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Powerful sources of X-rays

A power source entirely different from 

the nuclear fusion that drives the Sun and stars 

…and much more efficient

Rosat All Sky Survey
X-ray map of the whole sky: 

100,000 `sources’

X-ray astrophysics tries to find out what could cause such extraordinary power



The hot and energetic Universe
What can get as hot as a million degrees?

Explosions: Supernovae 
and their remnants

Matter falling into deep 
gravitational wells (most 
common source of X-rays)

Particles moving near the 
speed of light in magnetic 
fields

Plasma heated by 
magnetic reconnection



The Fermi Gamma-Ray 
Space Telescope

Chandra

Hubble Space 
Telescope

SOFIA

ALMA

JVLA

X-rays

Visible

X-ray Astronomy studies the short wavelength light from the Universe

1/1000

1/1000



The Fermi Gamma-Ray 
Space Telescope

Chandra

Hubble Space 
Telescope

SOFIA

ALMA

JVLA

X-rays

Visible

X-ray Astronomy studies the short wavelength light from the Universe

1/1000

1/1000

X-rays have:
Wavelengths: 1/1000 visible light

- 0.1-6 nm (1-60A) vs. 500 nm (5000A)
Energies: 1000 x visible light

- “keV” instead of “eV” (electron volts)
- About 0.02 Joules/photon

Temperatures: 1000 times hotter
- 10 million degrees vs. 10 thousand degrees for stars
- E=kT  (k= Boltzman’s constant, 1.398e-9 J/K)



X-ray observatories

Chandra

SuzakuXMM-Newton



X-ray telescopes are different

• X-ray mirrors are almost cylinders
• X-rays don’t reflect off a normal mirror – they get absorbed
• Only by striking a mirror at a glancing angle, about 1o, do X-rays reflect
• Then they act like visible light and can be focused
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Clusters of Galaxies
low densities n=10-1-10-5 
cm-3, high temperatures 

T=5x106-108 K

bremsstrahlung (free-free), 
recombination (free-
bound), de-excitation 

(bound-bound)

collisional ionization 
equilibrium

electron and ion 
temperatures in 

equilibrium

shape of spectrum entirely 
determined by kT and 
chemical abundances



Clusters of Galaxies



CLUSTERS OF GALAXIES AS CUPCAKES

A. Mantz



X-RAY SPECTRA OF HOT DIFFUSE PLASMA
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X-RAY SPECTRA OF HOT DIFFUSE PLASMA
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X-RAY SPECTRA OF HOT DIFFUSE PLASMA

CCD Grating



WHICH ELEMENTS, WHERE?

• X-ray lines between neutral fluorescent n=2-1, and H-like n=1-∞ 
(think of the Bohr model!)  

• in ICM mostly He and H like lines



• Clusters of galaxies retain all the 
metals synthesized in constituent 
stars

• Most of baryons (also metals) 
reside in the diffuse gas

• X-ray spectroscopy of clusters - 
one of the best tools for studying 
the chemical evolution of the 
Universe

• Allows us to constrain Type Ia 
supernova models and the 
integrated stellar initial mass 
function

CONSTRAINING CHEMICAL ENRICHMENT 

β

Ly
αLy

N. Werner et al.: XMM-Newton spectroscopy of the cluster of galaxies 2A 0335+096 479

Fig. 1. The total spectrum of the core of the cluster (with a radius
of 3′), which contains the cooling core (upper panel) and the spec-
trum of the 3′−9′ region (lower panel). The continuous line represents
the fitted wdem model. The EPIC pn and MOS1 + MOS2 spectra are
indicated.

uncertainties in the calibration of EPIC and relatively nearby
iron lines do not allow us to constrain the oxygen abundance
accurately by EPIC. However, the RGS with its high spec-
tral resolution allows us to determine the oxygen abundance
in the core of the cluster (see Table 4). The 2p−1s neon lines
at 1.02 keV are in the middle of the iron L complex (lying be-
tween about 0.8 to 1.4 keV). The resolution of the EPIC cam-
eras is not sufficient to resolve the individual lines in the iron L
complex which makes the neon abundance determination by
EPIC unreliable. However, the high resolution of RGS allows
us to determine the neon abundance at least in the core of
the cluster (see Table 4). The K shell lines of magnesium at
1.47 keV are also close to the iron L complex, which makes
our magnesium abundance determinations by EPIC somewhat
sensitive to our temperature and iron abundance model. The
magnesium abundance determinations at larger radii, where the
surface brightness of the cluster is relatively low might be in-
fluenced by the instrumental aluminum line at 1.48 keV. The
silicon, sulfur, argon and calcium lines lie in a relatively un-
crowded part of the spectrum and their abundances are in

Fig. 2. Residuals of the fit to the EPIC total spectrum extracted from
a circular region with a radius of 3′, with the line emission put to zero
in the model.

