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•Why do we exist? 
•What is made of? 
•How did it begin? 
•How does it evolve?
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Figure 1. M–σ relation for galaxies with dynamical measurements. The symbol indicates the method of BH mass measurement: stellar dynamical (pentagrams), gas
dynamical (circles), masers (asterisks). Arrows indicate 3σ68 upper limits to BH mass. If the 3σ68 limit is not available, we plot it at three times the 1σ68 or at 1.5 times
the 2σ68 limits. For clarity, we only plot error boxes for upper limits that are close to or below the best-fit relation. The color of the error ellipse indicates the Hubble
type of the host galaxy: elliptical (red), S0 (green), and spiral (blue). The saturation of the colors in the error ellipses or boxes is inversely proportional to the area of
the ellipse or box. Squares are galaxies that we do not include in our fit. The line is the best fit relation to the full sample: MBH = 108.12 M⊙(σ/200 km s−1)4.24. The
mass uncertainty for NGC 4258 has been plotted much larger than its actual value so that it will show on this plot. For clarity, we omit labels of some galaxies in
crowded regions.

relation from sample S. The distribution of the residuals appears
consistent with a normal or Gaussian distribution in logarithmic
mass, although the distribution is noisy because of the small
numbers. For a more direct test of normality we look at log(MBH)
in galaxies with σe between 165 and 235 km s−1, corresponding
to a range in log(σe/200 km s−1) from approximately −0.075
to 0.075. The predicted masses for the 19 galaxies in this
narrow range differ by at most a factor of 4.3, given our
best-fit relation. The power of having a large number of
galaxies in a narrow range in velocity dispersion is evident
here, as there is no need to assume a value for the slope of

M–σ or even that a power-law form is the right model. The
only assumption required is that the ridge line of any M–σ
relation that may exist does not change substantially across
the range of velocity dispersion. The mean of the logarithmic
mass in solar units is 8.16, and the standard deviation is
0.45. The expected standard deviation in mass is 0.19, based
on the rms dispersion of log(σe/200 km s−1) (0.046) in this
range times the M–σ slope β; thus the variation in the ridge line
of the M–σ relation in this sample is negligible compared to
the intrinsic scatter. We perform an Anderson–Darling test for
normality with unknown center and variance on this sample of

Black Holes Control Evolution of the Universe

© NASA Gultekin+’09

• Supermassive black holes 

• Evolve together with galaxies  (e.g. Kormendy & Gebhardt 2001)



Black Holes Control Evolution of the Universe

• Supermassive black holes 

• Affect surrounding gas from galactic scales to beyond (e.g. Fabian ’12)

© NASA
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Figure 6
(a) Chandra X-ray image of the Perseus cluster core. Red-green-blue depicts soft to hard X-rays. The blue
features near the center are due to absorption by the infalling high-velocity system, a galaxy that must lie at
least 100 kpc closer to us in the cluster (otherwise the absorption would be filled in with cluster emission).
Note the clear inner and outer bubble pairs as well as the weak shock to the northeast of the inner northern
bubble. (b) Pressure map derived from Chandra imaging X-ray spectroscopy of the Perseus cluster. Note the
thick high-pressure regions containing almost 4PV of energy surrounding each inner bubble, where V is the
volume of the radio-plasma-filled interior (Fabian et al. 2006). (c) Unsharp-masked image showing the
pressure ripples or sound waves.

order of 100 kpc, which is thus in the required range (Fabian et al. 2005). The intracluster gas
is, however, magnetized (as inferred from Faraday rotation measurements; see, e.g., Taylor et al.
2007), in which case the value of the viscosity is not clear (see Kunz et al. 2011, Parrish et al.
2012, Choi & Stone 2012). It is important to realize that for transport purposes, much of the
relevant intracluster gas cannot be classified as either collisional or collisionless but is somewhere
in between.

470 Fabian
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~106 light-year



Supermassive Black Hole

• Supermassive (>106 solar mass) black hole @ center of every galaxy 

• 4x106 Msun Black hole exists at the Galactic center of our Galaxy



Supermassive Black Holes are Active

• Active Galactic Nuclei 
(AGNs) 

• Gas accretion on to black 
holes 

• brighter than galaxies 

• Relativistic jets 

• Hot coronae

Blazar

Seyfert  
(no jet)

Black 
Hole

©NASA

Accretion 
Disk

imaginary picture of 
AGN

Radio 
Galaxy

Relativistic 
Jet



Emission from AGNs

• radio: jet, galactic cosmic rays 

• IR : dust (>~0.1 pc ~ 3e17 cm) 

• opt: accretion disk (<~0.1 pc ~ 3e17 cm) 

• X-ray: disk corona (~10 rs ~3e14 cm for 108 Msun)

andwe have takenLBol /LEdd to be unity. This synthesis ofmultiple
scaling relations will have considerable scatter, and many, if not
most, AGNs will be accreting at much lower Eddington ratios.
However, we have found that a value of (LBol /LEdd) ¼ 1 works
well and has the nice feature that it represents the minimum host
galaxy contribution thatmust be accounted for (smaller ratios im-
plying relatively more luminous hosts).

This process sets the relative scaling of the host galaxy in the
r bandpass. To actually subtract the host galaxy contribution at
all wavelengths, we use the elliptical galaxy template of Fioc
& Rocca-Volmerange (1997) scaled according to the prescrip-
tion above.We ignore the differences between spiral and elliptical
hosts as the host galaxy contribution is small where these differ-
ences matter most. Since equation (1) requires knowing LAGN
and we instead know LTot ¼ LAGN þ LHost , we use an iterative
process to determine LHost. In particular, we first assume that
LAGN ¼ LTot (in the r band) and compute LHost. We then subtract
the host contribution from the total luminosity to give a more ac-
curate estimate of LAGN, fromwhich we compute a revised value
of LHost.

Using the relative scaling of the elliptical galaxy (host) tem-
plate with respect to the observed quasar (plus host) SED, we can
determine the fractional contribution of the host galaxy at any
other wavelength. To assess the importance of the host galaxy
correction where it matters most, we determine the ratio of host
galaxy to total luminosity at 1.6 !m in the rest frame, where the
elliptical template spectrum has its peak. At 1.6 !m, we find that
the host galaxy contributes between 30% and 38% of the total
observed 1.6 !m luminosity. This fraction approaches unity for
(LBol /LEdd) ¼ 1/3, which suggests that our quasars are generally
close to Eddington (within a factor of#3) and/or that equation (1)
does not perfectly parameterize the relationship between AGN
luminosity (LBol /LEdd) and the host galaxy luminosity.
In practice, we have removed the host galaxy contribution be-

fore applying the above gap-repair process since the Elvis et al.
(1994) template has already been corrected for the host gal-
axy contribution. Furthermore, we stress that, at z ¼ 1:5, 1.6 !m
in the rest-frame corresponds to 4 !m in the observed frame;
thus, MIR-selected samples are strongly affected by host gal-
axy contamination.

