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NuSTAR (Nuclear Spectroscopic Telescope Array)	



Parameter	

 Value	



Energy Range	

 3-78.4 keV	



Sensitivity ���
(6-10 keV)	



2 x 10-15 (CGS)	



Angular Res. HPD	

 58’’	



Field of  View	

 10’ (10 keV)	



Energy Res. 	

 0.4 keV FWHM	



Temporal Res.	

 2μsec-2msec	

Harrison et al. 2013	





NuSTAR - Results	


The Astrophysical Journal, 788:76 (12pp), 2014 June 10 Walton et al.

Figure 1. Top-left panel: time-averaged XMM-Newton EPIC-pn spectra from each of the four coordinated NuSTAR+XMM-Newton observations of NGC 1365,
demonstrating the extreme spectral variability displayed. Observations 1, 2, 3, and 4 are shown in black, red, green, and blue, respectively. Top-right panel: residuals
of a simple Γ = 1.75 power-law continuum, modified by partially covering neutral absorption and applied to the 2.5–4, 7–10, and 50–80 keV energy ranges. For
clarity, we show the XMM-Newton EPIC-pn data below 10 keV and the NuSTAR FPMA/FPMB data above 10 keV. The same hallmarks of reflection from the inner
accretion disk, i.e., a relativistically broadened iron line at ∼6 keV and a strong Compton hump at ∼30 keV are seen in each of the four observations, despite the
extreme variation in the line-of-sight absorbing column. Bottom panels: as for the top panels, but now displaying only the NuSTAR data, further highlighting the
reduced variability at high energies compared to that seen at ∼2 keV, and the detection of the broad iron line in these data. The narrow component of the iron emission
is less visually prominent in the NuSTAR data owing to the coarser spectral resolution in the iron Kα bandpass in comparison to XMM-Newton. In the left panel, only
the data from FPMA is shown for clarity. The data in all panels have been rebinned for visual purposes.
(A color version of this figure is available in the online journal.)

power-law continuum, a broad Gaussian emission line to treat
the iron emission, and a narrower Gaussian absorption line to
treat the strongest of the ionized iron absorption features and to
avoid strong residuals which may alter the best-fit values of the
other components, while the second consists simply of a power

law and a neutral reflection continuum (PEXRAV; Magdziarz
& Zdziarski 1995). We simply use a single Gaussian line to
treat the ionized iron Kα absorption here as, individually, the
spectra from the 16 selected periods do not have sufficient S/N to
separate and to constrain all four of the absorption lines visible in

4

!!a* >0.97

Walton et al. 2014 	



NuSTAR’s broad energy 
bandpass allowed to 

disentangle variable 
absorption and reflection from 

the inner accretion disk.	



Seyfert 1 - NGC 1365 	





NuSTAR - Results	


Bachetti et al. 2014	



Pulsed Flux: ���
LX(3 – 30 keV) = ���
4.9 x 1039 erg s-1	



~100 LEdd	



NuSTAR’s Timing 
Resolution allowed to detect 
the 1.37 sec pulsed emission 

from M82 X-2.	



http://www.nustar.caltech.edu/news/nustar141008	





NuSTAR - Results	



Cas-A: Ti-44 (blue), red-yellow-green Chandra (1.7 keV).	



Broad energy range and imaging allows radioactive mapping.	



Grefenstette et al. 2014.	





Improvements on NuSTAR within reach of a 
medium-sized probe mission.!

-  3-10 times larger collection area.	


-  ~10 times better angular resolution.	


-  Broader energy range: 3-80 keV à0.15-200 keV.	


-  Better energy resolution at low energies (400 eV 

à 150 eV). 	


-  Add new capability of polarimetry.	


-  Better absolute timing (2msec à ~1μsec).	