Table 3. Abundance upper limits for elements with weak lines, which
could not be reliably detected, determined from the fluxes at the ex-
pected line energies of their helium-like emission. We also show the
abundance of calcium calculated with the same method (it is consis-
tent with the abundance determined in MEKAL).

Element I (phot m−2 s−1) Abund. (solar)

Ca 0.252 ± 0.019 0.80 ± 0.05
Ti 0.017 ± 0.013 1.5 ± 1.1
Cr 0.020 ± 0.010 0.5 ± 0.2
Mn −0.003 ± 0.009 −0.2 ± 0.5
Co 0.000 ± 0.008 0 ± 2

general well determined. Iron has the strongest spectral lines
in the X-ray band. At temperatures above 3 keV its Kα lines
are the strongest at about 6.67 keV and 6.97 keV, while the
iron L-shell complex ranging from about 0.8 keV to 1.4 keV
dominates at lower temperatures. These spectral lines make
the iron abundance determinations the most reliable of all el-
ements. The nickel abundance is determined mainly from its
K-shell line blends at 7.80 keV and 8.21 keV, which are par-
tially blended with iron lines.

In Table 2 we see that the abundances in the outer part are
always lower than in the core of the cluster.

We also attempt to estimate the abundance upper limits
for elements with weak lines (titanium, chromium, manganese,
cobalt), which can not yet be fitted in MEKAL in a self-
consistent way. We determine their abundances from the fluxes
at the expected line energies of their helium-like emission (see
Table 3). The feature at the expected energy of chromium cor-
responds to a detection at a 2σ level, while the feature at the
expected energy of titanium corresponds to a 1σ detection.

4.2. RGS

In Fig. 3 we show the first and second order RGS spectra ex-
tracted from a 4′ wide strip in the cross-dispersion direction of
the instrument. The extraction region is centered on the core of



CONSTRAINING CHEMICAL 
ENRICHMENT 
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NASA, ESA, Hubble Heritage (STScI/AURA)
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M87 / Virgo NGC1275 / Perseus

Hydra A

MS0735.6+7421



AGN feedback

cavities: radio bright;
X-ray faint

shocks: high 
temperature;
high pressure

filaments: X-ray bright;
low temperature;

metal rich



IMPLICATIONS OF EARLY METAL ENRICHMENT

• all massive clusters should show a similar, uniform level of enrichment at 1/3 of the Solar 
metallicity. 

• galactic winds during the period of peak star formation and AGN activity probably played 
an important role in getting the metals out of the galaxies early on (z~2)

• many type Ia supernovae (SNIa), which are the main sources of Fe, must have exploded 
shortly after the epoch of peak star-formation. This is consistent with recent findings 
based on SNIa delay time distributions (Maoz et al. 2012). 

• this scenario predicts that the warm-hot intergalactic medium in large-scale structure 
filaments connecting to massive clusters is also metal-rich, and can be detected in line-
emission with future high-grasp, high-spectral resolution missions. 

• if the material currently falling into massive clusters is iron-rich, iron nuclei are likely to be 
accelerated as they pass through the accretion shocks, providing an important source of 
the highest energy cosmic rays.

PRESSURE MAP: SPHERICAL SHOCKS

Million et al. 2010
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ENTROPY (kT/n2/3) MAP

Million et al. 2010



• 6-9x108 Msun of gas in arms  

• similar to total gas mass within 
3.8 kpc radius

• galaxy stripped of its lowest 
entropy gas 

• AGN feedback in action, 
preventing star formation
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GAS UPLIFT



OUTBURSTS NEAR AND FAR



X-ray: NASA/CXC/Univ. Waterloo/B.McNamara; Optical: NASA/ESA/STScI/Univ. Waterloo/B.McNamara; Radio: NRAO/Ohio Univ./L.Birzan et al.



200 kpc

X-ray: NASA/CXC/Univ. Waterloo/B.McNamara; Optical: NASA/ESA/STScI/Univ. Waterloo/B.McNamara; Radio: NRAO/Ohio Univ./L.Birzan et al.