Fig. 10.—Quasar SED diagnostic plot. Shown in gray are the Elvis et al. (1994) radio-quiet (solid) and radio-loud (dashed) mean SEDs. The colored lines indicate
typical spectral indices in the radio, optical, and X-ray using the same sign convention. Also shown is the typical radio-to-optical spectral index for radio-loud quasars
and the range of optical–to–X-ray spectral indices. Studies in different bands tend to use different sign conventions for spectral indices and jargon to describe them (e.g.,
steep/red/soft). The top panel shows f" , while the bottom panel shows "f" . The x-axis is labeled as log (") (bottom), and wavelength, energy, and temperature (top ).
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X-ray Emission from AGN Disks
• Power-law continuum is 

generated by 
Comptonization of disk 
photons in the corona.

Fabian ‘06

©Ricci



Accretion Disk Corona

• Black hole accretion disks have hot coronae like the Sun ? 

• High energy cutoff 

➡  

• Power-law spectrum : Compton-y parameter  

➡ 

Te ⇠ 109 K (kBTe ⇠ 102 keV)

ne ⇠ 109
✓

kBTe

100 keV

◆✓
MBH

108M�

◆�1

cm�3

BH

Corona
Disk Disk



Solar Corona Heating

• Magnetic activity heats the solar corona to ~106 K 

• Magnetic fields transfer interior convection energy to the 
corona (e.g. Matsumoto & Suzuki ’14).
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Magnetic Reconnection-Heated Corona

1.Reconnection heating = Compton Cooling in corona 

2.Conduction heating = evaporation cooling in disk 
chromosphere  
 
 

➡ 

Haardt & Maraschi ’91; Liu, Mineshige, Shibata ‘02
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Magnetic Fields around SMBHs

• Never measured. But important for 

• Corona heating  
(e.g., Haardt & Maraschi ’91; Liu, Mineshige, & Shibata ’02) 

• Jet launching  
(e.g., Blandford & Znajek ’77; Tchekhovskoy+’10, ’11) 

• If a AGN corona is magnetized,  
synchrotron radiation is expected  
(YI & Doi ’14, Raginski & Laor ‘16)

YI & Doi ‘14
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Now we live in the ALMA era.
• The Atacama Large Millimeter/submillimeter Array (ALMA) 

is an astronomical interferometer of 66 radio telescopes in 
the Atacama Desert of northern Chile (from wikipedia). 

• Covers millimeter and submillimeter bands. 

• Has much higher sensitivity and higher resolution than before.

https://en.wikipedia.org/wiki/Astronomical_interferometer
https://en.wikipedia.org/wiki/Radio_telescope
https://en.wikipedia.org/wiki/Chile


ALMA Observation toward IC 4329A

• IC 4329A 

• One of the brightest Seyfert galaxies in the Southern sky 

• Type: Seyfert 1.2 

• Distance: ~70 Mpc (~2e26 cm) 

• MBH ~ 1.2 x 108 M⦿ 

• Corona parameter from X-ray by Suzaku/NuSTAR 

• Te = 50 keV, τe=2.34 (Brenneman+’14)



cm-mm spectrum of IC 4329A Core

• Clear mm excess from cm spectrum
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Coronal parameters

• Hybrid corona model (YI & Doi ’14) 

• Non-thermal electron fraction :  
η = 0.04 (fixed) 

• Non-thermal spectral index  
p = 2.9 

• Size: 40 rs 

• B-field strength : 10 G 

• We also see the coronal synchrotron 
emission from NGC 985.
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Reconnection Corona 

• Magnetic Heating Rate 

• QB, heat ~ 1010 erg/cm2/s 

• Compton Cooling Rate 

• QIC, cool ~ 1013 erg/cm2/s (w/ L = 0.1 LEdd) 

• Magnetic field energy is NOT sufficient to keep coronae hot.

L174 MAGNETIC RECONNECTION–HEATED CORONA Vol. 572

observations of GBHCs and AGNs we know that the emitting
temperature of hot plasma is ∼109 K and the power-law spec-
trum requires a Compton y-parameter of 2y { (4kT/m c ) t ∼e

, leading to the constraint on the density of hot plasma to be1
cm!3 in a hot region of size (where9n ! 5# 10 l ∼ 10RS

is the Schwarzschild radius). A successful model shouldRS
account for these observational data.
The energy balance in the magnetic flux tube holds, between

heating by magnetic reconnection and cooling by Compton scat-
tering, thermal conduction, and cycle-synchrotron radiation. For
a typical AGN system with a black hole mass of 108 andM,

an accretion rate of ( ), the radiation2˙ ˙0.1M M p 10L /cEdd Edd Edd
energy density in a disk is ergs cm!3. The magnetic5U ≈ 10rad
field is G under the assumption of energy equipartition3B ∼ 10
with gas in the disk. We find that the Compton scattering is the
most efficient cooling mechanism in the range of above param-
eters (which is also true in GBHCs as shown in § 4). We thus
have

2B 4kT
V ≈ nj cU l, (1)A T rad24p m ce

where is the Alfvén speed, is the soft pho-in reV U p U "UA rad rad rad
ton field to be Compton scattered from both the intrinsic disk
and reprocessed radiation, and l is the length of the magnetic
loop; other constants have their standard meanings.
Therefore, the temperature in the magnetic flux tube is T p

K, which is around the observed value9 !3/2 !1 3 !11.21# 10 n U B l9 5 3 14
of ∼109 K for typical parameters of , , , and in unitsn U B l9 5 3 14
of 109 cm!3, 105 ergs cm!3, 103 G, and cm (p10RS),143# 10
respectively.
Then how do we determine the density? At the bottom of

the flux tube, structural calculations for both the solar corona
(Shmeleva & Syrovatskii 1973) and disk corona (Liu, Meyer,
& Meyer-Hofmeister 1995; Meyer et al. 2000; Liu et al. 2002)
show that there is a very thin transition layer between the
corona and the chromosphere where temperature changes very
steeply within a depth h ( ). The thermal conductive fluxh K l
there is quite large. If the initial mass density is too low, the
conduction rate can exceed the Compton cooling rate within
this thin layer (i.e., conduction timescale is less than Compton
timescale). This conduction flux then heats up some of the
chromospheric plasma into the magnetic tube in a similar way
to the solar corona (Yokoyama & Shibata 2001). This process
is called chromospheric evaporation. The density of evaporated
plasma is estimated from the energy balance at the interface,

(where the evaporat-7/2 1/2k T /h ≈ [g/ (g ! 1)] n kT (kT/m )0 evap H
ing speed is around sound speed owing to the large pressure
gradient, ergs cm!1 s!1 K!7/2, ). This plasma!6k ≈ 10 g p 5/30
eventually diffuses to the whole loop, and the averaged density
in the magnetic tube n fulfills . We thus getn h p nlevap