Technical Opportunities – X-ray Optics!
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1. Introduction 
The importance of x-ray optics was duly recognized as soon as celestial x-ray sources were discovered (Giacconi & 
Rossi 1960). In a sense, the past 50 years of x-ray astronomy represent a continual push of the envelope of optics 
manufacturing technology to satisfy the observational priority at any given time. The three currently operating 
missions,—Chandra, XMM-Newton, and Suzaku—are culminations of those efforts.  

Each of those x-ray telescope systems is a scientifically useful compromise amongst three parameters: angular 
resolution, effective area per unit mass, and cost. Chandra (Gordon & Catching 1994) achieves an exquisite 
angular resolution (0.5-arcsecond half-power diameter, HPD), but a relatively small effective area (800 cm2 at 1 
keV, for 1,500 kg mass), at a very high cost ($600M in 1995). Suzaku (Serlemitsos et al. 2007) achieved a large 
effective area (400 cm2 at 1 keV, per telescope), for very little mass (16 kg per telescope), at a very low cost ($1M 
per telescope), but with poor angular resolution (120-arcsecond HPD). XMM-Newton (Gondoin et al. 1994), with 
moderate angular resolution (15-arcsecond HPD) and large effective area (1,500 cm2 at 1 keV, for 420 kg mass), 
falls between Chandra and Suzaku in this parameter space.  
Three parameters characterize an x-ray optics technology: (1) angular resolution, (2) effective area per unit mass, 
and (3) cost per unit effective area. In terms of the first two parameters, Figure 1 shows that the three current 
missions form a boundary separating the past and future of x-ray telescopes. The upper left embodies the past: 
Telescopes are relatively easy to build but less powerful. The lower right embodies the future: Telescopes are more 
powerful but challenging to build; thus they require significant technology development.  

 
Figure 1.—Angular resolution and effective area per unit mass of the three currently operating x-ray telescopes. This 
technology program starts with Suzaku’s effective area per unit mass and strives to improve its angular resolution. The 
short-term goal is to achieve 5-arcsecond HPD (half-power diameter) required by the IXO mission concept; the long-
term goal is to meet the requirements of the Generation-X advanced concept (Zhang et al. 2001; Windhorst et al. 2006). 

IXO’s science goals and mission implementation were well received by the Astro-2010 Decadal Survey. However, 
IXO’s ranking as fourth priority makes it infeasible to begin development before 2020, owing mainly to its 
perceived technical risk and high cost. The perceived risk results primarily from the absence of a demonstrated 
technology for cost-effective manufacturing the x-ray telescope. The IXO telescope would have had an outer 
diameter of 3 meters, an effective area of 3 m2 at 1 keV, and an angular resolution of 5 arcseconds. As our 
community regroups to prepare for one or more missions that can accomplish IXO’s major science goals at a much 
lower (<<$5B) cost, we recognize that any replacement mission will need x-ray optics that provide similar or better 
angular resolution (5 arcseconds), at a credibly and significantly lower cost. Table 1 lists several mission concepts 
that could accomplish some or all the scientific objectives of IXO.  

Zhang et al. 2011	





Technical Opportunities – X-ray Optics!

Mirror technology (Zhang et al.):	


• Precision slumping of 0.4 mm thick 
borosilicate glass sheets.	


• Fabrication, alignment, bonding of 
segments:  5-10′′ HPD at 4.5 keV.	


• R&D: Multi-layer coatings that maintain 
ang. resolution (stress cancellation: atomic 
layer deposition or multi-layers).	



Mandrel Fabrication   Mirror Segment   Mirror Module          Mirror Assembly	
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3.1.1 Mirror Substrate Fabrication 
We are developing two totally different methods of substrate fabrication: (1) precision glass slumping and (2) 
figuring and polishing and light-weighting of mono-crystalline silicon. The two methods differ in their approaches 
and in fundamental considerations.  

3.1.1.1 Precision Slumping of Glass 
The precision slumping of glass, as illustrated in Figure 3 is a replication technique. It results in lightweight and 
inexpensive mirrors starting with thin (0.4 mm or thinner) commercially available glass sheets. From the outset, it 
already meets two (light weight and low cost) of the three requirements. Consequently, the objective of the glass-
slumping development is to improve the angular resolution.  