RESIDUAL COOLING

Pinto et al. 2015
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Hα+[NII] IMAGING WITH THE 
SOAR TELESCOPE 

Werner et al. 2014



Image credit: Fabian et al. 2011

Filaments of ionized and molecular gas surrounding 
NGC 1275 in the centre of the Perseus Cluster

The Perseus Cluster



• we observed the cooling lines of [CII], 
[OI] with Herschel

• [CII] an excellent tracer of 100 K gas, its 
flux is usually a few thousand times 
stronger than CO

Herschel 

SEARCH FOR COLD GAS WITH THE HERSCHEL 
SPACE OBSERVATORY

Werner et al. 2013a, 2014



• [CII] detected in every single galaxy 
(6/8) with extended Hα line emitting 
nebulae

• in 4/8 systems also detected the [OI] 
line and in 3/8 the [OIb] line

FAR-INFRARED LINE DETECTIONS 
IN GIANT ELLIPTICALS

Werner et al. 2014
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PROPERTIES OF THE HOT ISM

Outside of the innermost 
core, the entropy and 
temperature of systems 
containing cold gas is lower

cold gas free 
systems

cold gas rich 
systems

Werner et al. 2014
Voit et al. 2015
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TO COOLING INSTABILITIES

Numerical simulations 
predict that if tcool/tff ≲ 10, 
local thermal instabilities will 
create a multiphase medium 
(Sharma et al. 2012, Gaspari 
et al. 2012, 2013, McCourt 
et al. 2012)

We observe a clear 
dichotomy with the cold-
gas-rich systems remaining 
unstable out to relatively 
large radii. 
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Jet powers and cold gas
Cold gas in giant ellipticals 2297

Figure 3. Jet powers (Allen et al. 2006; Shurkin et al. 2008; David et al.
2009; Randall et al. 2011) plotted against the spatially integrated [C II]
luminosity measured by Herschel PACS. Galaxies with little or no cold gas
are indicated in red. For the jet powers in NGC 5044 and NGC 5813 no
error bars were published (David et al. 2009; Randall et al. 2011).

indicated by the red data points, these ratios are smaller (see the
central panel of Fig. 2). The 70/24 µm infrared continuum ratio is
a good tracer of interstellar dust (Temi et al. 2007a).

Fig. 3 shows that the [C II] luminosities in systems with spatially
extended emission do not correlate with the jet powers determined
from the work required to inflate bubbles of relativistic plasma
associated with the cavities in the hot X-ray emitting atmospheres
of the galaxies listed in Table 1. In our relatively small sample, the
galaxies with little or no cold gas (indicated in red) have higher jet
powers than the systems with significant [C II] detections.

The central panels of Figs 4 and 5 show the velocity distributions
of the [C II] line emitting gas with respect to the velocities of the host
galaxies. In NGC 6868 and NGC 7049, the velocity distribution of
the [C II] emitting gas indicates that the cold gas forms a rotating
disc. This is consistent with the overall morphology of the optical
line emission nebulae. The velocity distribution of the [C II] emitting
gas in the other four systems with extended emission does not show
any coherent structure.

The projected velocity dispersions measured from the [C II]
lines along our line of sight are generally in the range between
100 and 200 km s−1, with the highest measured values reaching
∼280 km s−1.

Fig. 6 shows maps of the pressure and entropy in the hot X-ray
emitting intragroup/interstellar medium for the galaxies where the
cold gas has a filamentary morphology. In all of these systems, the
filaments are cospatial with the lowest entropy hot X-ray emitting
gas. They also appear to anticorrelate and interact with the AGN-
inflated bubbles of relativistic plasma, which provide significant
non-thermal pressure in the X-ray atmospheres of the galaxies and
therefore appear as regions of low projected X-ray pressure on our
maps. This is most clearly seen for the southwestern filament in
NGC 5813, which appears to be pushed aside by the large, older,
outer bubble. The inner portion of the filament also appears on the
side and partly on the top of the small, younger, inner southwest-
ern bubble that is currently being inflated in the core (for detailed

discussion on the bubbles, see Randall et al. 2011). Similar interac-
tion, with the filaments being pushed around by the bubbles, is seen
in NGC 5846 and NGC 4636, both of which show ‘cavities’ in the
Hα+[N II] images that coincide with pressure decrements in their
X-ray spectral maps. NGC 5044 shows a strongly disturbed mor-
phology due to both AGN activity and the intragroup medium slosh-
ing in the gravitational potential of the system (David et al. 2009,
2011; Gastaldello et al. 2009; O’Sullivan, David & Vrtilek 2013).

Fig. 7 shows the pressure and entropy maps for NGC 4472 and
NGC 1399 – systems with little or no cold and warm gas. Com-
pared to the systems with filamentary Hα nebulae, their thermody-
namic maps have relatively regular morphologies. These systems
are among the nearby giant ellipticals with the most relaxed X-ray
morphologies at small radii (Werner et al. 2012).

NGC 6868 and NGC 7049 do not have X-ray data with the quality
that would allow us to extract detailed maps of thermodynamic prop-
erties and in Fig. 8 we only show their X-ray images. The images
show extended X-ray haloes, cospatial with the Hα+[N II] emission,
surrounding the galaxies. The X-ray image of NGC 6868 shows a
relatively complex disturbed morphology (see also Machacek et al.
2010). The X-ray data of NGC 7049 are very shallow and only
allow us to detect the extended X-ray emission. Four galaxies –
NGC 5044, NGC 6868, NGC 7049 and NGC 5813 – have an X-ray
point source associated with the central AGN.