7/2 1/2k T g kT0 ≈ nkT . (2)( )l g ! 1 mH

Once the density n reaches a certain value, the Compton cooling
sets in and finally overwhelms the evaporation cooling; an equi-
librium is then established between the magnetic heating and
Compton cooling through the whole loop, and evaporation at
the interface becomes quite slow or even stops. For a further
check of the argument, we compare the enthalpy flux with
conductive flux from numerical calculations on the vertical struc-
ture of the frictionally heated disk corona (Liu et al. 2002),

finding that the approximation is correct in order of magnitudes.
For K, the density n given by equation (2) is9T p 1.21# 10

cm !3, which is just what is required. This implies91.6# 10
that the evaporation can build up a corona with a density of
∼109 cm!3.
Therefore, we expect two phases caused by the magnetic

reconnection heating: first, mass evaporation at the bottom of
the magnetic flux tube quickly builds the corona up to a certain
density; then, Compton scattering in the tube steadily radiates
away the magnetic heating. Combining equation (1) with equa-
tion (2), we derive T and n in the corona:

9 !1/4 3/4 1/8T p 1.02# 10 U B l K, (3)5 3 14

9 !1/2 3/2 !3/4 !3n p 1.12# 10 U B l cm . (4)5 3 14

Equations (3) and (4) reproduce the typical temperature of
109 K and density of 109 cm!3 and establish the relations be-
tween the disk and the corona through disk radiation and mag-
netic field.
The magnetic energy is assumed to be equipartitioned with

the gas energy of the disk, . Other2b { n kT / (B /8p) p 1disk disk
possible values of b have been studied byMiller & Stone (2000).
In our model, larger b means less energy dissipated through the
corona and results in lower coronal T and n as shown in equa-
tions (5)–(8). To calculate disk quantities, the classical diskmodel
(Shakura & Sunyaev 1973) is used, in which absorption is dom-
inated by electron scattering and pressure, by either gas pressure

or radiation pressure depending on the accretion rate.g rP Pdisk disk
For , we find that the soft photon field is dominatedrP p Pdisk disk
by the intrinsic disk radiation, and T and n in the corona are

9 !15/32 !3/8 !3/32 !1 75/64 1/8˙T p 1.36# 10 a b m m r l K (5)0.1 1 8 0.1 10 10

9 !15/16 !3/4 !19/16 !2 75/32 !3/4 !3˙n p 2.01# 10 a b m m r l cm , (6)0.1 1 8 0.1 10 10

with standard parameters and viscous coefficient , ,a b , m0.1 1 8
, , and in units of 0.1, 1, 108 , , , and˙ṁ r l M 0.1M 10R0.1 10 10 , Edd S
, respectively. For , the soft photon field is dom-g10R P p PS disk disk

inated by the reprocessed coronal radiations (∼40%U ≈ 0.4Urad B

of the coronal radiation is reprocessed; see Haardt & Maraschi
1991), and we have

9 !9/80 !1/8 1/80 1/10 !51/160 1/8˙T p 4.86# 10 a b m m r l K, (7)0.1 1 8 0.1 10 10

10 !9/40 !1/4 !39/40 1/5 !51/80 !3/4 !3˙n p 2.55# 10 a b m m r l cm . (8)0.1 1 8 0.1 10 10

3. FRACTION OF ACCRETION ENERGY RELEASED
THROUGH THE CORONA

So far, we have not considered a back reaction; that is, the
energy transferred from the disk to the corona by magnetic
reconnection essentially affects the disk structure. Defining f
as the fraction of accretion energy released in the reconnected
magnetic corona,

!12 ˙F B 3GMMcorf { p V , (9)( )A 3F 4p 8pRtot

?



Previous view of corona
• A standard accretion disk goes close to the BH. 

• Reconnection-heated hot coronae above/below the disk. 

• But, not enough magnetic energy from our ALMA obs.384

K. Shibata

Fig. 1.. A Unified Model of Flares: Plasmoid-Driven Reconnection Model.

(a )
(b)

(c)
(d)

Fig. 2.. Further Unified model of flares, microflares, and X-ray jets.

a result of the emergence of a twisted flux tube ? To answer this question will be an important subject in future

observations.

4. Unified Model (Plasmoid-Induced-Reconnection Model)
On the basis of observations of X-ray plasmoid ejections from compact impulsive flares (Shibata et al. 1995,

Ohyama and Shibata 1997, 1998), Shibata (1996, 1997a,b) proposed the plasmoid-induced-reconnection model, by

extending the classical CSHKP model. In this model, the plasmoid ejection plays a key role in triggering fast

reconnection (Fig. 1). There are basically two roles of a plasmoid in triggering fast reconnection.

First, a plasmoid can store energy by inhibiting reconnection. Only after the plasmoid is ejected from the current



A possible interpretation: Truncated disk

• Standard disk is truncated at some radii (e.g. ~40 rs) 

• The inner part becomes hot accretion flow (Ichimaru ’77, Narayan 
& Yi ’94, ’95). 

• Heated by advection. 

• Suggested for Galactic X-ray binary obs.  

(e.g. Poutanen+’97; Kawabata+’10; Yamada+’13).





cm-mm spectrum of IC 4329A Core

• Non-thermal electrons should exist in the coronae
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Generation of High Energy Electrons in Coronae

• 1st-order Fermi acceleration can produce the observed 
electrons with an injection index of 2 

• Other mechanisms may be difficult. 

• Because of low magnetic field and accretion rate.

Acceleration & Cooling Electron Spectrum

YI + ‘19



High energy emission from AGN coronae

• MeV emission is expected, but no GeV emission due to pair creation 

• Protons would also be simultaneously accelerated.  

• generation of neutrinos

YI +’19



Cosmic High Energy Background

• Seyferts can explain X-ray, MeV gamma-ray, & TeV neutrino background. 

• But, if both protons and electrons carry ~5% of the shock energy and gyrofactor is 30.

YI + ‘19



Seyferts and Cosmic MeV Gamma-ray 
Background

• Seyferts can explain X-ray & MeV gamma-ray background 
(YI+’08, YI+’19).