 

 
Figure 3.—Left and middle: In the glass slumping process, a thin float-glass sheet slumps under its own weight as the 
temperature ramps gradually to ~ 600ºC, replicating the mandrel’s precise figure. Right: Histogram of the figure quality 
of 32 pairs of consecutively produced mirrors gives a mean imaging quality is 6.5-arcsecond HPD (two reflections), 
satisfying the allocation for making a 10-arcsecond telescope. 

As of October 2011, we have demonstrated fabrication of forming mandrels (Blake et al. 2011) and reliable 
slumping of substrates that meet the requirements of a 10-arcsecond telescope system (Zhang et al. 2011, Chan et al. 
2011). Currently produced mirrors consistently exhibit an HPD (two-reflection) close to the 7-arcsecond allocation 
(Figure 3, right). In 2012 and 2013 we shall continue to improve the precision of the glass-slumping process toward 
reducing the substrate figure error by a factor of two, in order to meet the mirror allocation for a 5-arcsecond 
telescope system. Achieving this improvement requires several steps. The first is to reduce mid-frequency ripples 
caused by the roughness of the boron-nitride release layer. We have continually reduced this error by inventing new 
methods for coating and buffing the release layer. We expect that, with proper funding, we can reduce the roughness 
by another factor of two. The second step is to improve the cleanliness of the oven environment in which the 
slumping occurs: Dust particles sandwiched between the glass sheet and mandrel cause ripples that degrade the 
imaging performance. The third step is to improve the temperature uniformity within the oven: A necessary 
conditions for making good substrates is to keep the entire glass sheet in thermal equilibrium, as any temperature 
gradient across the glass sheet can cause permanent figure distortion during slumping and cooling. 

3.1.1.2 Precision Polishing and Light-weighting of Monocrystalline Silicon 
The second method of making mirror substrates, which has been devised and begun to be investigated only recently, 
benefits from two technological developments over the past two decades: (1) commercial availability of inexpensive 
large blocks of monocrystalline silicon, and (2) commercial availability precision optical polishing machines. The 
salient feature of monocrystalline silicon is that it is free of internal stress because each atom is in its proper 
position. In contrast, glass or other materials from which optics are usually made have large internal stresses. An 
important consequence of this difference in internal stress is that a thick silicon mirror can be light-weighted without 
losing its figure, provided that surface damage caused by the light-weighting process is properly removed, whereas a 
glass (or glass ceramic) mirror cannot. Figure 4 illustrates the process of making a lightweight silicon mirror. It 
starts with a block of monocrystalline silicon out of which a segmented parabolic or hyperbolic mirror is ground and 
polished with commercially available polishing machines (e.g., QED Technologies’ Magneto-Rheological Finishing 
machines, or ZEEKO’s specially designed and standardized polishing machines). Once this mirror is finished and 
qualified in every aspect, it is light-weighted by a slicing process that removes a thin face-sheet of the mirror. The 
slicing operation necessarily causes surface damage that will distort the now-thin mirror. However, subsequent 

Zhang et al. 2011	


• HEX-P: NiV/S coating can extend the energy range to 200 keV 
(Christensen et al. 2014)	





Technical Opportunities - Detectors!

Brookhaven ASIC (130 nm CMOS)      Pixel-Detectors	



• Development of 1mm and 2mm thick CdTe and CZT detectors 
with pixels at a pitch of 200-250 μm pixels and readout ASIC 
(Beilicke, Zajczyk, de Geronimo, S. Li, HK).	



Figure 4: Left: Photo of the fabricated 256-channel front-end ASIC (6.4mm by 3.6mm), with
bump-bonding balls on each pixel. Right Pixelated silicon detectors (6.2mm by 5.6mm), with
hexagonal pads of diameters 200µm (large) or 100µm (small).

operation are: acquisition, when events are detected and processed; readout, when events are read
out in sparse mode with token passing; and configuration, when global and channel registers are
accessible for configuration.

