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Future high-throughput X-ray observatory with sub-arcsec angular 
resolution and next-generation science instruments will address science 
questions such as:

• Early stages of the super-massive black holes growth.

• Co-evolution of galaxy clusters and billion-M⊙◉☉⨀	 black holes 
since z ~ 6.

• Low-density diffuse baryons in the galaxy halos, cluster infall 
regions, and Cosmic Web.
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Super-Massive Black Holes at infancy
The first redshift >6.5 quasar

Seen 100 Myr earlier
than any other highly
luminous source

Only ~100 brighter 
and more distant 
sources over whole
sky

ULAS J1120+0641
redshift = 7.085

An extreme high-z quasar at z = 7.1 with 
MBH = 2×109

 M    (Mortlock et al. ‘11)

• Discovery of z>6 quasars with MBH > 109
 M  poses a challenge — not quite 

enough time to grow.
• Likely, super-interesting physics at the progenitor stage (e.g., direct collapse of gas 

clouds to ~105
 M  black holes).

• Need to observe progenitors with mass 104
 M  –105

 M  at the highest z possible
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Growth history of z = 6, M=109
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Eddington

Growth at 60%

rate

Future X-ray
sensitivity limits

• Future X-ray Observatory envisioned to detect unobscured hard X-rays, E > 2 keV,  from hot accretion disk 
corona (~10% of Lbol) at z=10 for Eddington accretion on MBH = 3×104

 M
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Figure 1. Top panels: HST images from each of the six filters (far-UV, near-UV, Washington C, V, I, and H bands) zoomed in on HLX-1. The circles indicate the
X-ray position of HLX-1 with the radii of 0.′′5 indicating the combined HST plus Chandra 95% astrometric error. Bottom: composite HST image constructed from all
UV, optical and near-IR images. Prominent dust lanes around the nucleus of ESO 243-49 are evident. The HLX-1 counterpart is indicated by the tick marks. The two
sources directly to the west of HLX-1 are a pair of background galaxies.
(A color version of this figure is available in the online journal.)

Table 2
HST Photometry of the HLX-1 Counterpart

Band Filter λpivot FWHM Aperture Size Encircled Energy Magnitude

(Å) (Å) Src Bkg Srca Bkgb (AB mag)

FUV F140LP 1527 294.08 0.′′5 0.′′5–0.′′6 90.5% 1.8% 24.11 ± 0.05
NUV F300X 2829.8 753 0.′′4 0.′′4–0.′′5 90.4% 1.2% 23.96 ± 0.04
C F390W 3904.6 953 0.′′4 0.′′4–0.′′5 91.6% 1.2% 23.92 ± 0.06
V F555W 5309.8 1595.1 0.′′4 0.′′4–0.′′5 92.1% 1.1% 23.83 ± 0.08
I F775W 7733.6 1486 0.′′3 0.′′2–0.′′3 90.2% 2.1% 23.91 ± 0.08
H F160W 15405.2 2878.8 0.′′5 0.′′5–0.′′6 90.6% 1.2% 24.4 ± 0.3

Notes.
a Fraction of encircled energy in the aperture.
b Fraction of the source energy included in the background annulus.

Table 2). The encircled energy curve was calculated from the
Tiny Tim PSF models12 (Krist 1995) which consistently match
the identified stars in the raw images, degraded with a Gaussian
filter to reproduce the effect of image combination with drizzle.
We then subtracted the background, estimated in an annulus

12 http://www.stsci.edu/hst/observatory/focus/TinyTim

around the source, and applied aperture corrections (see Table 2)
to the net flux to obtain the total flux from the target.

For the WFC3-IR F160W image, the galaxy emission is about
10 times higher than the flux of the counterpart to HLX-1 and
the background is not symmetric. We therefore interpolated the
extended emission of the galaxy in a 10 pixel radius region
around HLX-1 using the procedure grid_tps in IDL, and
subtracted it from the image in order to obtain a flat and
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Figure 3. XMM-Newton folded spectra of HLX-1 and best-fit models. Data
points from the three cameras are reported with their error bars and the model
is indicated as a dashed line. Dotted lines show components of the model.
(A color version of this figure is available in the online journal.)