YI + ‘19



Blazars and Cosmic MeV Gamma-ray Background

• Blazars contribute to the GeV gamma-ray background with a 
peak at ~100 MeV (e.g. YI & Totani ’09, Ajello +’12) 

➡Two components in gamma-ray spectra or two populations?
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Figure 15. Spectrum of the CXB and contribution of the FSRQs (blue region). The data points are different measurements of the diffuse background as indicated in
the label (Fukada et al. 1975; Gendreau et al. 1995; Watanabe et al. 1997; Weidenspointner et al. 2000; Revnivtsev et al. 2003; Ajello et al. 2008b). The dashed line is
the total contribution of Seyfert-like AGNs computed with the model of Gilli et al. (2007) arbitrarily multiplied by 1.1 to fit the CXB emission at 30 keV. The solid
line is the sum of the Seyfert-like and FSRQs. The spectrum of FSRQs has been modeled as a power-with a mean photon index of 1.6. The blue region represents the
range of values obtained from the Monte Carlo realizations of best-fit parameter ranges. The magenta solid line represents the contribution of BL Lac objects whose
uncertainty is not plotted for clarity, but is, due to the low number of objects, >30% at any energy.
(A color version of this figure is available in the online journal.)
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Figure 16. Contribution of FSRQs (blue region) to the CXB. The data are the same as in Figure 15, but in this case the SED of the FSRQs has been modeled with
a double power-law function. The IC peak is located in the ∼MeV region. The contribution of BL Lac objects is the same as in Figure 15 and is not drawn here for
clarity. The blue region represents the range of values obtained from the Monte Carlo realizations of best-fit parameter ranges.
(A color version of this figure is available in the online journal.)

contribution of FSRQs assuming that their IC peak is located
in the MeV band. We find that in this case FSRQs account for
the entire CXB emission up to 10 MeV. While there is basically
no difference with respect to the single power-law case below
500 keV, the curvature of the IC peak makes the contribution of
FSRQs to the CXB slightly smaller around 1 MeV. We also note
that moving the IC peak beyond 10 MeV produces a negligible
curvature in the FSRQ integral emission and thus this case is
well represented by the single power-law model.

Thus, the two analyses shown here cover well the case in
which the IC peak is either located at MeV or at GeV energies

(double and single power-law model, respectively). We must
therefore conclude that the contribution of FSRQs to the diffuse
emission is relevant and likely accounts for a substantial fraction
(potentially ∼100%) of the CXB around 1 MeV. Interpreting
the CXB as a strong constraint, we derive that the population
of FSRQ sampled by BAT must have the IC peak located
in the MeV band in order not to overproduce the diffuse
background at ∼10 MeV. Bhattacharya et al. (2009) recently
reported for the FSRQs detected by EGRET a mean photon
index of 2.34 ± 0.15. Since FSRQs have a mean photon index
of 1.6 in BAT, this implies already that the IC peak is located

Ajello+’09

The Astrophysical Journal, 751:108 (20pp), 2012 June 1 Ajello et al.
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Figure 11. Contribution of unresolved (top) and total (resolved plus unresolved, bottom) FSRQs to the diffuse extragalactic background (blue line) as determined
by integrating the luminosity function coupled to the SED model derived in Section 5.3. The hatched band around the best-fit prediction shows the 1σ statistical
uncertainty while the gray band represents the systematic uncertainty.
(A color version of this figure is available in the online journal.)

e.g., BL Lac objects and starburst galaxies make significant
contributions to the IGRB intensity.

7. BEAMING: THE INTRINSIC LUMINOSITY FUNCTION
AND THE PARENT POPULATION

The luminosities L defined in this work are apparent isotropic
luminosities. Since the jet material is moving at relativistic speed
(γ >1), the observed, Doppler boosted, luminosities are related
to the intrinsic values by

L = δpL, (21)

where L is the intrinsic (unbeamed) luminosity and δ is the
kinematic Doppler factor

δ = (γ −
!

γ 2 − 1 cos θ )−1, (22)

where γ = (1−β2)−1/2 is the Lorentz factor and β = v/c is the
velocity of the emitting plasma. Assuming that the sources have
a Lorentz factor γ in the γ1 ! γ ! γ2 range then the minimum
Doppler factor is δmin = γ −1

2 (when θ = 90◦) and the maximum
is δmax = γ2 +

√
γ 2

2 −1 (when θ = 0◦). We adopt a value of p = 4
that applies to the case of jet emission from a relativistic blob
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Not easy to resolve the MeV sky.

•Even achieving the sensitivity of  10-11 erg/cm2/s, it is 
hard to resolve the MeV sky (YI+’15). 

•Answers are in “Anisotropy”. 
• Cosmic background radiation is not isotropic. 

• There is anisotropy due to the sky distribution of its origins.

In order to study turbulence, magnetic fields, and rel-
ativistic particles in various astrophysical systems, and
to draw a more complete picture of the high energy
Universe, observations by a spectrometer with an ex-
tremely high resolution capable of measuring the bulk
plasma velocities and/or turbulence with a resolution
corresponding to a speed of ∼ 100 km s−1 are desirable.
In galaxy clusters, X-ray hot gas is trapped in a gravita-
tional potential well and shocks and/or turbulence are
produced as smaller substructures with their own hot
gas halos fall into and merge with the dominant cluster.
Large scale shocks can also be produced as gas from
the intracluster medium falls into the gravitational po-
tential of a cluster. The bulk motions and turbulences
are in turn responsible for acceleration of particles to
very high energies, which is manifested via non-thermal
emission processes, best studied with sensitive hard X-
ray and γ-ray measurements.
Understanding the non-thermal phenomena in the

Universe is one of the key goals of modern astrophysics.
The origin of galactic and extragalactic cosmic rays
and their roles in the history of the Universe still re-
main unsolved. In this paper, we will discuss contribu-
tions by future X-ray missions which are under devel-
opment in conjunction with possible synergy with the
next-generation TeV γ-ray observatory, the Cherenkov
Telescope Array (CTA).

2. Future X-ray Missions

A number of new X-ray missions which are ex-
pected to revolutionize the current understanding of the
high energy Universe are being developed and planned.
In the next decade, ASTROSAT [3], NuSTAR [4], e-
ROSITA [5], ASTRO-H [6] and GEMS [7] will be re-
alized. Among them, the 6th Japanese X-ray satellite
ASTRO-H, to be launched in 2014, is the next major in-
ternational X-ray mission which will be operated as an
observatory. Much larger missions, such as Athena [8]
and LOFT [9], have been proposed for the 2020’s.
ASTROSAT is a multi-wavelength astronomymission

carrying four X-ray instruments, which will be placed
in a 650-km, near-equatorial orbit. It will provide data
mainly in the area of X-ray timing and broadband spec-
troscopy covering the energy range 0.3 − 150 keV, with
emphasis on hard X-rays. Diffuse UV studies can also
be carried out with an onboard UV telescope.
NuSTAR and ASTRO-H will carry the first focusing

hard X-ray telescopes with graded multilayer reflect-
ing surfaces that operate in an energy range of 5 − 80
keV. Imaging and especially focusing instruments have
two tremendous advantages. Firstly, the volume of the

Figure 1: Differential sensitivities of different X-ray and γ-ray instru-
ments for an isolated point source. Lines for the Chandra/ACIS-S, the
Suzaku/HXD (PIN and GSO), the INTEGRAL/IBIS (from the 2009
IBIS Observer’s Manual), and the ASTRO-H/HXI,SGD are the 3σ
sensitivity curves for 100 ks exposures. A spectral bin with ∆E/E = 1
is assumed for Chandra and ∆E/E = 0.5 for the other instruments.
Note that the XMM-Newton instruments have a slightly better sen-
sitivity than Chandra for 100 ks, while SWIFT/BAT is characterized
by almost the same sensitivity limit as IBIS/ISGRI within the range
from 15 keV up to ∼ 300 keV. The sensitivities of the COMPTEL and
EGRET instruments correspond to the all-lifetime all-sky survey of
CGRO. The curve denoting Fermi-LAT is the pre-launch sensitivity
evaluated for the 5σ detection limit at high Galactic latitudes with
1/4-decade ranges of energy in a one-year dataset [10]. The curves
depicting the MAGIC Stereo system [11] and H.E.S.S. are given for
5σ detection with > 10 excess photons after 50 h exposure. The sim-
ulated CTA configuration C sensitivity curve for 50 h exposure at a
zenith angle of 20 deg is taken from [12]. Red dashed line denotes the
differential energy flux corresponding to the mCrab unit in various
energy ranges as adopted in the literature.

