
Athena 

Observing the First Accretion 
Light with X-ray Surveyor 

Niel Brandt (Penn State) 

Chandra XMM-Newton 

X-ray Surveyor 



Working Group Members 
James Aird 
Niel Brandt 
Nico Cappelluti 
Francesca Civano 
Andrea Comastri  
Paolo Coppi 
Anastasia Fialkov 
Francesca Fornasini 
Elena Gallo  
Melanie Habouzit 
Zoltan Haiman 

Phil Kaaret 
Joe Lazio 
Bin Luo 
Piero Madau 
Takamitsu Miyaji 
Dan Schwartz 
Dan Stern 
Benny Trakhtenbrot 
Cristian Vignali 
Fabio Vito 
Marta Volonteri 





Current Status 
and the  

Near Future 



General Observational Status 
Over the past ~ 17 yr, the capabilities of Chandra and  
XMM-Newton have allowed a large expansion in the 
number of X-ray detected AGNs at z = 4-7. 
 
 
X-ray follow-up of high-redshift AGNs first found in  
other multiwavelength surveys; e.g., SDSS, PSS, FIRST. 
 
X-ray selected high-redshift AGNs in X-ray surveys. 
Critical since X-rays penetrating and not diluted. 
 
 
Now have about 155 X-ray detections at z = 4-7, allowing  
reliable basic X-ray population studies out to the  
reionization era. 



Space Density Declines for  
High-Luminosity X-ray AGNs 

In contrast to early suggestions from 
ROSAT, clearly see ~ exponential 
decline for luminous X-ray selected 
AGNs at z > 3. 
 
 
Φ ∝ (1 + z)p with p = -6.0 +/- 0.8  
 
 
Space-density comparisons with  
optically selected quasars indicate 
agreement to within factors ~ 2-3.   

Vito et al. (2014) 



Space Density at z ~ 3-5 for  
Moderate-Luminosity X-ray AGNs 

Similar Decline at Moderate  
Luminosities as at High Luminosities? 

Vito et al. (2014) 

Georgakakis  
et al. (2015) 

Remaining debate here – small samples,  
tough follow-up, results can depend on  
analysis details.  

Drop by a Factor of ~ 5 from z = 3-4 to z = 4-5, but 
with Perhaps a Milder Drop at High Luminosities?  



Status of High-Redshift X-ray  
AGN Surveys in a Decade 

LSST/Euclid/WFIRST will make Chandra and XMM 
archives (and hopefully eROSITA) extremely 
powerful for finding obscured AGNs at z = 4-8. 
 

Plausibly expect 500-1100 AGNs at z = 4-6 and  
10-100 at z = 6-8. 

Estimated sky 
coverage in 2025. 

Brandt & Vito (2016) 



AGNs Probably Cannot Drive  
Reionization at z ~ 6 

But AGNs and HMXBs likely have secondary IGM heating effects.  

Georgakakis  
et al. (2015) 

Lehmer  
et al. (2016) 

Hydrogen Ionizing Photon Rate Density 
from AGNs as Function of Redshift 

The Revenge of the X-ray Binaries at z ~ 6-8? 
(ρGal May Drop Off More Slowly Than ρAGN) 



Seeds of First 
SMBHs with  

X-ray Surveyor 



Seeds of SMBHs with X-ray Surveyor 

Need excellent X-ray surveyor  
imaging to push to X-ray fluxes  
far below Chandra (and get reliable 
counterparts). 

Only X-ray Surveyor 

Central 7 Ms CDF-S 
Luo et al. (2017) - on arXiv 

At z ~ 10, can detect BH to ~ 5 x 104 M¤, including obscured systems. Ideally would go a 
factor of several deeper still, so this is a challenging driver for X-ray Surveyor! 



AGNs from 25 Ms Athena Survey 
versus Euclid and WFIRST+LSST 

Adapted from  
Barret et al. (2013) 

Euclid 

WFIRST+LSST 
at z > 8 



From Laura Brenneman 



Seeds of SMBHs with X-ray Surveyor 
Low-mass seeds with ~ uninterrupted  
rapid accretion?  
 
Massive seeds from direct-collapse  
black holes?  

Is super-Eddington growth of seeds  
possible? 

e.g., Volonteri et al. (2015) 



Constraining Seeds with the XLF 
The behavior of the high-redshift X-ray luminosity function (XLF) at 
the very faint end will be key for insights into seed-growth models.  
 