The deprojected central densities and pressures measured at
r = 0.5 kpc in the morphologically relaxed NGC 1399 and
NGC 4472 appear significantly higher than in the other, more dis-
turbed, [C II] bright systems (see Table 5). All [C II] bright galaxies
appear to have similar central densities and pressures. The entropies
at r = 0.5 kpc span a small range of 3.0–4.5 keV cm2 and the central
cooling times are 4–8 × 107 yr. At radii r ! 1 kpc, the entropies of
the galaxies containing cold gas (except NGC 6868) are systemati-
cally lower than those of NGC 1399 and NGC 4472 (see Fig. 9). The
measured relatively low central densities and pressures of the mor-
phologically disturbed systems may partly be due to the additional
non-thermal pressure support in the central regions of the these sys-
tems. However, we also suspect a bias due to departures from spher-
ical symmetry. Due to the non-uniform surface brightness within
the circular annuli used in the deprojection analysis, densities in the
outer shells may be somewhat overestimated, leading to underesti-
mated central densities. For the morphologically disturbed systems,
we repeated the deprojection analysis using wedges and found that
despite the systematic uncertainties, at radii r ! 1 kpc, the diff-
erence in the shapes of the profiles shown in Fig. 9 remains robust.

4 D ISCUSSION

4.1 Properties of the cold ISM

The observed high [C II] luminosities indicate the presence of large
reservoirs of cold gas. Cold gas is evidently prevalent in massive
giant elliptical galaxies with spatially extended Hα+[N II] nebulae,
even though their stellar populations are old and appear red and
dead (Annibali et al. 2007). NGC 5044 has previously also been
detected in the CO(2–1) line with the 30 m IRAM telescope with
a total flux of 6.6 × 10−17 erg s−1 cm−2 (Lim & Combes, private
communication). Assuming a CO(2–1) to CO(1–0) ratio of 0.8, we
obtain a [C II] λ158 µm over CO(1–0) flux ratio of 3817, which is
within the range of the ratios (1500–6300) observed in normal and
star-forming galaxies and in Galactic molecular clouds (Crawford
et al. 1985; Stacey et al. 1991).

MNRAS 439, 2291–2306 (2014)
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Power input (measured from 
X-ray cavities) into the ICM 
from radio mode AGN does 
not increase with the amount 

of cold gas
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Figure 3. Jet powers (Allen et al. 2006; Shurkin et al. 2008; David et al.
2009; Randall et al. 2011) plotted against the spatially integrated [C II]
luminosity measured by Herschel PACS. Galaxies with little or no cold gas
are indicated in red. For the jet powers in NGC 5044 and NGC 5813 no
error bars were published (David et al. 2009; Randall et al. 2011).

indicated by the red data points, these ratios are smaller (see the
central panel of Fig. 2). The 70/24 µm infrared continuum ratio is
a good tracer of interstellar dust (Temi et al. 2007a).

Fig. 3 shows that the [C II] luminosities in systems with spatially
extended emission do not correlate with the jet powers determined
from the work required to inflate bubbles of relativistic plasma
associated with the cavities in the hot X-ray emitting atmospheres
of the galaxies listed in Table 1. In our relatively small sample, the
galaxies with little or no cold gas (indicated in red) have higher jet
powers than the systems with significant [C II] detections.

The central panels of Figs 4 and 5 show the velocity distributions
of the [C II] line emitting gas with respect to the velocities of the host
galaxies. In NGC 6868 and NGC 7049, the velocity distribution of
the [C II] emitting gas indicates that the cold gas forms a rotating
disc. This is consistent with the overall morphology of the optical
line emission nebulae. The velocity distribution of the [C II] emitting
gas in the other four systems with extended emission does not show
any coherent structure.

The projected velocity dispersions measured from the [C II]
lines along our line of sight are generally in the range between
100 and 200 km s−1, with the highest measured values reaching
∼280 km s−1.

Fig. 6 shows maps of the pressure and entropy in the hot X-ray
emitting intragroup/interstellar medium for the galaxies where the
cold gas has a filamentary morphology. In all of these systems, the
filaments are cospatial with the lowest entropy hot X-ray emitting
gas. They also appear to anticorrelate and interact with the AGN-
inflated bubbles of relativistic plasma, which provide significant
non-thermal pressure in the X-ray atmospheres of the galaxies and
therefore appear as regions of low projected X-ray pressure on our
maps. This is most clearly seen for the southwestern filament in
NGC 5813, which appears to be pushed aside by the large, older,
outer bubble. The inner portion of the filament also appears on the
side and partly on the top of the small, younger, inner southwest-
ern bubble that is currently being inflated in the core (for detailed

discussion on the bubbles, see Randall et al. 2011). Similar interac-
tion, with the filaments being pushed around by the bubbles, is seen
in NGC 5846 and NGC 4636, both of which show ‘cavities’ in the
Hα+[N II] images that coincide with pressure decrements in their
X-ray spectral maps. NGC 5044 shows a strongly disturbed mor-
phology due to both AGN activity and the intragroup medium slosh-
ing in the gravitational potential of the system (David et al. 2009,
2011; Gastaldello et al. 2009; O’Sullivan, David & Vrtilek 2013).