The ASIC is to be bump-bonded to pixelated detectors with matching pixel array at the same
pitch (i.e. 250µm). Shown in Fig. 4 (left) is a photo of the fabricated 256-channel front-end
ASIC, with size 6.4mm by 3.6mm. Formed on the bonding pads (85µm by 85µm) of each pixel
are bump-bonding balls of diameter around 120µm and height around 90µm. Pixelated silicon
detectors (6.2mm by 5.6mm) are shown in Fig. 4 (right), with hexagonal pads of diameters 200µm
(large) or 100µm(small). A bonding machine is currently under tuning for the next-step bonding
the ASIC to the detector.

A test board for the ASIC, an FPGA board and Labview interface are developed for the mea-
surement. Shown in Fig. 5 is the test setup. With internally-generated test pulses, output pulse of
the analog front end, detected peaks of the channels and digital control signals are monitored on
the scope. A revision of the ASIC is planned for mid 2015.

5 Other tasks

5.1 3D electric potential solver

We continued working on the in-house electric potential solver for user-defined 3-dimensional ge-
ometries (see previous report for a description of the workings of the solver). Improvements were
made in terms of calculation speeds.

5

• HEX-P: Si/CdTe sandwhich: 150 eV FWHM @ 6 keV.	





Technical Opportunities – Polarization Detector!

γ	



boin
k! 

photon detected	



Scattering ���
in LiH rod	



Beilicke et al. 2011	



Satellite (LiH-scatterer): 2.5-70 keV; Balloon 
(plastic scatterer): 20-70 keV.	





BEST (Black Hole Evolution and Space Time) in a Nutshell!

BEST

X-ray Mirrors:	



• 10-12m focal length.	


• Broadband: 2-70 keV. 	


• Area: 3000 cm2 at 6 keV.	


• Ang. Res.: <10′′ HPD.	



Mission Cost Estimate: ~$600M.	


	



arXiv:1205.3691	



Performance:	


• >10 times more sensitive than NuSTAR,	


• <1% Minimum Detectable Polarization 
(99% Confidence Level)  for 1 mCrab 
Sources.	



Focal Plane 	

	


Instrumentation:	


• Hard X-ray Imager (2.5-70 keV).	


• X-ray polarimeter (2.5-70 keV).	





High Energy X-Ray Probe HEX-P (Harrison et al.)!

a factor of ~40 and the 
factor relative to Astro-
H/HXI is ~100. HEX-
P’s photon-counting 
detectors offer time 
resolution at the 0.1 
msec level with count 
rate handling to 103 Hz.  

As described below, 
the combination of 
wide bandpass and 
high-energy sensitivity 
will allow HEX-P to revolutionize our understanding of both Galactic and extragalactic 
black holes in the Universe. If developed and launched on a similar timescale to 
ATHENA, HEX-P would support simultaneous observations with ATHENA, greatly en-
hancing ATHENA’s ability  to, for example, understand the detailed physics of black hole 
accretion and hot, merger-driven shocks in clusters (both systems have continua extend-
ing to high energy that must be properly  modeled to interpret their line spectra). The 
broad-band continuum measurements performed by  HEX-P, both on their own and in 
conjunction with ATHENA, are critical for three key IXO science objectives:  What hap-
pens close to a black hole?, When and how did supermassive black holes grow? and How 
does large scale structure evolve?  As detailed below, HEX-P will also address a broad 
range of additional objectives, from studying binary populations in nearby  galaxies to 
understanding the mechanisms that drive supernova explosions. 