Figure 4. Chandra ACIS-S folded spectrum of HLX-1. Best fit (top) and
residuals (bottom). See Table 2.
(A color version of this figure is available in the online journal.)

excess at high energies (Figure 6, first panel). We thus tested
two possible additive components to the model to account for
those features: (1) a diskbb component to test for the presence
of a thermal disk and (2) a mekal component which would

Figure 5. Chandra ACIS-S images of HLX-1 in the 0.3–8 keV energy band.
Top: data. Bottom: result of simulation using ChaRT and MARX with pile-up
included. Galaxy contours are overlaid (at H-band Vega mag arcsec−1 of 21,
18.5, and 16). A dashed black 5′′ radius circle is shown around the bulge of the
galaxy and similar gray circles are placed around the galaxy for comparison.
The position of HLX-1 is indicated with its 0.′′3 error at 95%.
(A color version of this figure is available in the online journal.)

Figure 6. XMM3 spectrum residuals for different models reported in Table 2.
(A color version of this figure is available in the online journal.)

correspond to a possible contamination from the galaxy bulge
to the spectrum (see Section 3.3).

When adding a diskbb component to the single absorbed
power-law model, the reduced χ2 is lowered to 1.20. However,
a marked soft excess appears in the residuals and the hard
excess is still present (Figure 6, second panel). The best fit
is found for an NH ∼ (6.5 ± 1.5) × 1021 atom cm−2, an order of
magnitude higher than the XMM2 value and a lower temperature

6

“HLX-1”, best candidate for an intermediate-mass black hole, 
MBH ~ 104

 M , in a galaxy 95 Mpc away Farrell et al. 2009, Servillat 
et al. 2011, Davis et al. 2011). Require future X-ray mission 
capable of detecting comparable black holes to z ~ 10. 

•  

•  

Chandra X-rays

Growth history of z = 6, M=109
 M  black hole
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Super-Massive Black Holes at infancy

• Lower-mass black holes, MBH < 106
 M , are 

essentially X-ray objects:
- Spectral peak (λmax ~ MBH1/4) shifts below 

100 Å, reducing optical/UV output;
- Obscuration impacts optical/UV flux (2/3 of 

low-L population at low z). IR selection of 
obscured AGNs relies on λ=3–20 μm bands, 
redshifted to λ>30 μm at z=10. 

HST Opt/UV/IR



Interaction of 109 M  Black Holes and their 
environment from z=6 to z=0

Interaction of Super-Massive Black Holes and 
environment is a fundamental astrophysical 
process at all z.

• 109
 M  black holes of the luminous z=6 quasars 

should “live” in the proto-cluster environment.

• However, Lyman-break galaxy surveys do not 
show obvious clusters around high-z quasars 
(Kim et al. 2009 and others).

• Does the quasar emission quench galaxy 
formation around it at z>6?

• Need to search for the host proto-clusters 
independent of galaxy counts.

• Proto-clusters at z=6 are X-ray objects so future X-
ray Observatory should be scoped to measure their 
properties.
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Figure 5. Probability distribution of how many galaxies would be found within
the FOV of Suprime-Cam using our selection criteria. The solid histogram
is based on the simulation of galaxy formation at z = 7, while the dashed
histogram is the Poisson distribution assuming the average value is (7+1)/2 = 4.
The solid and the dashed arrows indicate the number of galaxies in the QSO
field and the SDF comparison field, respectively.