Fig. 7 shows the pressure and entropy maps for NGC 4472 and
NGC 1399 – systems with little or no cold and warm gas. Com-
pared to the systems with filamentary Hα nebulae, their thermody-
namic maps have relatively regular morphologies. These systems
are among the nearby giant ellipticals with the most relaxed X-ray
morphologies at small radii (Werner et al. 2012).

NGC 6868 and NGC 7049 do not have X-ray data with the quality
that would allow us to extract detailed maps of thermodynamic prop-
erties and in Fig. 8 we only show their X-ray images. The images
show extended X-ray haloes, cospatial with the Hα+[N II] emission,
surrounding the galaxies. The X-ray image of NGC 6868 shows a
relatively complex disturbed morphology (see also Machacek et al.
2010). The X-ray data of NGC 7049 are very shallow and only
allow us to detect the extended X-ray emission. Four galaxies –
NGC 5044, NGC 6868, NGC 7049 and NGC 5813 – have an X-ray
point source associated with the central AGN.

The deprojected central densities and pressures measured at
r = 0.5 kpc in the morphologically relaxed NGC 1399 and
NGC 4472 appear significantly higher than in the other, more dis-
turbed, [C II] bright systems (see Table 5). All [C II] bright galaxies
appear to have similar central densities and pressures. The entropies
at r = 0.5 kpc span a small range of 3.0–4.5 keV cm2 and the central
cooling times are 4–8 × 107 yr. At radii r ! 1 kpc, the entropies of
the galaxies containing cold gas (except NGC 6868) are systemati-
cally lower than those of NGC 1399 and NGC 4472 (see Fig. 9). The
measured relatively low central densities and pressures of the mor-
phologically disturbed systems may partly be due to the additional
non-thermal pressure support in the central regions of the these sys-
tems. However, we also suspect a bias due to departures from spher-
ical symmetry. Due to the non-uniform surface brightness within
the circular annuli used in the deprojection analysis, densities in the
outer shells may be somewhat overestimated, leading to underesti-
mated central densities. For the morphologically disturbed systems,
we repeated the deprojection analysis using wedges and found that
despite the systematic uncertainties, at radii r ! 1 kpc, the diff-
erence in the shapes of the profiles shown in Fig. 9 remains robust.

4 D ISCUSSION

4.1 Properties of the cold ISM

The observed high [C II] luminosities indicate the presence of large
reservoirs of cold gas. Cold gas is evidently prevalent in massive
giant elliptical galaxies with spatially extended Hα+[N II] nebulae,
even though their stellar populations are old and appear red and
dead (Annibali et al. 2007). NGC 5044 has previously also been
detected in the CO(2–1) line with the 30 m IRAM telescope with
a total flux of 6.6 × 10−17 erg s−1 cm−2 (Lim & Combes, private
communication). Assuming a CO(2–1) to CO(1–0) ratio of 0.8, we
obtain a [C II] λ158 µm over CO(1–0) flux ratio of 3817, which is
within the range of the ratios (1500–6300) observed in normal and
star-forming galaxies and in Galactic molecular clouds (Crawford
et al. 1985; Stacey et al. 1991).
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Systematic multi-wavelength study:
How do black holes regulate the growth of structure?

far infrared sub-mm

X-ray radio

Image credit: NASA
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X-RAY BRIGHT ACCRETING 
SUPERMASSIVE BLACK HOLES



WHY DO WE USE X-RAYS

Rapid variability of AGN reveals that the X-ray photons 
come from the innermost accretion disk!

MCG-6-30-15



RELATIVISTICALLY BROADENED AND 
SKEWED EMISSION LINES



RELATIVISTICALLY BROADENED AND 
SKEWED EMISSION LINES



RELATIVISTIC LINE BROADENING IN 
MCG-6-30-15

• emission very close to black 
hole ISCO<2Rg

• accretion disk oriented at 30o 
from our l.o.s.