Growth from light seeds should lead to a large number of faint 
high-redshift AGN fueled by accretion onto low-mass BH.  
 
For heavy seeds, AGNs can more easily reach luminosities close 
to L*, producing a flatter faint end of XLF.  
 
 
 
Our stacking-analysis constraints suggest a fairly flat end of the 
XLF. 
 
Improved quantitative predictions of XLF behavior for different 
seed models will be most helpful. As well as other observables 
that can distinguish light vs. heavy seeds. 



Example X-ray Surveyor Program 
Need to reach 0.5-2 keV flux limits of at least 2 x 10-19 erg cm-2 s-1, and  
ideally want to reach a factor of several deeper still.  
 
Sky-density estimates of seeds remain uncertain, but likely need 
to cover several deg2 to such flux levels. 
 
Probably best to obtain this sky coverage over several distinct fields to 
reduce cosmic variance effects while still probing any LSS. 
 
Will need to choose best fields around the time of launch, but likely 
candidates presently are, e.g., CDF-S, CDF-N, XMM-LSS, COSMOS.  
 
Will be especially important to have ultradeep JWST, 21-cm, etc. data 
that can provide reliable counterparts.   
 
X-ray source positions better than 0.5” are needed for reliable source 
matching.  



Environmental Dependence  
of the First SMBH Growth 

Currently, large-scale structures are found up  
to z ~ 5-6 in deep multiwavelength surveys -  
protoclusters and protogroups.  
 
AGNs have been effective tracers for these. 
 
 
 
Want to identify many more such structures  
in wide-field deep surveys with X-ray 
Surveyor,  
as well as push to higher redshifts.  
 
After detecting AGN tracers in X-ray band,  
identify with follow-up imaging and 
spectroscopic observations (e.g., JWST). 
 
Enable statistical studies of the environmental  
dependence of the first SMBH growth. Capak et al. (2011) 

z = 5.3 protocluster 



Stacking: A Romantic Example 
3 / 100 second  

exposure 

1 / 1000 second  
exposure 

Stacked image of 30 candles with 1 / 1000 sec exposure. 
  

Effective stacked exposure of (30 × 1 / 1000 sec) = 3 / 100 sec. 

Courtesy of Bret Lehmer 



7 Ms Chandra Deep Field-South Stacking 
Trying to push as faint as possible to constrain SMBH seeds with Chandra. 
 
X-ray stacking of individually undetected galaxies (100-1400 per bin) can provide  
average X-ray detections to z = 4.5-5.5, and useful upper limits at higher redshifts.  
 
Signal is mostly from massive galaxies, as assessed via sample splitting with 4-fold 
cross-validation testing. 

Vito et al. (2016) 

8.2 Gs (265 yr) 



Reaching Close to X-ray Surveyor 
Flux Levels - on Average  



Physical Interpretation of Stacked Flux 
Much, and perhaps all, of the observed flux can be attributed to X-ray binaries. Probing 
HMXBs to z ~ 5.5. 
 

Most high-redshift SMBH accretion occurs in short AGN phase – continuous low-rate 
accretion contribution appears small. 

Vito et al. (2016) 

M&D 
(2014) 

Bouwens 
et al. (2015) 

All 

Massive All SF; Ranalli 

All SF; Lehmer & Fragos 

All AGN 



Pushing to the Highest Redshifts with Stacking 

Vito et al. 

Stacking of Lyman Break Galaxy Samples with 7 Ms CDF-S 

JWST will provide large samples at higher redshifts, 
better redshift identifications, and better removal of  
low-redshift interlopers.  
 
Aim to push Chandra stacking analyses to z ~ 10-15 with 
the samples of high-redshift galaxies from JWST in the  
7 Ms CDF-S (and other fields). 
 
Also could stack 21-cm selected regions, or perform 
cross-correlation analyses. 
 
X-ray Surveyor would allow much better stacking.  



XRS Connections with 21-cm IGM Probes 

Hydrogen Epoch of Reionization Array (HERA) 
2016 March 

First X-ray sources heated the IGM at z ~ 10-20  
from T ~ few K to T > 10000 K.  They also mildly  
ionized the IGM (in addition to stars) to the level  
of ~ 0.001. 

Many more such experiments ongoing! 



21-cm power spectrum:  
Effect of soft X-ray sources 

Effect of hard X-ray sources 
(longer path length - no heating 
fluctuations on scales smaller than 
mean-free-path) 
 

Fialkov & Barkana (2014) 

XRS can probe these X-ray 
sources directly, and can 
combine with 21-cm IGM 
constraints. Also perform, e.g.,  
cross-correlation analyses. 