J2329−0301, and circles represent the z ∼ 6.4 galaxies. It
appears that while these galaxies are clustered around the QSO,
none are in its direct vicinity (the closest galaxy being already at
a (projected) distance of ∼2 Mpc from the QSO). To quantify the
significance of this effect, we show a histogram of the angular
distances from the QSO to each of the galaxies in Figure 7
(red solid histogram). The distribution indeed suggests that
there is a deficit of galaxies at <2 Mpc, while typical clustered
distributions are expected to peak at the center. The blue dotted
line in Figure 7 is based on the positions of randomly distributed
objects (but avoiding the masked regions just as in the real
data). Comparing the two histograms suggests that in the QSO
field the number of galaxies at the projected distance from 2 to
4 (physical) Mpc/h is indeed larger than that expected from
a random distribution. We perform a Kolmogorov–Smirnov
(K-S) test by calculating the following value:

D = max
i

|Ri − Mi |, (4)

where Ri is the number of galaxies in the ith bin and Mi
is the number in the same bin as given by the randomly
distributed galaxies. We construct a histogram of the D statistic
using 10,000 times realizations, finding that the distribution in
the QSO field differs from the random distribution at a 97%
confidence level. If we just compare the peak at 3 Mpc, it has a
1.7σ excess over the random distribution.

5. DISCUSSION

We found an overdensity of LBGs around the QSO with
a 99.6% significance. We furthermore found evidence for a
ring-shaped distribution, albeit at the <2σ level. Although the
physical interpretation must await verification using deeper data
or spectroscopic follow-up, below we will discuss possible
physical interpretations under the assumption that our results are
significant and represent real structure surrounding the QSO.

5.1. Comparison with Previous Work

At lower redshift, the environments of QSOs and fainter
active galactic nuclei (AGNs) have been extensively studied. At
0.05 < z < 0.095, Miller et al. (2003) found that the fraction of
galaxies with an AGN is independent of the local galaxy density,

Figure 6. Spatial distribution of z > 6.4 LBGs (circles), CFHQ J2329−0301
at z = 6.43 (cross), and a newly identified QSO candidate (asterisk).
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Figure 7. Histogram of radial distances (in projected, physical Mpc) from the
QSO to each of the galaxies (red line). The blue dashed line was derived by
taking the average of 100 realizations of a randomly distributed population
having the same number of galaxies. Error bars indicate the 1σ Poisson error
using Equation (9) and Equation (13) from Gehrels (1986). We find a 1.7σ
excess in the number of galaxies at a distance of ∼3 Mpc/h70. Interestingly,
this distance is similar to the size of the H ii region around z ∼ 6 QSO (Wyithe
et al. 2005).
(A color version of this figure is available in the online journal.)

in a stark contrast to both star-forming and passive galaxies that
show an environmental dependence (e.g., Goto et al. 2003).
Lietzen et al. (2009) found an underdensity of bright galaxies
at a few Mpc scale from nearby QSOs at 0.078 < z < 0.172.
Kauffmann et al. (2004) found that at fixed stellar mass the
number of galaxies that host AGNs with strong [O iii] emission
indicating strong AGN activity is twice as high in low-density
regions compared to high-density regions at 0.04 < z < 0.06.

However, the situation is different at higher redshifts. A
Keck survey of fields centered on known z > 4 QSOs found
excesses in the number of companion galaxies (Djorgovski
1999). Kashikawa et al. (2007) found that LBGs without Lyα
emission form a filamentary structure near a QSO at z ∼ 5,
while Lyα emitters are distributed around it but avoid it within
a distance of ∼4.5 Mpc. Miley et al. (2004) also found that
LBGs are concentrated around a luminous radio galaxy at
z ≈ 4.1 previously found to be associated with an overdensity
of ∼30 spectroscopically confirmed Lyα emitters (Venemans
et al. 2007, 2002). In Overzier et al. (2006, 2008), it was shown
that the environments of some radio galaxies at z = 4–5 appear
richer than the average field at ∼3σ–5σ significance based on
a detailed comparison with GOODS. However, these studies
found no difference between the physical properties of galaxies
in protoclusters compared to those in the field.

Distribution of Lyman-break galaxies around z=6.4 
quasar observed with Subaru (Utsumi et al. 2010). 
While there is an overall excess of galaxies in the 
field, there is no concentration within 2Mpc of the 
quasar itself.

2 M
pcQSO

Energy feedback from super-massive black holes into hot 
gas in galaxy clusters and individual galaxies: Chandra
X-ray images of Perseus Cluster (left) and M84 (right)



Sloan quasar at z=6 “nursing home” at z=0 M87, Chandra, 1″ pixels
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(DM simulation by Springel et al.)