focal plane detector can be made much smaller than
for non-focusing instruments, so reducing the absolute
background level since the background flux generally
scales with the size of the detector. Secondly, the resid-
ual background, often time-variable, can be measured
simultaneously with the source, and can be reliably sub-
tracted.
As shown in Figure 1, the sensitivity to be achieved

by ASTRO-H (and similarly NuSTAR) is about two or-
ders of magnitude improved compared to previous col-
limated or coded mask instruments that have operated
in this energy band (Figure 2). This will bring a break-
through in our understanding of hard X-ray spectra
of celestial sources in general. With this sensitivity,
30− 50% of the hard X-ray Cosmic Background would
be resolved. This will enable us to track the evolution
of active galaxies with accretion flows which are heavily
obscured, in order to accurately assess their contribution
to the Cosmic X-ray Background over cosmic time. In
addition, simultaneous observations of blazar-type ac-
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Cosmic MeV Gamma-ray Background 
“Anisotropy”

•  Future MeV satellites will distinguish Seyfert & blazar 
scenarios through anisotropy in the sky.

Flim=1e-10�erg/
cm2/s�

Poisson�term�only

YI+�‘13b

10-10

10-9

10-8

10-7

10-6

 0.1  1  10

C
lp  [(

ph
/c

m
2 /s

)2 sr
-1

]

Energy [MeV]

Radio-quiet AGNs (Ueda+’03)
Radio-quiet AGNs (Inoue+’08)

Blazars (Ajello+’09)

Blazar

Seyfert



GeV Gamma-ray Sky

Fermi 
5-year survey



6th International Fermi Symposium - Arlington, VA - November 9-13, 20156th International Fermi Symposium - Arlington, VA - November 9-13, 2015

Dark	Matter	searches

Terrestrial	γ-ray	Flashes

GRBs

Fermi	Bubbles

Novae

SNRs	&	PWN

Blazars

Radio	Galaxies

LMC	&	SMC
Starburst	Galaxies

γ-ray	Binaries

Globular	Clusters

Sun:	flares	&	CR	interactions

Pulsars:	isolated,	binaries,	&	MSPs

Unidentified	Sources

Gal
act

ic

Ext
rag

ala
ctic

e+e- spectrum
7

Fermi Science MenuGeV Gamma-ray Objects

© Racusin @ 6th Fermi Symp.

Background



MeV Gamma-ray Sky
COMPTEL

• Intersection between thermal and non-thermal universe 

• High Energy Astrophysics + Nuclear Astrophysics 

• Many supermassive black holes are expected to be bright in MeV (YI+’15)  

• We should open the MeV window in the sky.
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MeV Gamma-ray Observations
In order to study turbulence, magnetic fields, and rel-

ativistic particles in various astrophysical systems, and
to draw a more complete picture of the high energy
Universe, observations by a spectrometer with an ex-
tremely high resolution capable of measuring the bulk
plasma velocities and/or turbulence with a resolution
corresponding to a speed of ∼ 100 km s−1 are desirable.
In galaxy clusters, X-ray hot gas is trapped in a gravita-
tional potential well and shocks and/or turbulence are
produced as smaller substructures with their own hot
gas halos fall into and merge with the dominant cluster.
Large scale shocks can also be produced as gas from
the intracluster medium falls into the gravitational po-
tential of a cluster. The bulk motions and turbulences
are in turn responsible for acceleration of particles to
very high energies, which is manifested via non-thermal
emission processes, best studied with sensitive hard X-
ray and γ-ray measurements.
Understanding the non-thermal phenomena in the

Universe is one of the key goals of modern astrophysics.
The origin of galactic and extragalactic cosmic rays
and their roles in the history of the Universe still re-
main unsolved. In this paper, we will discuss contribu-
tions by future X-ray missions which are under devel-
opment in conjunction with possible synergy with the
next-generation TeV γ-ray observatory, the Cherenkov
Telescope Array (CTA).

2. Future X-ray Missions

A number of new X-ray missions which are ex-
pected to revolutionize the current understanding of the
high energy Universe are being developed and planned.
In the next decade, ASTROSAT [3], NuSTAR [4], e-
ROSITA [5], ASTRO-H [6] and GEMS [7] will be re-
alized. Among them, the 6th Japanese X-ray satellite
ASTRO-H, to be launched in 2014, is the next major in-
ternational X-ray mission which will be operated as an
observatory. Much larger missions, such as Athena [8]
and LOFT [9], have been proposed for the 2020’s.
ASTROSAT is a multi-wavelength astronomymission

carrying four X-ray instruments, which will be placed
in a 650-km, near-equatorial orbit. It will provide data
mainly in the area of X-ray timing and broadband spec-
troscopy covering the energy range 0.3 − 150 keV, with
emphasis on hard X-rays. Diffuse UV studies can also
be carried out with an onboard UV telescope.
NuSTAR and ASTRO-H will carry the first focusing

hard X-ray telescopes with graded multilayer reflect-
ing surfaces that operate in an energy range of 5 − 80
keV. Imaging and especially focusing instruments have
two tremendous advantages. Firstly, the volume of the

Figure 1: Differential sensitivities of different X-ray and γ-ray instru-
ments for an isolated point source. Lines for the Chandra/ACIS-S, the
Suzaku/HXD (PIN and GSO), the INTEGRAL/IBIS (from the 2009
IBIS Observer’s Manual), and the ASTRO-H/HXI,SGD are the 3σ
sensitivity curves for 100 ks exposures. A spectral bin with ∆E/E = 1
is assumed for Chandra and ∆E/E = 0.5 for the other instruments.
Note that the XMM-Newton instruments have a slightly better sen-
sitivity than Chandra for 100 ks, while SWIFT/BAT is characterized
by almost the same sensitivity limit as IBIS/ISGRI within the range
from 15 keV up to ∼ 300 keV. The sensitivities of the COMPTEL and
EGRET instruments correspond to the all-lifetime all-sky survey of
CGRO. The curve denoting Fermi-LAT is the pre-launch sensitivity
evaluated for the 5σ detection limit at high Galactic latitudes with
1/4-decade ranges of energy in a one-year dataset [10]. The curves
depicting the MAGIC Stereo system [11] and H.E.S.S. are given for
5σ detection with > 10 excess photons after 50 h exposure. The sim-
ulated CTA configuration C sensitivity curve for 50 h exposure at a
zenith angle of 20 deg is taken from [12]. Red dashed line denotes the
differential energy flux corresponding to the mCrab unit in various
energy ranges as adopted in the literature.