X-ray vs. NIR Background Correlations 

CIB Fluctuation Power Spectrum Shows 
an Unexplained Excess on Large Scales 
wrt. Known Galaxy Populations 

Kashlinsky et al. (2012) 
Spitzer 4.5 µm 

θ (arcsec) 

C
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X-ray vs. NIR Background Correlations 
Coherent CIB x CXB fluctuations found. 
 
The large-scale power is consistent with 
a population of direct-collapse black 
holes at z > 10 (e.g., Yue et al. 2013). 
 
But interpretation is controversial. Also 
might be from intra-halo light at z ~ 1-4. 
 
Background and small FOV of Chandra 
are limiting factors for current analyses. 
 
X-ray Surveyor and next-generation 
infrared/optical surveyors can perform 
much better CIB x CXB measurements. 
 
Aim to measure typical seed masses,  
total mass in seeds, and redshift of 
formation.  

High-redshift? 



Additional 
Science 



Inverse-Compton X-ray Jets Maintain Their Surface 
Brightness (Almost) Independent of Redshift 

The inverse-Compton scattered X-rays are proportional to the CMB energy density. The  
increase of that density proportional to (1+z)4 cancels the cosmological diminution of  
surface brightness by the factor (1+z)-4 

 
Example: PKS 0637-752 is a quasar at z = 0.657 (left). Right panel shows appearance at z = 4.  
X-ray Surveyor should obtain similar images in 1 ks.  

e.g., Rees & Setti (1968); 
         Schwartz (2002) 

34 ks Chandra image 
Chandra image, with 
quasar flux reduced a 
factor of 0.012 



Inverse-Compton X-ray Jets  
At large redshifts, the quasar will be much fainter and may not be seen, and the  
radio emission is also much fainter and may not be seen.  
 
In addition, the lifetime of GHz emitting electrons is ~100 times shorter than that  
of the X-ray emitting electrons, for which the lifetimes are shown below. 

B3 0727+409 
z = 2.5 

Γ=1 
    3 
  10 

X-ray only jet. F4.8<1.5 mJy  

Simionescu et al. (2016) 



Inverse Compton X-ray Jets 
At large redshift, relativistic jets must emit inverse Compton keV X-rays, unless the  
magnetic field strength is larger than plotted (left) for the given bulk Lorentz factor of the jet. 
 
Chandra measures surface brightnesses around 10-15 erg cm-2 s-1 arcsec-2  (right), 
XRS background is expected to be around 1.7 x 10-19  erg cm-2 s-1 arcsec-2. 
 
Observing strategy:   Layered surveys 

     Unidentified X-ray sources from all sky surveys 
     Large redshift radio and optical AGN 

Marshall et al. (2005, 2011) 



The End  



Extra Slides  



High-Redshift Quasars from  
Euclid, WFIRST, and LSST 

Combination of Euclid, WFIRST,  
and LSST will be very powerful  
for finding the first quasars. 
 
 
 
 
Euclid should deliver ~ 1400 
luminous quasars at z > 7.  
 
 
 
 
WFIRST+LSST will push  
considerably deeper than  
Euclid over ~ 15% of the area. 
 
Expect ~ 1500 quasars at z > 7 
(~ 30 at z > 10). 

Spergel et al. (2013) 

WFIRST 
2000 deg2 

Euclid 
15000 deg2 

LSST 



Athena Can Generate a Lot More of What  
We Currently Have Only in Small Amounts 

A very good thing 
for getting reliable 
AGN source statistics  
at z ~ 5-10. 
 
 
Will provide a lot more 
photons for source 
spectral and variability  
diagnostics. 
 
 
Source confusion with 
a 5” PSF will prevent 
it from going deeper 
than the deepest 
Chandra observations.   

Aird et al. 

Athena 



Simulation of the Formation of a z ~ 6  
Quasar from Hierarchical Galaxy Mergers  

Li et al. (2007) 
Gas density and temperature  
for high-redshift quasar host 
 
 
 
 
Albeit at somewhat lower 
redshifts, we observe similar 
phenomena at z ~ 4-5:  
 
(1)  X-ray obscured protoquasars 
      of moderate luminosity 
 
(2) powerful winds from 
      luminous quasars, likely 
      capable of host feedback 

1 

2



X-ray Obscured Protoquasars of 
Moderate Luminosity at z ~ 4-5 

Gilli et al. (2011) 

Compton-thick AGN at 
z = 4.76 in strongly  
star-forming host 

NH ~ 2 x 1023 cm-2 

Vignali et al. (2003) 

60% of CDF-S  
AGNs at z = 3-5 
heavily obscured 
 
Vito et al. (2013) 



Powerful Winds from Luminous  
High-Redshift Quasars 

 X-ray Broad Absorption Lines from Iron K Indicating 
a Powerful Wind – High-Redshift Feedback in Action? 