2. Science Objectives
2.1. Black Hole Growth Over Cosmic Time

The construction of a complete census of active 
galactic nuclei (AGN) activity is the backbone be-
hind any attempt to understand the mass accretion 
history of the universe, and the relationship  between 
accretion and star formation. With a complete census 
we can determine how black holes grow across cosmic time and reveal connections be-
tween the host galaxy and larger scale environment on the fueling of the black hole. 
However, the formidable barrier that must be overcome in this quest is the presence of 
dust and gas in the regions around the AGN, which obscures the growing black hole and 
requires penetrating observations to unambiguously  reveal AGN signatures. Deep surveys 
with Chandra and XMM-Newton have provided the most penetrating probe of distant 
AGN activity to date (see Brandt & Alexander 2010 for a recent review).  However, there 
is unequivocal evidence that these surveys resolve only  ~50-70% of the 6-10 keV X-ray 
background and are missing the most heavily obscured AGN (NH > 3×1023 cm-2; Worsley 
et al. 2005, Luo et al. 2011).  The directly resolved fraction of the background at its ~30 
keV peak from current surveys is only ~2%, with very few sources identified at redshift 
z>0.1 (e.g., Ajello et al. 2008).  Observations with NuSTAR are expected to increase the 
resolved fraction to ~30% (Ballantyne et al. 2011). Models suggest that the most heavily 
obscured AGNs represent an important early  and rapid black hole growth phase (e.g., 
Hopkins et al. 2006), and therefore their identification is more than just a simple book-
keeping exercise — without having observations sensitive to their identification we may 
miss a crucial black hole growth phase.  

Consistent with models of the X-ray  background, both stacking analyses from deep 
X-ray surveys and less obscuration-sensitive mid-IR surveys show that the space density 

Harrison — the High-Energy X-ray Probe (HEX-P)
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Table 1.  Key performance parameters.

Parameter IXO     
(HXI+WFI) HEX-P ATHENA 

(XMS) NuSTAR

bandpass 0.1 - 40 keV 0.15 - 200 keV 0.1 - 10 keV 5 - 80 keV

angular resolution  
[HPD]

5″ (3 - 7 keV)       
30″ (7 - 40 keV) 10″ - 15″ 10″ 50″

spectral resolution 
[FWHM]

150 eV @ 6 keV   
1.5 keV @ 60 keV

150 eV @ 6 keV   
1.5 keV @ 60 keV 3 eV @ 6 keV 600 eV @ 6 keV   

1.2 keV @ 60 keV

timing resolution 1.3 msec 0.1 msec — —

field of view          
[FWZI]

18′ × 18′               
(0.1 - 15 keV)

13′ × 13′               
(0.1 - 100 keV) 2.4′ × 2.4′ 13′ × 13′

IXO Key Objectives addressed: 
When and how did supermassive 
black holes grow? and What is 
the connection between super-
massive black hole formation and 
evolution of large-scale structure?

Brief Description: 
The High Energy X-ray Probe (HEX-P) is a concept for a probe-class (~$480M) next-
generation high-energy X-ray mission with broadband (0.1-200 keV) response and ~40 
times the sensitivity  of previous missions above 10 keV.  Intended to launch contempora-
neously with ATHENA, HEX-P recovers many  of the key  science objectives IXO lost 
when the high-energy capabilities of that mission were de-scoped to create ATHENA. In 
addition to joint observations with ATHENA, HEX-P will be an extremely powerful facil-
ity  with an exciting scientific agenda of its own.  HEX-P will provide fundamental dis-
coveries that range from resolving ~90% of the X-ray background at its peak, to measur-
ing the cosmic evolution of black hole spin, to studying binary populations in nearby gal-
axies. Based on NuSTAR, XMM-Newton and eROSITA heritage, HEX-P requires only 
modest technology development, and could easily be executed within the next decade.

1. Introduction
The de-scoping of the International X-ray Observatory (IXO) to ESA’s Advanced 

Telescope for High Energy Astrophysics (ATHENA) resulted in the loss of a key  capabil-
ity: the extension of sensitivity  into the hard X-ray band (E > 10 keV).  IXO’s Wide-Field 
Imager (WFI) + Hard X-ray Imager (HXI) combination would have covered the 0.1 to 40 
keV band with spectral resolution ΔE=150 eV @ 6 keV and 1 keV @ 20 keV.  The re-
scoped ATHENA currently  includes only a high-resolution spectrometer and WFI, with no 
planned extension to high energy.   While ESA’s M-class Large Observatory for X-ray 
Timing (LOFT) concept will, if selected, carry out the neutron star timing studies envi-
sioned for IXO, no planned mission will replace the broad response at high sensitivity 
extending into the hard X-ray band which is so critical to achieving IXO’s key objectives.

