was probably
produced whenadense gaseous cloud around agroup of galaxies fell into the
centre of the Perseus cluster, and then rose through the hot gas in the cluster
core.Thefront’ssharpness suggests confinement by intergalactic magnetic
fields. A younger cold front canbe seenin the inner part of the cluster. Credit:
NASA/CXC/GSFC/S.Walker, ESA/XMM, ESA/ROSAT.

outwards with age inacharacteristic spiral pattern,and embed arecord
of acluster’smergingactivity in the ICM. In the Perseus cluster (Fig. 9),a
cold front hasaradius of 730 kpc, about halfthe cluster’s virial radius'?°,
and anestimated age of 5 Gyr, making it the oldest coherent structure
observedinthe cluster.Rather thanbroadening through diffusion, the
coldfronthassplitintotwosharp edges, consistent with abruptjumps
in density. A likely explanation is that magnetic fields can suppress

diffusion for as long as several billion years.

Cosmology

XMM-Newton and Chandra X-ray observations provide complemen-
tary constraints on the inventory of dark and baryonic matter in the
Universe, and the evolution of cosmological parameters.

Compared with the baryon content of the high-redshift universe (as
determined from Big Bang nucleosynthesis, and also detected in the
‘Lyman-a forest’ absorption systems of high-redshift quasars), thelocal
Universe contains 30-40% fewer baryons than expected by the A cold
dark matter model (where A is the cosmological constant).

Cosmological hydrodynamic simulations' predict the gradual
formation of alocal (z <1) filamentary web of plasma in a low-density
(n=107°-107 cm™), warm-hot (7= 0.1-10 MK) intergalactic medium
(WHIM) connecting galaxies, galaxy groups and clusters of galaxies.
The WHIM s predicted to account for asizable fraction (about 50%) of
allthe baryonsinthelocal (z<1) Universe, but until recently extensive
observational efforts had resulted in a few marginal detections.

However, XMM-Newton has recently detected 10-MK plasma associ-
ated with large filamentary structures coherent over scales of 8 Mpc
associated with the galaxy cluster Abell 2744, providing direct evi-
dence for this scenario.

Another, 1.5-Ms XMM-Newton observation enabled a 40 detection
of two absorbers of highly ionized oxygen (O viI) in the high-signal-
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Fig.10|Significant absorption features (labelled) associated with the
WHIMin the XMM-Newton Reflection Grating Spectrometer (RGS) spectra
ofthe BLLacobject1ES1553+113. The figure shows the normalized raw RGS1
(black points;loerrorbars) and RGS2 (red points; 1o error bars) data (inbins
withasignal-to-noise ratio per bin 230) inthe wavelengthinterval1=26-32A.
The thick dashed curves show the RGS1 (black) and RGS2 (red) best-fitting
models, folded through the response functions of the RGSs. The thin solid
curves atthe bottom of the graph give the RGS1 (black) and RGS2 (red)
effective areas (in arbitrary units), showing instrumental features owing to
cool pixelsin the dispersing detectors'?. Figure reproduced fromref. %,
Springer Nature Ltd.

to-noise-ratio X-ray spectrum of the BL Lac object 1IES1553+113,z > 0.4
(ref.'; Fig.10) lying in regions of large galaxy overdensities. An effec-
tive 8-Ms exposure generated by stacking the Chandra/High Energy
Transmission Grating (HETG) spectrum of the quasar H 1821+643,
z=0.297, at the redshifts of 17 known ultraviolet absorption systems
also detected O viI absorption?*. Thus, detections along three differ-
entsight lines find material with observed properties consistent with
WHIM simulations.

X-ray observations continue to constrain the possibilities for the
identity of dark matter. A population of primordial BHs explaining
the Milky Way’s dark-matter content has been excluded at high sig-
nificance because the predicted levels of radio and X-ray emission
resulting from accretion onto these BHs has not been detected by the
Very Large Array and the ChandraSource Catalog'>. Collisions between
clusters of galaxies test the possibility that dark-matter particles expe-
rience non-gravitational interaction. The observation of 72 colliding
clusters of galaxies with Chandra and Hubble shows that dark matter
remains closely aligned with the associated stars (within 5.8 + 8.2 kpc),
establishing an upper limit to the self-interaction cross-section of less
than 0.47 cm? g™ (95%)%.

