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MeV Gamma-ray Sky

• High Energy Non-thermal and Heavy Nuclear Astrophysics  
• We should open the MeV window in the sky.

COMPTEL
32 objects 

Note: >50 Candidates in GW now erg/cm2/s > 1 × 10−10
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FIG. 4 511 keV line map derived from 5 years of INTE-
GRAL/SPI data (from Weidenspointner et al., 2008a).

based on approximately one year of SPI data (Fig. 3).
The two maps are compatible with each other (within
their uncertainties), suggesting that the positronium
fraction does not vary over the sky. The images illustrate
the remarkable predominance of the spheroidal compo-
nent. In contrast to OSSE data, which suggested a rela-
tively strong disk component, the Galactic disk seemed to
be completely absent in the first year SPI images. Model
fitting indicated only a marginal signal from the Galac-
tic disk, corresponding to a bulge-to-disk flux ratio > 1
(Knödlseder et al., 2005). This strong predominance of
the Galactic bulge, unseen in any other wavelength, stim-
ulated ”unconventional” models involving dark matter
(Sec. IV.C). However, Prantzos (2006) pointed out that
the data could not exclude the presence of disk emission
of a larger latitudinal extent (resulting from positrons
propagating far away from their sources), which could be
rather luminous and still undetectable by SPI, because
of its low surface brightness.
After accumulating 5 years of INTEGRAL/SPI data

the 511 keV line emission all-sky image revealed also
fainter emission extending along the Galactic plane
(Fig. 4). With a much improved exposure with respect
to the first year (in particular along the Galactic plane),
511 keV emission from the Galactic disk is now clearly
detected (Weidenspointner et al., 2008a). However, the
detailed quantitative characterization of components of
511 keV emission requires parameterizing these in the
form of (necessarily idealized) spatial emission models
fitted to the data. No unique description emerges at
present, since both the spheroid and the disk may have
faint extensions contributing substantially to their total
γ-ray emissivities. It turns out that the bulge emission
is best described by combining a narrow and a broad
Gaussian, with widths (FWHM, projected onto the sky)
of 3o and 11o, respectively. Another, more extended com-
ponent is needed to fit the data, a rather thick disk of
vertical extent 7o (FWHM projected on the sky). The
model implies a total e+ annihilation rate of 2 1043 e+

s−1 and a spheroid/disk ratio of 1.4 (Table I). It should
be noted, however, that alternative models, involving ex-
tended components of low surface brightness (thus far
undetected by SPI) are also possible. One such alterna-

TABLE I Two model fits of the Galactic 511 keV emission
(from Weidenspointner et al., 2008b): fluxes, photon emissiv-
ities and e+ annihilation rates (computed for a positronium
fraction of fps=0.967, see Sec. II.B.4). Notice that ”thin”
and ”thick” disks have not the same meaning as in Sec. III.

F511 L511 Ṅe+

(10−4 cm−2 s−1) (1042 s−1) (1042 s−1 )

Bulge + thick disk

Narrow bulge 2.7+0.9
−0.4 2.3+0.8

−0.7 4.1+1.5
−1.2

Broad bulge 4.8+0.7
−0.4 4.1+0.6

−0.4 7.4+1.0
−0.8

Thick disk 9.4+1.8
−1.4 4.5+0.8

−0.7 8.1+1.5
−1.4

Total 17.1 10.9 19.6
Bulge/Disk 0.8 1.4 1.4

Halo + thin disk

Halo 21.4+1.1
−1.2 17.4+0.9

−1.1 31.3+2.2
−2.6

Disk 7.3+2.6
−1.9 2.9+0.6

−0.6 5.2+1.1
−1.1

Total 28.7 20.3 36.5
Halo/Disk 2.9 6 6

tive (Weidenspointner et al., 2008b) involves a centrally
condensed but very extended halo and a thinner disk
(projected vertical extent of 4o), with a spheroid/disk
ratio of 6 (Table I).
With more SPI data, it was possible to proceed to

more detailed constraints on the morphology of the disk
emission. The flux in the disk component remains con-
centrated to longitudes |l| < 50◦; no significant 511 keV
line emission has been detected from beyond this interval
so far. The accumulated SPI data yield a flux from nega-
tive longitudes of the Galactic disk that is twice as large
as the flux from an equivalent region at positive longi-
tudes. The significance of this asymmetry is still rather
low, about ∼ 4σ. Indications for such an asymmetry
were already noticed in the OSSE data (M. Leising, pri-
vate communication). It should be noted, however, that
a different analysis of the same SPI data finds no evi-
dence for a disk asymmetry (Bouchet et al., 2008, 2010),
although it cannot exclude it, either. Clearly, clarifying
the asymmetric or symmetric nature of the disk profile
should be a major aim of the 511 keV studies in the years
to come4.

