
X-ray imaging with high angular resolution:  
Reaching to the edge of galaxy clusters with Chandra 

and prospects for 
SMART-X, 

 (2.3) Square Meter,  Arcsecond-Resolution Telescope for X-rays

GIVE NAMES AND PEOPLE:  Alexey Vikhlinin
for SMART-X collaboration

✓ Technology 
incorporates  IXO 
development and 
Chandra heritage 

✓ No spacecraft 
requirements beyond 
those achieved for 
Chandra 

✓ Chandra-like cost

Next-generation science instruments, e.g.: 

- 5×5′ microcalorimeter with 1″ pixels and high 
spectral resolution,  0.2–10 keV"

- 22×22′ CMOS imager with 0.33″ pixels,  0.2–8 keV"

- insertable gratings, R = 5000,  0.2–1.2 keV

“Smart” mirror 
system. Lower weight, same 

angular resolution, same focal length 
as Chandra’s.  A factor of 30 more 
effective area. Sub-arcsec imaging 

over 15×15′ field.

• Bill Forman for the Smart-X team
• Alexey Vikhlinin - science lead
• SAO, PSU, MIT, GSFC, MSFC, JHU, Stanford, U.Chicago



SMART-X mission concept
Optics  (SAO/PSU, GSFC, MSFC):

• 3m diameter aperture, modular design, f =10m, no extendable bench

• 292 nested mirror shells

• 0.5″ angular resolution (HPD) on-axis,
achieved by adjustable control of individual mirror pieces 

Notional science instruments — 2 prime-focus cameras on translation stage and a 
transmission grating (GSFC, NIST, PSU, MIT, SAO, JHU):

• 5×5′ microcalorimeter with 1″ pixels and < 5 eV energy resolution,  0.2–10 keV

• 22×22′ CMOS imager with 0.33″ pixels,  0.2–8 keV

• insertable CAT gratings with resolving power R = 5000,  0.2–1.2 keV

Mission:

• Uses IXO/AXSIO technology development and Chandra heritage

• No spacecraft requirements beyond those achieved for Chandra

•  ATLAS V-541 or Falcon 9 launch to L2

• Chandra-like cost!!
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• 292 nested shells with 3m outer diameter, modular design
• Wolter-Schwartzschild optical design - gives excellent FOV
• ×30 more effective area than Chandra — 4Msec Chandra Deep Field done in 80 ksec
• ×10 larger solid angle for sub-arcsec imaging with shorter mirrors and W-S design
• ×300 higher survey speed at the 4Msec CDFS exposure
• 4Msec detection limits below 3×10–19 erg/s/cm2 (0.5–2 keV) band

SMART-‐X	  Mirror	  Design

Comparing Wolter I and Wolter-Schwarzschild I sensitivity
for the SMART-X telescope

Dan Schwartz, T. Aldcroft, J. Bookbinder, V. Cotroneo, W. Forman, T. Gaetz, D. Jerius, S. McMuldroch,
P. Reid, H. Tananbaum, A. Vikhlinin

Harvard-Smithsonian Center for Astrophysics, Cambridge, MA
ABSTRACT

We are developing adjustable X-ray optics to use on a mis-
sion such as SMART-X (see posters 123.28, 123.29, and Pre-
sentation 104.02). For a representative SMART-X telescope
prescription with 2.3 m2 effective area at 1 keV, we estimate
off-axis resolution, number of resolution elements, number of
background counts per resolution element in a 1 Ms observa-
tion, and the number of counts (and flux) required to give a
3σ or 5 σ significance detection. These are compared for an
ideal Wolter I (W I) and an ideal Wolter-Schwarzschild I (W-
S I) prescription, convolved with a 0.5 arcsecond half-power
diameter (HPD) resolution on-axis. The W-S design satisfies
the Abbe sine condition, eliminating coma and spherical aber-
ration, and is more than twice as sensitive beyond 4 arcmin
off-axis. With the piezoelectric figure adjustment to be used
on SMART-X, we believe either design can be achieved.