Asthelargest gravitationally bound structures in the Universe that
form hierarchically over cosmological times'?, clusters of galaxies
are an important tool for testing the fundamental assumptions of
structure formation and constraining cosmological parameters.
Several studies obtained cluster-based constraints on cosmological
parameters, which are competitive and consistent with those from
the cosmic microwave background (CMB), both Wilkinson Micro-
wave Anisotropy Probe (WMAP) and Planck (plus WMAP polariza-
tion), type la supernovae and baryon acoustic oscillation data (for
example, refs. 2#12°) However, the observed surface density of the
XMM-Newton XXL (large field) survey’s™° bright cluster sample, with
100 members, is in tension with the predictions of the cosmologi-
cal parameters determined from Planck data'®. The XMM-Newton
resultis consistent with similar findings for the Sunyaev-Zeldovich
clusters discovered by Planck CMB measurements'?, and suggests
either a specific rest mass of neutrinos, or time evolution of the
cosmological parameters.

Quasarsare the mostluminous sources in the Universe and can poten-
tially test the cosmological model at very high redshifts inaccessible
withtypelasupernovae. The nonlinear correlations between luminosity
andtheratio of X-ray to ultraviolet radiation'**"** could establish quasar
as‘standard candles’ and yields distances consistent with supernovae
results up toz=1.4.However, asignificant deviation at higher redshift
suggests that the dark-energy density is increasing with time.

Future

While writing this Review, both Chandraand XMM-Newton continued
to demonstrate their ability to break ground (for example, the possible
association of the extreme X-ray luminosity of a distant radio quasar
with inverse Compton scattering of CMB photons in its relativistic
jets™) and to retain the interest of the scientific community with the
continued high over-subscription of observing time.

The aging effects of both spacecraft are being managed.
XMM-Newton instruments are aging as foreseen and the effects can
be largely mitigated by careful and more sophisticated calibration.
Atsome pointduring the2030s, XMM-Newton’s fuel will be depleted.
Building on XMM-Newton’s legacy, Athena, the European Space Agen-
cy’s next X-ray observatory (nominal launch date is currently the end
0f2032), will overlap with and then replace it. Athena™® will have a
collecting areathatisabout ten times that of XMM-Newton along with
two instruments: a micro-calorimeter for high-spectral-resolution
imaging, and awide-field imager for observation of extended sources
and surveys. Athena’s main objectives are: to determine how and when
large-scale hot gas structures formed and evolved; to study BH growth
since the earliest epochs in the Universe; and to explore high-energy
phenomenain all astrophysical contexts, some yet to be discovered.

Chandra has no life-limiting expendables and a stable orbit, and is
planned to operate for many more years. Two major factors make the
telescope complex to operate: heating owing to the degradation of
the thermal insulation, and the continuing build-up of contaminants
onthe Advanced CCD Imaging Spectrometer (ACIS) detector window,
which has reduced the effective area below about 1.5 keV. However,
the observing efficiency of Chandra remains high (about 70%), and
Chandra continues to be highly over-subscribed and to carry out cut-
ting edge, impactful science. A Chandra successor mission, Lynx'*’, was
considered by the US decadal survey, Astro2020. Lynx would have
roughly 0.5” spatial resolution, comparable to Chandra, extending
to 10” off-axis, and an effective area of about 2 m?yielding approxi-
mately 50-100-times Chandra’s sensitivity and 800 times the survey
speed. Lynx is designed to address three main science goals: find the
first SMBHs; trace the evolution of galaxies; and study the energetic
lives of stars. In November 2021, Astro2020 recommended three new
Great Observatories, including a high-resolution X-ray mission based
on Lynx, for development in the coming decades.
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