Here, we describe the High Energy X-ray 
Probe (HEX-P), a probe-class (ROM cost 
$480M) mission that will not only replace 
IXO’s hard X-ray capability, but by  optimizing 
the optics design for high energy and widen-
ing the bandpass, HEX-P will provide an ex-
tremely  powerful observatory with an impor-
tant scientific agenda of its own.  HEX-P (Ta-
ble 1) is the natural successor to the Nuclear 
Spectroscopic Telescope Array Small Explorer 
(NuSTAR; Harrison et al. 2010 – launch in 
March 2012).  The HEX-P gains in hard-band 
sensitivity parallel the leap in soft X-ray spec-
troscopic performance that will be made by 
ATHENA relative to the Astro-H X-ray  Calo-
rimeter Spectrometer (launch mid-2013).  
Many of NuSTAR’s observations (5-80 keV) 
require simultaneous XMM-Newton or Suzaku 
coverage; HEX-P covers the combined XMM-
NuSTAR bandpass (0.15-200 keV) by includ-
ing a combination Silicon/CdTe active pixel 
sensor. HEX-P’s effective area is a factor of 
three larger than XMM’s (0.1-10 keV) and a 
factor of seven larger than NuSTAR’s (Fig. 1).  
The sensitivity  advance relative to NuSTAR is 

Harrison — the High-Energy X-ray Probe (HEX-P)
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Figure 1. Effective area vs. energy for HEX-P and 
current/near-term focusing missions.  We plot two poten-
tial recipes for the HEX-P mirror coatings:  Pt/C is the 
recipe currently used by NuSTAR, while NiV/C would 
require some development.

3 20m focal length 
mirrors, each: 390 

shells (NiV/C,W/Si). 	



Si active pixel sensors & 
CdTe sandwhich detectors	



Mission Cost Estimate: ~$500M.	





Coverage from Soft X-Rays (<1 keV) to Soft 
Gamma-Rays (~200 keV)	



Thermal emission from the most 
extreme objects in the Universe	
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Innermost ���
BH accretion disks	



Magnetars	


MS 0735.6+7421	



NASA/CXC/Univ. Waterloo/B.McNamara; Optical: 
NASA/ESA/STScI/Univ. Waterloo/B.McNamara; 

Radio: NRAO/Ohio Univ./L.Birzan et al.	



R/O/X	



Non-thermal emisson 
from the most violent 

processes n the Universe	



Nuclear ���
gamma-rays���

44Ti 56Ni 57Co	



Weakness: narrow field of 
view.	





Rationale:	


-  Most surveys of black growth severely biased.	


-  Heavily obscured AGN are not included in optical, UV and E<10 keV X-ray surveys	


-  XMM-Newton/Chandra data at E<10 keV strongly affected by obscuration. 	


   Compton-thick AGN nearly missing in these surveys. Even the deepest Chandra	


   surveys miss as much as 50% of the AGN activity (Treister et al. 2004, 2010).	


-  IR surveys are based on a secondary indicator depending on emitted spectrum and	


   geometry, and properties of the host galaxy (Ballantyne et al. 2011).	



BEST – How and When Did Supermassive Black 
Holes Grow?	



Current and upcoming missions:	


- Swift/BAT and INTEGRAL only sensitive to AGN in the local Universe, z<0.1.	


- NuSTAR improves this situation, to z~1.	


- Bulk of black hole growth is most likely at z~2 (Treister et al. 2010).	





BEST – How and When Did Supermassive Black 
Holes Grow?	