FIGURES

Figure 1 shows the expected off-axis HPD of a strawman
design for SMART-X, in a flat focal plane. The curves for
Wolter I (red) and Wolter-Schwarzschild I (blue) designs are
scaled from empirical formulae derived by VanSpeybroeck and
Chase (1972) and Chase and VanSpeybroeck (1973, CVS),
respectively. The red dots show a raytrace to the W I design.
As CVS pointed out, the difference is pronounced for grazing
angles larger than 1◦. The difference is important for SMART-
X, where the shells span grazing angles from 25’ to 115’, while
for Chandra all angles were less than 1◦, and the W I was
used. Figure 2 integrates the area out to a given off-axis
angle, divided by the HPD at each angle to give the total
number of HPD elements enclosed. As the size of the elements
increases, the expected number of background counts from
non-X-ray plus diffuse emission will increase. Figure 3 plots
that number for a 106s observation. As a function of that
number of background counts, Figure 4 plots the required
minimum number of detected counts to claim the existence of
a X-ray source to the Poisson probability of 5σ.

CONCLUSIONS

The Wolter-Schwarzschild prescription can greatly enhance
the off-axis power of the SMART-X observatory. Figure 5
shows the sensitivity limits for the W-S design as a function
of observing time, for 4 different angles from the optical axis,
namely 0, 4, 7, and 10 arcmin, respectively from bottom to top
curves. From Chandra we take 0.002 counts s−1arcsec−2 for
the non-X-ray background, and scale the diffuse background
above 0.7 keV by the relative area, to also be 0.002 counts
s−1arcsec−2. The ordinate scale assumes an ∝ E−1.7 pho-
ton spectrum, and reports measured flux in the 0.5 to 2 keV
bandpass. On and near the optical axis the Wolter I design is
equally or nearly as sensitive, but beyond 4’ the W-S advan-
tage is more than a factor of two. Beyond a 1 Ms observation
the W-S starts to transition to background limited within 4’
of the axis, while the transition begins in the 105 to 106s range
at larger angles. In any case the transition is slow and sen-
sitivity always increases faster than the square root of time
within 10’. Figure 6 indicates the confusion limit, conserva-
tively taken simply as one source per 40 resolution elements.
From the work of Moretti et al. (2003) we relate the source
density on the left ordinate to the 0.5 to 2 keV flux on the
right hand ordinate. The W-S design is never confusion lim-
ited within the nominal 10’ radius field of view. Figure 6
shows that the flux limit for any observing time in Figure 5 is
at a source density below the confusion limit.

Fig. 1 Fig. 2

Fig. 3 Fig. 4

Fig. 5 Fig. 6
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SMART-‐X	  capability

• Capability exceeds Chandra (×30 effective area, ×10 solid angle, high-res spectroscopy for 
point and extended sources)

• Deep survey flux limit corresponds,  at z=10, to Lmin=3×1041 erg/s or MBH,min=3×104 Msun

• SMART-X is excellent match to JWST, ALMA, LSST, GMT, TMT, ELT, eVLA

×
30

×
10

0 ×
7



X-‐ray	  Cosmology

• Growth of Structure (Vikhlinin+2009)
• non-geometric & complements other 

tests
• requires well-defined samples

Progress will require:
• accurate mass calibrations (e.g., via lensing)
• detailed understanding of cluster physics
• understanding formation and evolution 

• Universal baryon fraction (Allen+2008)
• non-geometric & complements other 

tests
• requires well-defined samples

(see earlier discussion by Adam Mantz)



Science	  horizons	  at	  high	  angular	  
resolution	  beyond	  Chandra

Focus on three topics at high redshift and low surface brightness:

• Early stages of the super-massive black holes growth and 
galaxies at z~10

• Co-evolution of galaxy clusters and supermassive black holes 
since z ~ 6.

• Low-density diffuse baryons in the galaxy halos, cluster infall 
regions, and the Cosmic Web.