Interaction of 109 M  Black Holes and their 
environment from z=6 to z=0

Future X-ray observatory will measure hot gas in dark matter halos around z=6 quasars,
and provide a detailed picture of energy feedback into galaxy clusters at z<0.5

z=6.2 z=0

2 Mpc/h 2 Mpc/h



Mapping diffuse baryons in the Cosmic Web.

Simulated X-ray surface brightness (0.5–2 keV) 
in a 25 Mpc box around a massive (~1015 M ) 
galaxy cluster  (Rasia, Dolag et al.)

0.5–2 keV X-ray brightness

lo
g 

T,
  K

log ρ/ρmean

halos of 
virialized 
objects

galaxiesvoids

Diffuse gas
in Cosmic 
Web 
(WHIM)

X-ray

OVI

Phase diagram for the baryons in the Local (z=0) Universe 
(theoretical prediction from Davé et al. 2010). Heated gas 
(T>105 K) in virialized halos and Cosmic Web accounts for 
>40% of all baryons by mass.  

• Diffuse ionized intergalactic gas contains most of baryons in the local Universe.
• Current absorption line observations in UV (OVI) and X-rays (OVII) only 

scratch the full phase space.
• A large fraction of these baryons is heated to X-ray temperatures, T >106.
• For full understanding of the intergalactic gas, need ability to map it. 

25
 M

pc



Mapping diffuse baryons in the Cosmic Web.

Simulated X-ray surface brightness 
(0.5–2 keV) in a 25 Mpc box around 
a massive (~1015 M ) galaxy cluster  
(Rasia, Dolag et al.)

0.5–2 keV X-ray brightness
Accessible to future 
X-ray observatory

ρgas ≈ 150 ρmean

same 
sensitivity in 
the simulated 
map

Deep Chandra survey of A133 (300 ksec per
location) detects hot gas at densities as low as ≈ 150 × cosmic mean. However, this 
still includes only isolated virialized structures in the simulated volume.

A factor of 30 sensitivity 
increase due to higher 
throughput and spectro-
imaging capabilities, 
essential for foreground & 
background removal.

A future X-ray Observatory with 
higher throughput and spectro-imaging 
capability can reach brightness ~ 1/30 
of current Chandra measurements:

• Map H and He in the Cosmic Web via 
bremsstrahlung, and heavy elements 
via emission and absorption lines. 

• Regions with ρ/ρmean above ~30 and 
T>1.5×106 K (containing ~50% of hot 
diffuse baryons by mass) will become 
observable. 



Technology and Outline of the
Future X-ray Observatory

• Long-term science needs (sensitivity and physical scales) require X-ray 
observatory with angular resolution of <1″ and high throughput coupled to 
next-generation detectors.

• Based on technological breakthrough for light-weight, high-resolution X-ray 
mirrors. 
- Several groups (e.g., SAO+Penn State, MSFC, GSFC) exploring different approaches.
- Target TRL 4 by mid-decade and TRL 6 by 2020.

• With demonstrated optics technology, consider an X-ray observatory with
- 10m focal length and maximally packed ~3m (diameter) aperture mirrors (~2.5 m2 

effective area)
- advanced science instruments: X-ray microcalorimeter, active pixel sensor imager, and 

high-resolution gratings
- no spacecraft requirements beyond those achieved for Chandra
- size & mass consistent with Atlas V or Falcon 9 launch to L2

Such a mission will be 30 –100× more powerful than Chandra



Technology and Outline of the
Future X-ray Observatory

• Capabilities achieve science outlined in this talk and more:
- early stages of the super-massive black holes growth at high z;

- interaction of 109 M  black holes and their environment from z=6 to z=0;

- mapping diffuse hot gas outside of virialized halos and into the Cosmic Web for local Universe;

- observations of “hot-mode” accretion of the IGM onto massive galaxies;

- active stars and studies of star formation regions;

- physical processes in the supernovae remnants and hot gas in galaxy clusters.

• With technology support this decade and success-oriented schedule such an 
Observatory can be launched in 15–20 year time-frame.