• rotates at 0.989 of maximal 
Kerr spin



Spin of a Black Hole
Measure radius of the innermost stable circular orbit



Relativistic Broaden lines

NGC 1365 - not gas obscuration



RELATIVISTIC BROAD FE LINE
•Mrk 335



ALSO IN BINARIES WITH NEUTRON STARS

• inner disk radius upper limit on 
neutron star size

• upper limits of 14.5-16.5 km for 
1.4 Msun neutron stars

• narrower than broad AGN lines



AGN Warm Absorbers
NGC 3783

Blustin et al. 2002



AGN ULTRA-FAST OUTFLOWS
PDS 456

Nardini et al. 
2015



X-ray Binary Winds
“High-Soft State”

Thermal Dominated State

GRO 1655-40 - yellow is at the rest wavelength
-the absorption is blue shifted, i.e. outflowing

-Magnetically Driven
Miller et al. 2006



X-RAY BINARIES JETS
“LOW-HARD STATE”

POWER-LAW DOMINATED STATE

Gallo et al. 2012
X-ray Luminosity (accretion) correlates with Radio luminosity (Jet)
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• late enrichment: decreasing metallicity as a function of radius

• early enrichment: constant metallicity as a function of radius and azimuth



Werner et al. 2013, Nature

METALLICITY PROFILE OF THE PERSEUS CLUSTER



IRON SPREAD SMOOTHLY THROUGHOUT 
THE PERSEUS CLUSTER

• 78 Fe abundance measurements 
across the cluster at different radii 
and azimuths show strikingly 
uniform distribution

• the iron had to escape from the 
galaxies and get mixed into the 
intergalactic gas before the entropy 
profile became very steep, 
preventing efficient mixing

Werner et al. 2013, Nature



THE TURBULENT YOUNG UNIVERSE 

•10-12 billion years ago galaxies 
formed stars at very high rates, 
resulting in many supernova 
explosions

• at the same time, black holes 
grew fast by accreting matter

• combined energy of these 
processes produced winds 
blowing material out of galaxies

-13.8 -12 -10 -8 -6 -4 -2

clusters formBig Bang galactic 
winds

in billions of years 

Werner et al. 2013, Nature



IMPLICATIONS OF EARLY METAL ENRICHMENT

• all massive clusters should show a similar, uniform level of enrichment at 1/3 of 
the Solar metallicity. 

• many type Ia supernovae (SNIa), which are the main sources of Fe, must have 
exploded shortly after the epoch of peak star-formation. This is consistent with 
recent findings based on SNIa delay time distributions (Maoz et al. 2012). 

• this scenario predicts that the warm-hot intergalactic medium in large-scale 
structure filaments connecting to massive clusters is also metal-rich, and can 
be detected in line-emission with future high-spectral resolution missions. 

• if the material currently falling into massive clusters is iron-rich, iron nuclei are 
likely to be accelerated as they pass through the accretion shocks, providing an 
important source of the highest energy cosmic rays.



THE UNIVERSE IN A CUP



THE UNIVERSE IN A CUP



SUPERNOVA 
REMNANTS



REMNANTS OF SUPERNOVA EXPLOSIONS



THE TYCHO SUPERNOVA REMNANT 



ISAS/JAXA

ASTRO-H

with a 
contribution of 
other Japanese 
universities and 

institutes

with a 
contribution of 
other US/EU 

universities and 
institutes





60 kpc

Determining gas dynamics, thermodynamics and 
chemical composition in the brightest galaxy cluster
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for gas motions on small spatial scales we 
expect significant line-of-sight velocity 
dispersion σ, resulting in line broadening, 
but no centroid shifts

if the spatial scale of motions is large, 
then we expect significant centroid shifts

Turbulent and bulk motions





Measure velocity and metallicity of gas 
uplifted by AGN ➝ understand how 
AGN stops star formation by removing 
cool material from the center; important 
for galaxy evolution! 

M87 
(Virgo) M87 on-arm offset



Disk winds and accretion physics across the 
mass scale

• improve measurements of the velocities, densities, 
dynamics, launching radii of disk winds, which contain 
significant amounts of highly ionized outflowing 
material ➝ how are winds driven? 

• separate discrete components with different 
ionizations, column densities and outflow velocities

• are winds in stellar and supermassive BH similar? 



supermassive:
NGC 4151

stellar:
 GRO J1655-40 
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Figure 7: TOP: The Chandra/HETG spectrum of GRO J1655−40 is shown here, fit with two XSTAR photoion-
zation models: a dominant highly-ionization zone with a velocity of 400 km/s, plus a tentative even more highly
ionized zone that is outflowing at an even higher velocity (1400 km/s). BOTTOM: A simulated 100 ks Astro-
H/SXS spectrum is shown here, based on the model fit to the Chandra spectrum in the panel above. The model
in red shows only the dominant zone in the panel above. The remaining blue flux in the Fe XXV He-α line at
6.700 keV and the strong blue flux in the line at 8 keV clearly show the need for the second zone. X-ray warm
absorbers in Seyfert AGN are generally thought to be componsed of at least two ionization zones; this simulation
indicates that the Astro-H/SXS will be able to distinguish different zones within very ionized outflows, potentially
building a stronger connection to X-ray warm absorbers in AGN.
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Table 1: 2–10 keV fluxes in units of 10−15 Wm−2 or 10−12 ergm−2 s−1, black hole masses in Solar units, predicted
Fe XXV and Fe XXVI column densities in units of 1024 m−2 or 1020 cm−2, significances (nσ) of detection of
Fe XXV and Fe XXVI column densities in 500 ks with SXS, and minimum exposure time in ks to get at least a
5σ determination of the column density