• Compared to Chandra, SMART-X has: 
- 50× soft-band throughput and 100× étendue (grasp), 
- same particle background 

• In 80 ksec, reaches the depth of the 
         4 Msec Deep Field South.

• In 4Msec, reaches fmin = 3×10–19
 erg  s–1

  cm–2  (10 counts). 
What would we see?

Lehmer et al. ’12

140 objects
per arcmin2

X-ray background
saturated

CDFS, Chandra, 4 Msec,  16′×16′

Reaching to z =10 with SMART-X

AGNs

Galaxies & starbursts



Reaching to z =10 with SMART-X

2′× 2′
“AGNs”

“galaxies”

SWIFT-detected absorbed AGNs in z=0 galaxies

• For z =10, detected 
photons are emitted in 
the 2–100 keV band 
unaffected by absorption

• 4 Msec sensitivity 
corresponding to L Edd for 
a SMBH progenitor with 
MBH = 3x104 M☉

• 4 Msec exposure 
detects LX from 
HMXB’s in a SFR = 
50 M☉/yr galaxy at 
z =10

NGC3256 Hubble Chandra

LX is due to bright high-mass X-ray binaries 
born within ~107 years of the starburst

LX = 5×1039 erg  s–1 per 1 M☉/yr star 
formation in the 2–10 keV band unaffected by 
absorption



• SMART-X will 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☉

“HLX-1”, candidate for an intermediate-mass black hole, 
MBH ~ 104 M☉ (e.g., Farrell+09; Servillat+11; Davis+11).

Super-Massive Black Holes at infancy

• 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. 

The Astrophysical Journal Letters, 747:L13 (6pp), 2012 March 1 Farrell et al.

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

3

The Astrophysical Journal, 743:6 (12pp), 2011 December 10 Servillat et al.

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
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Growth history of z = 6, M=109 M☉ 
black hole

G
row

th at
Eddington rate

• Discovery of MBH > 109
 M☉at  z>6 

quasars gives little time for growth 
• 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



• Feedback - mass closely tied to mass of 
surrounding  stars - MSMBH ≈ 10-3 Mbulge

• SMBH key to regulating star formation in 
evolutionary models at high mass end

Dark halos 
(const M/L) 

galaxies 

SN feedback+photoionization 

AGN feedback 

e.g. Croton+06, White & Frenck 
91, Cole+92 Benson+‘03
Best+06, Teyssier+11

Feedback and growth of Supermassive Black Holes 
key component in galaxy formation



Massive Black Holes - two outliers4 BOGDÁN ET AL.
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Fig. 3.— Black hole mass as a function of bulge mass. Thick
solid line shows the mean M•−Mbulge relation from Häring & Rix
(2004), whereas the thin dashed line represent the intrinsic scatter
of the relation. Both NGC4342 and NGC4291 are highly significant
outliers from the trend.

black hole masses are 7.7 × 106 M⊙ and 7.4 × 107 M⊙

in NGC4342 and NGC4291, respectively. Thus, the ob-
served values are factors of ≈60 and ≈13 times larger
than the predicted ones. From the intrinsic scatter of
the relation (0.30 dex) and the uncertainty of the black
hole mass measurements (0.18 dex and 0.12 dex), we con-
clude that NGC4342 and NGC4291 are ≈5.1σ and ≈3.4σ
outliers, respectively.
Reversing the problem, we also compute the bulge

masses, in which the supermassive black holes of
NGC4342 and NGC4291 would be typical. According to
the Häring & Rix (2004) relation and the observed black
hole masses, we find that the black holes of NGC4342 and
NGC4291 would be expected in bulges with 2.6×1011 M⊙

and 5.0×1011 M⊙ mass, respectively. These bulge masses
exceed by factors of ≈39 and ≈10 the observed values in
NGC4342 and NGC4291, respectively.