4. Spectroscopy with INTEGRAL/SPI

Before INTEGRAL, the spectral shape of the positron
annihilation emission was only poorly constrained by ob-
servations. All high-resolution observations suggested a
modest line broadening of FWHM∼ 2 keV (Harris et al.,
1998; Leventhal et al., 1993; Mahoney et al., 1994;
Smith et al., 1993). The excellent spectral resolution of

4 INTEGRAL will continue operations until 2012, at least.
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Nuclear�processes:�Gamma-ray�Lines
Transitions�between�nuclear�energy�levels
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COMPTEL

All-sky�image�of�1.8�MeV�26Al�gamma-ray�line
Tracing�massive�young�star�formation�activity

INTEGRAL

• INTEGRAL�confirms��COMPTEL�

• confined�in�the�galaxy.�

• scale�height:�~800�pc�
(Pleintinger+’19;�Wang+’20)�

• ~50�pc�for�young�stars�

• Foreground�local�structure?�
(Fujimoto+’20)



SN�2014J�in�M�82
Type�Ia�SN:�Thermonuclear�explosion�56Ni�→�56Co�→�56Fe�

• 158�&�812�keV�lines�from�56Ni�( �days)�

• 847�&�1238�keV�lines�from�56CO�( �days)�

• �of�56Ni

τ ∼ 8.8

τ ∼ 77

∼ 0.6M⊙

©�UCL

Churazov+’14

56Co�Lines:�50-100�days�after�the�explosion
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Matter consisting of equal numbers of protons and neutrons (such as in carbon and oxygen) 
binds these nucleons most-tightly in the form of the 56Ni nucleus. Therefore, 56Ni is believed to 
be the main product of nuclear burning under sufficiently hot and dense conditions, such as in 
SNe Ia. Radioactive decay of 56Ni then powers supernova light through its gamma-rays and 
positrons, with a decay chain from 56Ni (τ~8.8 days) through radioactive 56Co (τ~111.3 days) to 
stable 56Fe. The outer gas absorbs this radioactive energy input and re-radiates it at lower-energy 
wavebands (UV through IR). But neither the explosion dynamics nor the evolution towards 
explosions from white dwarf properties and from interactions with their companion stars can 
easily be assessed, as it remains difficult (13) to constrain different explosion models through 
observations. Some insights towards the nature of the binary companion star have been obtained 
from pre-explosion data (8; 14-17), and from its interactions with the supernova (18-20). 
 
Gamma-rays can help in constraining inner physical processes. Although initially the SN Ia 
remains opaque even to penetrating gamma-rays, within several weeks more and more of the 
56Ni decay chain gamma-rays are expected to leak out of the expanding supernova (21-22). The 
maximum of gamma-ray emission should be reached 70-100 days after the explosion, with 
intensity declining afterwards due to the radioactive decay of 56Co (23). Simulations of the 
explosion and radioactive energy release have been coupled with radiative transport to show 
that the gamma-ray emission of the supernova is characterized by nuclear transition lines 
between ~150 and 3000 keV and their secondary, Compton-scattered, continuum from keV 
energies up to MeV (22, 24-26).  
 