Source Flux log Fe XXV Fe XXVI texp
MBH column (nσ) column (nσ) (ks)

NGC 4151 101 7.1 90 16.3 110 19.4 50
MCG -6-30-15 42 6.2 270 11.5 320 14.4 100
IC 4329A 94 8.1 5 10.0 6 5.4 430
NGC 3783 52 7.5 50 9.8 60 13.5 130
NGC 5548 41 7.8 13 8.6 15 7.6 220
MCG 8-11-11 46 7.2 30 7.9 36 12.4 200
H 0557-385 30 7.6 40 6.8 50 9.9 270
NGC 3516 14 7.2 50 4.9 63 6.4 520

1.3.1 NGC 4151
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Figure 3: Simulated spectrum for NGC 4151 for 100 ks exposure time.

We simulated the spectrum of NGC 4151 using the same flux condition of the 2002 HETGS
spectrum (Kraemer et al., 2005). We used their absorber model and added two slab components
for the higher ionization gas. See Table 2 for the parameters and Fig. 3 for the simulated
spectrum.

Note that the flux during the 2002 Chandra HETGS observation that we used as a template
is rather high. It is in most cases a factor of 2 dimmer, on average. Hence, a twice as long
exposure time (200 ks) would be needed for a typical flux state.

1.3.2 NGC 3783

The spectrum of NGC 3783 was simulated as follows (Fig. 4). The continuum parameters were
adjusted in the way described in the white paper so the 2–10 keV flux matched the one listed
in Table 1. The Fe Kα emission line was modeled with a single Gaussian whose parameters
match the average result of the Yaqoob et al. (2005) analysis (E0 = 6.397 keV, FWHM =
1700 km s−1). The model includes 3 lower ξ components, as described in Netzer et al. (2003).

10



Jet physics

Figure 17: The schematic view of the SS 433 system.

37

SS 433
the only source with clear 
evidence of baryonic matter 
that has been launched to a 
fraction of the speed of light.

measure differences in line 
widths between elements and 
charge states, e.g. is width of Fe 
K line broader than for lighter 
elements emitted further along 
the jet? ➝ collimation 



Galactic Interstellar Dust Absorption

• use background light of X-ray binaries to study 
micro-crystalline structure and composition of dust 
by looking at ’X-ray Absorption Fine 
Structure’ (XAFS) features in the spectrum near 
absorption edges: Mg-K, Si-K, Fe-K

Table 1: List of sources suitable for dust detection by SXS

source NH Flux 2–10 keV edge exposure
1022cm �2 10�9 erg cm�2 s�1 ks

GX5–1 3 25 SiK 60
GX13+1 1–3 9 SiK 100
GX340+0 5 9.5 SiK 100
CirX-1 9 8 FeK 250
SAX1747.0-2853 8.5 4 FeK 350

notes: exposure times calculated in order to have a 5� significance on the detection of
absorption by Si or Fe in the gas phase. For the Si-sources absorption by gas plus two dust
components was assumed. For the Fe-sources only gas and one dust component have been
assumed. For Fe, the actual dust detection strongly depends on the type of dust. These sources
must be observed in a high-flux state to study iron.

Figure 1: 100 ks SXS simulation for a typical bright X-ray binary (here GX 5-1) in the Si K region. Di�erent
dust components plus gas (10% of the total) are compared to absorption by Si in the gas phase only.

(Lodders & Palme (2009)). We estimated the exposure time imposing the requirement that the
determination of the abundance of Si in gas form (i.e. a measure of depletion) be significant to
5�. Detection of dust in the Fe K edge is di⇥cult. Here we considered a mixture of gas (15%)
plus one dominant dust component (Fe2SiO4). The total Fe abundance has been set to proto-
solar. The exposure time has been calculated imposing the determination of the abundance of
Fe in gas form (i.e. a measure of depletion) to be 5�.

5

Figure 2: 500 ks SXS simulation for an outbursting X-ray source near the Galactic center (here SAXJ1747.0-
2853) in the Fe K region. Di�erent dust components plus gas (15% of the total) are compared to absorption by Fe
in the gas phase only.