4. TIDAL STRIPPING AS A POSSIBLE ORIGIN OF THE
HIGH BLACK HOLE-TO-BULGE MASS RATIO

One possibility to explain the unusually large black
hole-to-bulge mass ratios observed in NGC4342 and
NGC4291 is that most (!90%) of their stars were tidally
stripped. However, the tidal stripping process would re-
move not only the stellar content of galaxies, but also
the more loosely bound dark matter halos. Therefore, if
∼90% of the stars were stripped from the galaxies, no
significant dark matter halos should be observed around
them. Thus, to test the stripping scenario it is critial
to determine whether NGC4342 and NGC4291 host ex-
tended dark matter halos.
In Section 4.1 we use Chandra X-ray observations of

the hot gas content of NGC4342 and NGC4291, to show
that they reside in massive dark matter halos, thereby ex-
cluding the stripping scenario. In Section 4.2 we present
a deep optical image of the surroundings of NGC4342,
which – independently from X-ray observations – ex-
cludes the possibility that majority of the NGC4342 stel-
lar population was tidally stripped.

4.1. Dark matter halos

4.1.1. NGC4342

The 0.5−2 keV band X-ray image of NGC4342 reveals
a diffuse hot gas component associated with the galaxy,
which exhibits a significantly broader distribution than
the stellar light (Fig. 1). To compute the gravitating
mass profile of NGC4342 we assume that the hot gas is
in hydrostatic equlibrium (Mathews 1978; Forman et al.
1985; Humphrey et al. 2006) and use the following equa-
tion:

Mtot(< r) = −
kTgas(r)r

Gµmp

!

∂ lnne

∂ ln r
+

∂ lnTgas

∂ ln r

"

,

where Tgas and ne are radial profiles of deprojected
temperature and density, respectively. To obtain de-
projected profiles we use the technique described by
Churazov et al. (2003). Namely, we model the observed
spectra as the linear combination of spectra in spherical
shells plus the contribution of the outer layer. We assume
that emissivity in the outer shell declines as a power law
with radius at all energies. The matrix that describes
the projection of the shells into annuli is inverted and
the deprojected spectra are calculated by applying the
inverted matrix to the observed spectra.
Due the head-tail distribution of the hot X-ray emit-

ting gas (Fig. 1 right panel; Bogdán et al. 2012), the
assumption of hydrostatic equilibrium is questionable at
radii larger than ∼5 kpc. To account for these uncer-
tainties we computed mass profiles in three different sec-
tors: (i) towards the surface brightness edge, (ii) towards
the tail, and (iii) assuming spherical symmetry. The left
panel of Fig. 4 illustrates that within the central 10 kpc
region of NGC4342 the hot gas is approximately isother-
mal. Additionally, in Bogdán et al. (2012) we show that
the abundance is also fairly uniform within this region.
Therefore to compute the mass profiles, we fix the gas
temperature at kT = 0.54 keV and the abundance at 0.3
Solar (Anders & Grevesse 1989). We stress that beyond
∼10 kpc the temperature of the hot gas is non-uniform,
furthermore deviations from the hydrostatic equilibrium
significantly temper the accuracy of the mass measure-
ments. Therefore, we rely only on the central 10 kpc
region to estimate the gravitating mass of NGC4342.
The mass profiles obtained for NGC4342 are shown in

the left panel of Fig. 5, where we also show the 1σ statis-
tical uncertainties assuming that measurements in each
radial bin are independent. In the same panel we also de-
pict the stellar mass profile computed from the K-band
luminosity using a mass-to-light ratio of M⋆/LK = 0.81,
and the dynamical mass calculated assuming a circular
speed of 220 km s−1 (Cretton & van den Bosch 1999).
Note that the circular speed was fixed in a certain diapa-
son (approximately 5′′ < r < 12′′), in which region the
contribution of random motions is not significant. The
left panel of Fig. 5 clearly demonstrates that beyond
∼1 kpc the stellar mass is significantly lower than the
total gravitating mass. In particular, within the central
10 kpc region the total gravitating mass is in the range
(1.4 − 2.3) × 1011 M⊙, which exceeds the stellar mass
by an order of magnitude, implying the existence of a
significant dark matter halo around the galaxy.
Besides Chandra observations, the metallicity of the

stellar population of NGC4342 indirectly and indepen-
dently indicates that it formed in a massive dark matter
halo. In the commonly accepted picture, galaxies with