focal plane detector can be made much smaller than
for non-focusing instruments, so reducing the absolute
background level since the background flux generally
scales with the size of the detector. Secondly, the resid-
ual background, often time-variable, can be measured
simultaneously with the source, and can be reliably sub-
tracted.
As shown in Figure 1, the sensitivity to be achieved

by ASTRO-H (and similarly NuSTAR) is about two or-
ders of magnitude improved compared to previous col-
limated or coded mask instruments that have operated
in this energy band (Figure 2). This will bring a break-
through in our understanding of hard X-ray spectra
of celestial sources in general. With this sensitivity,
30− 50% of the hard X-ray Cosmic Background would
be resolved. This will enable us to track the evolution
of active galaxies with accretion flows which are heavily
obscured, in order to accurately assess their contribution
to the Cosmic X-ray Background over cosmic time. In
addition, simultaneous observations of blazar-type ac-
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– A 3D-imaging Calorimeter to absorb and measure the energy of the secondary
particles; it is made of an array of small scintillation crystals (33,856 CsI (Tl)
bars of 5×5×80 mm3) read out by silicon drift photodetectors to achieve the
required energy resolution (4.5% at 662 keV);

– An Anticoincidence system (AC), composed of a standard AC shielding sur-
rounding the top and four lateral sides of the instrument, and a Time-of-Flight
unit located below the instrument, to veto the particle background arising from
the platform; it is made of plastic scintillator tiles with a detection efficiency
exceeding 99.99%.

The payload is completed by a Payload Data Handling Unit (PDHU) and a Power
Supply Unit (PSU) located below the Calorimeter inside the platform together with
the back-end electronics (BEE). The PDHU is in charge of the payload internal con-
trol, the scientific data processing, the operative mode management, the on-board
time management, and the telemetry and telecommand management. The total pay-
load mass and power budget (including maturity margins) are 999 kg and 1340 W,
respectively.

Interactions of photons with matter in the e-ASTROGAM energy range is domi-
nated by Compton scattering from (below) 0.2 MeV up to about 15 MeV in silicon,
and by e+e− pair production in the field of a target nucleus at higher energies. e-
ASTROGAM maximizes its efficiency for imaging and spectroscopy of energetic
gamma-rays by using both processes. Figure 12 shows a schematic representation of
topologies for Compton and pair events.

For pair-production events, e-ASTROGAM is similar in design to AGILE and
Fermi-LAT, but optimized for lower energy. This goal is achieved by eliminating the
passive converters used in both these instruments. This approach reduces gamma-ray
conversion efficiency, but it improves the instrument point-spread function (PSF) by

Fig. 12 Representative topologies for a Compton event (left) and for a pair event (right). Photon tracks
are shown in pale blue, dashed, and electron and/or positron tracks in red, solid. From [95]

• Poor sensitivity 

• 32 srcs in MeV 

• 1.25M srcs in X-ray, 3000 srcs 
in GeV, ~150 srcs in TeV 

• Compton Camera 

• Detect Compton scattering 
events

Takahashi+’13
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Gamma-Ray and AntiMatter Survey 
(GRAMS; Aramaki+’19)

• Concept for future 

• MeV gamma-ray observation 

• Antimatter-based dark matter 
search  

• Super-pressure ballon
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Figure 1. Detection concept for charged particles and gamma rays (Compton scattering and pair-production).

by measuring antiprotons and antideuterons produced
by dark matter annihilation or decay. The GRAMS
project, a next generation experiment, could have an
extended sensitivity to antideuterons, which could po-
tentially allow us to obtain crude spectrum information
for antideuterons (see Section 4.2).

GRAMS is the first project to simultaneously tar-
get both astrophysical observations with MeV gamma
rays and an indirect dark matter search with antimat-
ter using a Liquid Argon Time Projection Chamber
(LArTPC) detector. Liquid noble gas detectors have
been used for gamma-ray astronomy and underground
dark matter search experiments. The LXeGRIT (The
Liquid Xenon Gamma-Ray Imaging Telescope) experi-
ment successfully operated a LXeTPC detector during
a balloon flight (Aprile et al. 1998, 2000; Curioni et al.
2007). The performance of the LArTPC detector, in
particular, has been significantly improved over the past
decade for neutrino and dark matter search experiments
(Chepel & Araújo 2013). The large-scale LArTPC de-
tector in GRAMS, unlike current and previous experi-
ments with semiconductors or scintillation crystals, can
o↵er enhanced sensitivities to gamma rays and antipar-
ticles at very modest cost as described in the following
sections.

2. INSTRUMENT DESIGN

The GRAMS instrumentation is composed of a
LArTPC detector surrounded by two layers of plas-
tic scintillators. The LArTPC detector in GRAMS will
approximately be 140 ⇥ 140 ⇥ 20 cm while the over-
all instrument size will approximately be 3.5 ⇥ 3.5 ⇥
2 m (see Figure 2). The preliminary mass estimate

indicates that the payload size is compatible with the
Long-Duration Balloon (LDB) flight. Unlike semicon-
ductor or scintillation detectors, the GRAMS detector
is cost-e↵ective, which allows a large-scale detector con-
sidering that argon is both plentiful and low-cost. The
LArTPC detector works as a Compton camera and a
calorimeter for MeV gamma-ray observations as well as
a particle tracker for antimatter measurements. The
plastic scintillators will veto the incoming charged par-
ticles for MeV gamma-ray observations while triggering
the incoming particles for antimatter detection by mea-
suring the time-of-flight (TOF) between the outer and
inner scintillator layers. The LArTPC detector and the
readout electronics will be cooled down to ⇠85 K while
the plastic scintillators will be operated at ambient tem-
perature.

Particles entering the LArTPC detector excite and
ionize argon atoms, producing scintillation light and ion-
ization electrons. The scintillation light measured by

LArTPC (140cm x 140cm x 20cm)

1.5m

30cm

1.5m

3.5m

2m

Plastic Scintillators

≈≈
≈ ≈

≈

≈ ≈⊙ y
x

z

Figure 2. GRAMS detector: LArTPC surrounded by plas-
tic scintillators
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Figure 6. The continuum gamma-ray sensitivities at a 3� confidence level for the GRAMS balloon experiment (one LDB flight,
35 days) and a possible satellite mission with detector upgrades (three year observation time) compared to the sensitivities for
previous and future experiments. Black dashed lines represent the flux levels of 1-100 mCrab (Takahashi et al. 2012; De Angelis
et al. 2017).