Li et al. (2007) 

Chartas et al. (2009) 

z = 3.91 

Implied X-ray velocity is v ~ 0.2-0.4c. 
 
Implied mass-outflow rate is ~ 10-30 M¤ yr-1  
and kinetic luminosity is ~ 1046-47 erg s-1. 
 
Could be present but undetected in many 
other high-redshift quasars (had boost from 
gravitational lensing). 



Nature of First X-ray Sources 
First X-ray sources heated the Inter-Galactic Medium (IGM) at redshifts  z ~ 10-20  
from T ~ few Kelvin to T>10000 Kelvin.  They also mildly ionized the  
IGM (in addition to stars) to the level of ~0.001. 
 
Their nature is unknown and candidates discussed in literature are: high mass X-ray  
binaries, AGN, hot ISM, shocks, dark matter annihilation. 
 
The nature of these sources can either be probed directly or via their impact on  
IGM seen in the 21-cm line.  

Fialkov & Barkana (2014) 
Fialkov & Loeb (2016) 

21-cm power spectrum,  
effect of soft X-ray sources 

21-cm power spectrum,  
effect of hard X-ray sources 

Temperature of neutral IGM,  
hard sources (solid), soft (dashed) 
normal X-ray efficiency (red), 
weak (blue), strong (green) 



Using XRS to Identify X-ray Sources at High 
Redshifts 

XRS should be sensitive enough to probe brightest star forming regions at the Dawn of  
star formation.  
 
If X-ray binaries are the dominant X-ray heating source before the end of Reionization (z>6),  
the brightest  
star forming regions at z = 9 would emit observable flux of  
S = 1.2x1e-13 erg/s/cm^2/keV per deg^2 (at observable 1 keV), while star forming  
regions at z = 13 are expected to yield S = 8x1e-14 erg/s/cm^2/keV  
per deg^2. This flux should be well within reach of X-ray surveyor.  
 
Statistics of such sources will help to probe star formation scenarios at high redshifts.  

Fialkov et al. in prep.   

Illustration: Bright X-ray regions at Cosmic Dawn 



Large-scale Fluctuations of X-ray 
Background 

Fluctuations in the cosmological X-ray background could offer a unique way to constrain  
the nature of high-z (z>6) X-ray sources and their effect on large scales. 
 
Synergy with radio: cross-correlation with the 21-cm signal observed by the future  
Square Kilometer Array (if fluctuations in the cosmological background are observed). 
 
Science: Will allow to probe the epoch in global cosmic history of the Universe over  
which X-rays had a role (global heating of the IGM) 

Fialkov et al. in prep 

Left: 21-cm power spectrum vs redshift. Right: cross-correlation between the  
21-cm signal and XRB. 



Surprising coherent fluctuations with 
CXB 

CAPPELLUTI+13 MITCHELL-WYNNE+16 

THE LARGE SCALE POWER IS CONSISTENT WITH A POPULATION OF DCBH AT Z>10 BUT 
LARGE SCALE CROSS-POWER IS STILL WEAK 

Foregrounds 

WITH XRS WE WILL STUDY THE LARGE SCALES AND THANK TO THE LARGE SURVEY 
AREA AND PHOTON STATISTICS WE WILL BE ABLE TO FIT HIGH-Z BH POPULATIONS 
SYNTHESIS MODELS  

High-z? 



DCBH on joint CIB-CXB fluctuations 

Joint CIB vs CXB fluctuations can be explained with DCBHs. 
The poor statistics at large scales does not allow to fit model. So far DCBH grwoth  
only would saturate the accreted mass density by z~12. Better measurements at large scales  
are a must.  
 
Science: Will “measure” the total mass in DCBH, and the typical  mass of  DCBH seeds,  
and redshift of formation 

The Accreted mass density of 
DCBH necessary explain the joint 
fluctuations very rapidly saturates 

DCBH fit result to  
cross-power spectra. 

Yue et al. 2013 



This is the Title 
Some text. 