3 Di�use Line Emission from CircumGalactic and Circum-
galactic Gas

3.1 The Galactic Halo/Local Group Intragroup Medium
Studies of hot gas in the circumGalactic environment, based on X-ray absorption- and emission
line spectroscopy, have provided evidence for a reservoir of kTe � 0.2 keV gas. Combining
absorption line columns and line emission measures allows one to estimate characteristic gas
densities and path lengths. Interpretations of the existing data vary (REFERENCES). Suzaku’s
clean low-energy CCD response has allowed a study of emission line intensities in several di-
rections (Yoshino et al. (2009)). The higher resolution of the SXS in principle will allow more
precise constraints to be placed on the properties of the di�use gas. For instance, resolving the
Fe L complex at 800 eV can produce an unambiguous measurement of the electron tempera-
ture. Combined with the O emission lines, we can measure the Fe/O ratio; there is evidence that
this ratio varies across the sky. Also, the interpretation of the measured O VII absorption col-
umn densities hinges critically on the assumed ionization balance. At gas temperatures around
0.2 keV, that correction varies strongly with temperature.

We can pursue the measurement of the di�use Galactic emission line spectrum with pointed
observations, and using archival data of near-blank fields (weak point source targets) and pos-
sibly accumulated slew data. The small field of view of the SXS requires deep observations to
obtain significant emission line detections. Based on the Suzaku data gathered in Yoshino et al.
(2009), we estimate that at least 200 ksec exposure on a single field is required. Fig. 3 shows

a simulated spectrum for 200 ksec exposure on a field near the North Ecliptic Pole.
A similar analysis on the circumgalactic gas of suitable starburst galaxies, using absorption

spectroscopy on bright ULX’s and emission line spectroscopy from the halo, will be discussed
below.

6
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Figure 10: Simulated SXS observations of a pointing near the center of SN1006 showing Oxygen (Left) and
Silicon (Right) that demonstrates how cleanly we will be able to separate the emission from the approaching (blue
curves) and receding (red curves) hemispheres of the expanding shell of ejecta.

2.3 Targets & Feasibility

Many of these questions will be addressed by observing the same targets as mentioned section
1 above: Tycho, Kepler, RCW 86, G1.9+0.1, Cas A. Additional targets include SN 1006,
SN 1987A, G292.0+1.8, 0509−69.0, 0519−67.5, N63A. Here are some comments on specific
targets.

For SN 1006 Astro-H SXS simulations were performed for the center, NW rim and NE
rim, based on emission models derived from fitting Chandra ACIS and Suzaku XIS data. The
inferred count rates for these regions are 0.11, 0.09, and 0.31 cts/s for the center, NW rim (outer
half of the FOV), and the NE rim, respectively.

The center field spectrum included expansion velocities of +6000 km s−1 (redshift) and -
5000 km s−1 (blueshift) for O, and +5000 km s−1 (redshift) and -4000 km s−1 (blueshift) for Si
(see Fig. 10). An exposure time of 200 ks gives fairly tight constraints: ±3% for O Heα and
±10% for Si Heα. In reality, multiple-ionization plasma along the line of sight may cause some
additional uncertainties.

Thermal Doppler broadening was introduced into the NW rim and center spectra by adding
thermal width to the lines of σ = 2.4 eV (Vink et al., 2003). This width is clearly resolved in
the 200 ks exposure of the center and a 100 ks exposure of the NW rim.

Tycho is the brightest and most prototypical (in fact “normal”) Type Ia SNR in the Milky
Way. The thermal spectrum is fully dominated by the ejecta with little evidence of emission
from shocked ISM (Cassam-Chenaı̈ et al., 2007)). The narrowband images of Tycho’s SNR
obtained by ASCA show that the Fe-Kα emission is located interior to the emission lines
of intermediate-mass elements (Hwang & Gotthelf, 1997). This was confirmed by higher-
resolution observations by Chandra (Warren et al., 2005) and XMM-Newton (Decourchelle et
al., 2001). With Suzaku, Tamagawa et al. (2009) detected emissions from Cr and Mn, which
were later pointed out to be important elements as probe for the progenitor’s metallicity (?).
The Suzaku data also allowed to measure the expansion velocity of the ejecta from line broad-
ening due to superposition of red- and blue-shifted components. Hayato et al. (2010) found that
the expansion velocities of Si, S, and Ar ejecta of 4700 ± 100 km s−1 are distinctly higher than
that obtained from Fe-Kα emission, 4000± 300 km s−1, which is consistent with segregation of
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Accurate measurements of ejecta 
dynamics - on an element by element 
basis!



Extension into the high-redshift 
Universe in the next decades

Ground-breaking science 
in the next decade

JWST

ALMA

ATHENA
E-ELT/TMT/GMT

Image Credit: ESO

Image Credit: ESA

Image Credit: NASA

Image Credit: ESO/C. Malin