Scnt,k(E) ' k

s
�B�⌦

AeffT�E

where k is the significance level of the source detec-
tion, �B [ph/cm2/MeV/sr/s] is the background flux ob-
tained from EXPACS1, T [s] is the observation time, �E

Sensitivity
[ph/cm2/s]

GRAMS SPI/
INTEGRAL

Improvement
Factor

e+ (511 keV) 1.3⇥ 10�6 5.0 ⇥10�5 ⇠40
56Co (847 keV) 7.5⇥ 10�7 ⇠2 ⇥10�5 ⇠25
44Ti (1157 keV) 6.3⇥ 10�7 ⇠2 ⇥10�5 ⇠30
60Fe (1173 keV) 6.3⇥ 10�7 ⇠2 ⇥10�5 ⇠30
22Na (1275 keV) 6.1⇥ 10�7 ⇠2 ⇥10�5 ⇠30
60Fe (1333 keV) 5.9⇥ 10�7 ⇠2 ⇥10�5 ⇠30
26Al (1809 keV) 5.2⇥ 10�7 2.5 ⇥10�5 ⇠50
2H (2223 keV) 4.8⇥ 10�7 ⇠2 ⇥10�5 ⇠40
12C* (4438 keV) 4.0⇥ 10�7 ⇠1 ⇥10�5 ⇠25

Table 1. The GRAMS line sensitivity to positron
annihilation and radioactive isotopes compared with
SPI/INTEGRAL (3�, observation time = 106 s).

1
EXcel-based Program for calculating Atmospheric Cosmic

ray Spectrum (EXPACS) instantaneously calculates terrestrial

cosmic ray fluxes of neutrons, protons, and ions with charge

up to 28 (Ni) as well as muons, electrons, positrons, and pho-

[MeV ] is the energy bandwidth around E (�E = 0.5E),
and �⌦ [sr] is the solid angle corresponding to the an-
gular resolution.

Figure 6 shows the GRAMS gamma-ray continuum
sensitivities at a 3� confidence level for one LDB flight
(35 days) and a future satellite mission with detector
upgrades (three year observation time). Flux levels for
1-100 mCrab are shown for reference. GRAMS would
be able to extensively explore gamma rays in the MeV
energy domain. In particular, the sensitivity for a single
LDB flight (35 days) could be an order of magnitude im-
proved compared to previous experiments2 (Takahashi
et al. 2012) and a few times better than the sensitivities
for the future COSI-X mission3 with three Ultra-Long-
Duration Balloon (ULDB) flights (3 ⇥ 100 days). The
sensitivity for the GRAMS satellite mission could be a
few times better than the sensitivity for e-ASTROGAM
at E < 10 MeV. e-ASTROGAM is a future satellite
mission that requires ⇠50 layers of double-sided sili-

tons nearly anytime and anywhere in the Earth’s atmosphere

(https://phits.jaea.go.jp/expacs/).

2
COSI collaboration website (The Compton Spectrometer and

Imager, http://cosi.ssl.berkeley.edu)

3
The sensitivity was estimated based on the observation time

and improved angular resolution, compared to the COSI sensitiv-

ity.

• Liquid Argon time 
projection chamber 
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Summary
• Activity of supermassive black holes is a key for understanding the 

cosmic history 

• Coronal synchrotron emission tells magnetic fields near SMBHs. 

• ALMA has detected coronal synchrotron emission. 

• weak magnetic field 

• non-thermal electrons in coronae 

• Seyferts may be responsible for cosmic X-ray, MeV gamma-ray, and 
TeV neutrino background fluxes. 

• Future MeV gamma-ray mission is important.



Cosmic X-ray Background Radiation

• The origin of CXB is Seyferts. 

• >90 % of CXB at 0.5-10 keV has been resolved to 
individual AGNs.

90 R. Gilli et al.: The synthesis of the cosmic X-ray background

Fig. 15. a): The cosmic XRB spectrum and predicted contribution from the population of Compton-thin AGN. The different XRB measurements
are explained on the top left: different instruments on board HEAO-1 (Gruber 1992; Gruber et al. 1999); ASCA GIS (Kushino et al. 2002); ROSAT
PSPC (Georgantopoulos et al. 1996); two different measurements by XMM (Lumb et al. 2002; De Luca & Molendi 2003); ASCA SIS (Gendreau
et al. 1995); BeppoSAX (Vecchi et al. 1999); RXTE (Revnivtsev et al. 2003). At E > 100 keV the plotted datapoints are from HEAO-1 A4 MED
(red triangles: Gruber 1992; Gruber et al. 1999; shaded area: Kinzer et al. 1997); balloon experiments (blue triangles, Fukada et al. 1975); SMM
(green circles, Watanabe et al. 1997). The blue errorbar at 0.25 keV is from shadowing experiments by Warwick & Roberts (1998). Also shown are
the XRB fractions resolved by Worsley et al. (2005) in the Lockman Hole (red diamonds), CDFS (cyan crosses) and CDFN (black crosses). The
resolved fraction in the CDFS as measured by Tozzi et al. (2001a) is also shown (gold datapoints). Solid lines refer to the contribution of different
AGN classes according to model m2. Unobscured AGN, obscured Compton-thin AGN, total AGN plus galaxy cluster are shown with a red, blue
and magenta curve, respectively. b): Same as the previous panel but including also the contribution of Compton-thick AGN (black line).

and Chandra. We will address the issue of the XRB spectral in-
tensity in the Discussion.

Having constrained the space density of Compton-thick
AGN with the fit to the XRB, the source counts in the 0.5–2 keV,
2–10 keV and 5–10 keV can be computed for the entire
AGN population. Although Compton-thick AGN provide a mea-
surable contribution only at very faint fluxes (see Figs. 9–11), it
is interesting to look at the behaviour of their log N − log S in
more detail. In the soft band (see Fig. 9) the curves for mildly and
heavily Compton-thick AGN coincide since i) their space den-
sity is the same and ii) they have the same K-correction. Indeed,
since the spectrum of mildly and heavily Compton-thick AGN
is the same (reflection dominated) up to ∼10 keV (see Fig. 1),
the 0.5–2 keV band is sampling an identical continuum even
for sources at high redshift (up to z ∼ 4). In the 2–10 keV
and 5–10 keV band instead the curves for mildly Compton-
thick and heavily Compton-thick sources show significant differ-
ences: at very bright fluxes, above ∼10−12 cgs, where only local
sources are visible, the log N− log S curves of the two Compton-
thick classes coincide because in the 2–10 keV rest frame band
their spectrum is dominated by the same reflection continuum
(Fig. 1). On the contrary, at fainter fluxes, ∼10−14−10−15 cgs,
where more distant sources can be detected, the surface density
of mildly Compton-thick AGN appears about twice that of heav-
ily Compton-thick AGN because of the stronger K-correction
produced by the transmitted continuum (Fig. 1).

8. Additional constraints

8.1. The observed fractions of obscured
and Compton-thick AGN

There is strong evidence, obtained combining deep and shal-
low surveys over a broad range of fluxes, of an increasing frac-
tion of obscured AGN towards faint fluxes (see e.g. Piconcelli
et al. 2003). This general trend was expected and predicted by

AGN synthesis models. However, the very steep increase in
the observed ratio from bright to faint fluxes is poorly repro-
duced by models where the obscured to unobscured AGN ratio
does not depend on X-ray luminosity (see Comastri 2004, for
a review), while it is best fitted by assuming that the obscured
AGN fraction increases towards low luminosity and/or high red-
shifts (La Franca et al. 2005).