NGC4342

NGC4291
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NGC4342 ~ 4.6 × 108 M⊙

NGC4291 ~ 9.6 × 108 M⊙ 

(Cretton & van den Bosch 1999; Haring & Rix 
2004; Schultze & Gebhardt 2011)

•NGC4342 - an extreme outlier (5.1σ outlier)

•NGC4291 is less extreme (3.4σ outlier)

•NGC4342 and NGC4291 
host dark matter halos

•measured using X-ray gas 
(hydrostatic equil)
• Black holes are too 
massive for their bulges

•MBH/Mbulge =0.069 for 
NGC4342 and 0.019 for 
NGC4391
•60x and 13x larger 
than expected 

• see Bogdan et al.+2012a,b

• SMBH outburst at early 
times that ended star 
formation



M84

!

As a class, luminous 
early type galaxies (LK > 
1011 Lsun) have hot 
corona
•AGN outbursts, (weak) 
but typical
•Measure mechanical 
power from cavities
•Hot coronae detected 
with Planck

2’

Gas Rich Early Type Galaxies (Jones et al.)

NGC5813

X-ray

X-ray

80%  have X-ray detected 
SMBHs  
Luminosities range from 
~1038 - 1042  erg s-1   
Low 

•  80%  have X-ray detected SMBHs 

Luminosities range from ~1038 - 1042  erg s-1  
Low Low Eddington ratios ~10-5 -10-9  for these low 
luminosity AGN 

•for QSO’s ~0.3; Eddington ratio for Sag A = 10-9 

•ADAF/ADIOS/radio mode 
•Radiatively inefficient accretion



Classic Feedback - Bubbles and Shock in M87 

• Classic example of feedback 
• Black hole = 6.6x109 solar masses (Gebhardt+11)
• SMBH drives jets and shocks
• Inflates “bubbles” of relativistic plasma
• Heats surrounding gas

Optical

Chandra (3.5-7.5 keV)

dlP∫ 2

Stars are just “bystanders”

Chandra (0.5-1.0 keV)
Piston drives shocks

23 kpc (75 lyr)

    

SHOCK

 <--Same Scales -->



Central Region of M87 - the driving force

• Cavities surround the jet and (unseen) counterjet
• Bubble breaking from counter jet cavity
– Perpendicular to jet axis; 
– Radius ~1kpc.                    
– Formation time ~4 x106 years

•Piston driving shock
–X-ray rim is low entropy gas uplifted/displaced by 

relativistic plasma

6 cm

6cm radio

SMBH 3x109Msun

“Bud”



Sloan quasar at z=6 “nursing home” at z=0 M87, Chandra, 1″ pixels

APSI, z = 6, 300 ksec

QSO
L

x

= 1045 erg/s

XMIS, z = 0, 300 ksec

Jet + gas
T = 1.2 keV

✓ Sensitivity + angular resolution — detect and 
resolve quasar host halos and galaxy groups at z=6

✓ High-res spectroscopy on 1″ scales — feedback and 
physics in clusters, galaxies, SNRs
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(DM simulation by Springel et al.)

Growth of galaxy groups and SMBHs from z = 6



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 SMART-X image

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.

SMART-X 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. 



Conclusions & Plans

• Game-changing X-ray mission with “affordable cost” is becoming technologically 
possible.

• The team currently concentrates on technology development to reach high 
readiness (TRL 6) prior to 2020 U.S. Decadal Survey. 

• Main efforts directed towards the TRL4 goal, a working figure-adjusted mirror pair. 

• Exciting science at high angular resolution - just a few examples

• Detecting starburst galaxies and 30,000 Msun black holes to z~10 

• Following growth of hot coronae and central AGN from z~6

• Mapping, in emission, the baryons in the Cosmic Web in the local Universe

+