BEST in 106s: ���
• ~380 AGN detections in F.o.V., ���
• >40% obscured AGN, ���
• >10 AGN at z>4, 	


• >1 AGN at z>6.	



Treister ���
2011	



A 106 s pointing would resolve 93% of 
the background between 10 and 30 keV.	



Based on AGN E<10 keV luminosity function (Ueda et al. 
2003) • Compton-thick AGN matched to z=0 Swift/BAT and 
INTEGRAL (Treister et al. 2009) • Match spectrum and 
intensity of extragalactic X-ray background (Treister et al. 
2009) • Numbers at z>2 uncertain.  Probably lower limit. ���
	





BEST – How and When Did Supermassive Black 
Holes Grow?	



Potential BEST AGN Survey (1.5 years with 50% efficiency):	


• Wedding-cake scheme with the following surveys:	


  - Deep 0.1˚2 GOODS-like (two 4x106s-pointings, F10-30 keV≥4x10-16 cgs), ���
  - Medium-depth 1˚2 COSMOS-like (fifty 20ks-pointings, F10-30 keV≥1.7x10-15 cgs), 	


  - Shallow BOOTES-like 10˚2 survey (500 10ks-pointings, F10-30 keV≥8x10-15 cgs). 	


• Motivation:	


  - High-z AGN from deep survey, 	


  - Many sources for luminosity function from medium-depth survey, ���
  - Luminous sources from the shallow survey.	





BEST – How and When Did Supermassive Black 
Holes Grow?	



A few AGN can separate models of 
the formation of the first super-
massive black holes (from Pop III 

stars or direct collapse of H clouds).	



Detecting 10-20 AGNs at z>6 ➙ 
formation of first supermassive black 

holes.	


Treister 2011	





Curved trajectories close to black hole result in 90˚ polarization swing: 	


• Precision tests of accretion disk models.	


• Measurements of black hole parameters including spin.	


• Detailed probe of corona geometry. ���
• Test General Ralativity in strong gravity regime.	



Increasing  T	



E	



BEST – What Happens Close to a Black Hole?	





Schnittman & Krolik 2009, ApJ,  701, 1175	



Mass: 10 M¤, a*=0.99	



Ray tracing of polarized emission 
including diffuse reflection: 	



BEST – What Happens Close to a Black Hole?	
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BEST: Measure black hole spins and 
test disk models!	





The Role of X-Ray Polarimetry	


X-ray energy spectra for 6 
different a*, I, M-dot combinations:	



M=10 M⊙; D=10 kpc, spect. hard. ���
factor 1.6, disk truncated at ISCO 
with zero torque.	



a*=0.998	



a*=0.45	



a*=0.63	



a*=0.75	



a*=0.83	



a*=0.9	



Li, Narayan & McClintock et al. 2009	



X-ray polarization can break model 
degeneracies!	





Additional Science Drivers	


Stellar mass black holes:���
- Origin of QPOs (time resolved spectroscopy, polarimetry).	


	


Neutron stars:���
- Particle acceleration (polarimetry). ���
- Masses and radii (time-resolved spectroscopy of Type 1 X-ray bursts, accretion disk 
emission). ���
- New Physics of Magnetars.	


	


Supermassive black holes:���
- Cosmic history of black hole formation, growth, and accretion. ���
- Measure ~100 black holes spins (Fe K-α energy spectra). ���
- Constrain structure of inner accretion flow (reverberation mapping, polarimetry). ���
- Structure/content of AGN jets (imaging of kpc-jets, polarimetry of blazar jets) ���
	


Gamma Ray Bursts Afterglows:���
- Jet structure (polarimetry). ���
	


Starburst Galaxies: Compact objects, hot gas.	


���
Large Scale Structure:  Search for hard X-ray emission from non-thermal particles in 
cluster haloes, relics, and large scale structure formation shocks.	


	


Fundamental Physics:���
- GR (spectroscopy, timing and polarimetry). ���
- QED (magnetar and neutron star polarimetry). ���
- Lorentz and CPT Invariance (polarimetry).	