We compare the observed fraction of AGN with log NH > 22
with the model predictions in Fig. 16. The choice of an absorp-
tion threshold at log NH > 22 rather than at log NH > 21 provides
a more solid observational constraint, given the uncertainties in
revealing mild absorption in sources at moderate to high redshift
and/or with low photon statistics (Tozzi et al. 2006; Dwelly et al.
2005). The model curve is able to reproduce the steep increase
of the absorbed AGN fraction from about 20–30% at<∼10−13 cgs,
i.e. at the flux level of ASCA and BeppoSAX medium sensitiv-
ity surveys, to 70–80% as observed at 5 × 10−15 cgs in the deep
Chandra fields. Recently, Tozzi et al. (2006) performed a de-
tailed X-ray spectral analysis of the CDFS sources, identifying
14 objects, i.e. about 5% of the sample, as likely Compton-thick
candidates. As shown in Fig. 16, this measurement is found to be
in excellent agreement with the fraction of Compton-thick AGN
predicted by our model at that limiting flux. These results con-
firm that below 10 keV the large population of Compton-thick
sources is poorly sampled even by the deepest surveys.

Very recently the first statistically well defined samples of
AGN selected at energies above 10 keV have become avail-
able. The first release of AGN catalogs detected by the IBIS
(20–100 keV band) and ISGRI (20–40 keV band) instruments
on board INTEGRAL (Bird et al. 2006; Beckmann et al. 2006)
includes about 40–60 objects. At the bright fluxes sampled by
INTEGRAL (a few times 10−11 cgs in the 20–40 keV band),
about two thirds of the identified AGN are absorbed by a col-
umn density in excess of log NH > 22 and about 10–15%
have been found to be Compton-thick (Beckmann et al. 2006;

Gilli+’07
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Figure 11. Comparison of the best-fit XLF shape between different redshifts
(CTN AGNs only).
(A color version of this figure is available in the online journal.)

also gives a good description of our data. Unlike the LDDE,
the LADE assumes a constant relative shape of the XLF in the
logarithmic scales over the full redshift range, and its break
luminosity and normalization is given as a function of redshift.
We perform an ML fit to the whole sample by adopting the
same formulation of the XLF as given in Aird et al. (2010). A
chi-squared test for the two-dimensional histograms of flux and
redshift between the best-fit model and data yields χ2 = 207.1
(dof = 114). The LADE model is thus rejected with a p value
of <10−7. We infer that it is difficult to distinguish the LDDE
and LADE models in Aird et al. (2010) because of the smaller
number of samples used there; indeed Aird et al. (2010) show
that the LDDE gives a better fit to their data than the LADE,
although the difference is not significant.

6.4. Comparison with Previous Works

The parameters of the AGN XLF are better constrained than in
any of previous works thanks to our large sample size (≈15 and
≈4 times larger than those used by U03 and H05, respectively).
Here, we compare them with those of the LDDE model by
U03 and by H05 as representative ones. Although the direct
comparison with U03 is not trivial as the formulation of the
XLF in U03 is simpler than ours (e.g., β1 = 0 is assumed in
U03), the overall parameters are in good agreement between
our work and U03 except for γ2. The overall shape of our XLF
derived for all CTN AGNs is almost consistent with that by
H05 derived only for type-1 AGNs (see their Table 5) within
the errors except for α (=α1 in our paper), which is found to be
slightly larger (α1 = 0.29±0.02) than in H05 (α = 0.21±0.04).
Note that the zc,44 = 0.21 ± 0.04 parameter defined in H05 can
be converted to zc = 1.96 ± 0.15 with α = 0.21 (=α1 in our
paper), and thus agrees with our result (zc = 1.86 ± 0.07). Our
best-fit model has steeper slopes in the double power-law form
for the local XLF, γ1 = 0.96 ± 0.04 and γ2 = 2.71 ± 0.09, than
those obtained by H05. This can be explained by the luminosity
dependence of the absorbed-AGN fraction. Our local XLF is
well consistent with the Ballantyne (2014) result as determined
by the “multiband” fit.

We also determine the evolution of the absorption fraction
with an unprecedented accuracy, a1 = 0.48 ± 0.05, in the form

Figure 12. Comoving number density of AGNs plotted against redshift in
different luminosity bins (CTN AGNs only). The curves are the best-fit model,
and the data points are calculated from either the soft- or hard-band sample (see
Section 6).
(A color version of this figure is available in the online journal.)

of (1 + z)a1 that is saturated above z = 2. La Franca et al.
(2005) model the redshift evolution of the absorption fraction
by a different parameterization, adopting a linear function of z
for the fraction of AGNs with log NH < 21. According to their
best-fit model (model 4), where the constant NH distribution is
assumed over log NH = 21–25, the fraction of absorbed CTN
AGNs (log NH = 22–24) in the total CTN AGNs (log NH < 24)
at log LX = 44 is 2.3 times higher at z = 2 than at z = 0. This
corresponds to a1 ≈ 0.75 when modeled by (1 +z)a1. Similarly,
Hasinger (2008) obtain (1 + z)0.62±0.11 that is saturated at z > 2.
The reason why both La Franca et al. (2005) and Hasinger
(2008) obtain larger indices than ours could be the difference
in the adopted absorption fraction in the local universe. Both of
them utilize the HEAO1 samples, from which somewhat smaller
absorption fractions are estimated compared with the Swift/
BAT and MAXI results. In the La Franca et al. (2005) model,
the fraction of CTN AGNs in the total CTN AGNs is ≈0.25
at log LX = 44, which can be converted to ψ0

43.75 ≈ 0.31 with
β = 0.24. This value is similar to that presented in Hasinger
(2008), while it is smaller than our result obtained from the
Swift/BAT sample, ψ0

43.75 = 0.43 ± 0.03. The reason for the
discrepancy is unclear but may be attributed to the statistical
error due to the small size of the HEAO1 A2 sample (Piccinotti
et al. 1982) and/or incompleteness of the HEAO1 A1 and A3
sample (Grossan 1992). Note that our best-fit slope is larger
than that in the model by Ballantyne et al. (2006), a1 ≈ 0.3,
where the absorption fraction is assumed to be saturated above
z = 1.0. Treister & Urry (2006) obtain a similar slope to ours,
a1 ≈ 0.4 ± 0.1 without saturation up to z = 4, by correcting
for selection biases due to the low completeness (53%) in their
sample.

7. STANDARD POPULATION SYNTHESIS
MODEL OF THE XRB

7.1. Model Predictions

We have constructed a new XLF of AGNs by utilizing one
of the largest samples with a high degree of identification com-
pleteness combined from surveys in different energy bands. We
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