Here we describe the analysis of data from the Spectrometer (SPI) on the INTErnational 
Gamma-Ray Astrophysics Laboratory (INTEGRAL) space mission with respect to gamma-ray 
line emission from the 56Ni decay chain. INTEGRAL (27) started observing SN2014J on 
January 31, 2014 (28), about 16.6 days after the inferred explosion date. We analyzed sets of 
detector spectra from the Ge detectors of the SPI spectrometer (29,30), collected at the 
beginning of INTEGRAL’s SN2014J campaign. SPI measures photon interaction events for 
each of its 15 Ge detectors comprising the telescope camera. Imaging information is imprinted 
through a coded mask selectively shadowing parts of the camera for a celestial source (29). 
Changing the telescope pointing by ~2.1 degrees after each ~3000 seconds, the mask shadow is 
varied for the counts contributed from the sky, while the instrumental background counts should 

Fig.1: Gamma-ray spectra measured with SPI/INTEGRAL from SN2014J. The observed three-day interval around 
day 17.5 after the explosion shows the two main lines from 56Ni decay. In deriving these spectra, we adopt the 
known position of SN2014J, and use the instrumental response and background model. Error bars are shown as 1σ. 
The measured intensity corresponds to an initially-synthesized 56Ni mass of 0.06 M

!
.  

56Ni��Lines:�~17.5�days�after�the�explosion

Diehl+’14



COMPTEL/INTEGRAL�observation�of�Cas�A
44Ti�line�@�1.16�MeV

• 1.16�MeV�44Ti�line�from�Cas�A�is�detected�

• Flux�should�change�with�time.�
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T. Siegert et al.: Revisiting INTEGRAL/SPI observations of 44Ti from Cassiopeia A
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Fig. 4. ��2 vs. expansion velocity for the two detected lines, individu-
ally. The values are calculated assuming the best-fit values in each case,
only letting the Gaussian width vary. Because of the higher resolving
power of SPI at 1 MeV with respect to lower energies, the value for
the expansion velocity derived form the high-energy line (solid black)
is more constrained than that from the low-energy line (solid gray). For
comparison, the 2� limits are indicated by the thick dashed line.

expected ideal line shape can be described by a tophat function

S (E; F0, E0, Ṙ) = F0 · ⇥
 ���Ṙ

��� �
������c

 
E
E0
� 1

!������

!
· c

2ṘE0
, (6)

where F0 is the measured flux, E0 the bulk motion, Ṙ the ex-
pansion velocity, and c the speed of light (Kretschmer 2011).
This line shape has to be convolved with the spectral response
function of SPI (see Eqs. (3) and (4)). Fitting the spectra using
Eq. (6) leads to lower velocities in both cases, that is, (3900 ±
800) km s�1 (78 keV) and (1500 ± 400) km s�1 (1157 keV),
respectively. The measured expansion velocities, however, are
similar to those from a Gaussian fit, and systematic di↵erences
are smaller than uncertainties from statistics.

When the results of The et al. (1996) obtained with OSSE
on CGRO with the COMPTEL result by Iyudin et al. (1997), the
BeppoSAX result (Vink et al. 2001), the INTEGRAL/IBIS re-
sult (Renaud et al. 2006), and the NuStar result (Grefenstette
et al. 2014) are combined with our work through a weighted
mean (weighted by the inverse variance of each measurement),
the 44Ti mass is (1.37 ± 0.19) ⇥ 10�4 M�.

3.2. Flux consistency check

We note that the high-energy line appears to yield a systemati-
cally higher 44Ti mass, both from our analysis and in Iyudin et al.
(1994) and Iyudin et al. (1997), with respect to the hard X-ray
line based 44Ti mass determinations. Our derived 44Ti mass from
the 78 keV line is consistent with other published studies that
measured the low-energy lines. The derived 44Ti mass per in-
strument is shown in Fig. 5 together with the weighted mean of
all measurements (hatched area). This systematic di↵erence in
44Ti flux values becomes even more obvious when the measure-
ments of the 44Sc and 44Ca lines, taken with di↵erent instruments
in the past two decades, are compared and plotted on a time axis
(Fig. 6). The values in Fig. 6 are taken from The et al. (1996,
Table 3) with OSSE, Iyudin et al. (1997) with COMPTEL, Vink
et al. (2001, Table 1) with BeppoSAX, Renaud et al. (2006,
Table 1) with IBIS, this work with SPI, and Grefenstette et al.
(2014, Table ED2) with NuStar (from left to right). These values
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binations), including the uncertainties in half-life time and explosion
date. The OSSE and COMPTEL values are corrected for the distance
to Cas A. Upper limits (if given) are shown as dashed lines. The yields
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Fig. 6. Compilation of �-ray flux measurements in Cas A from di↵erent
instruments during the years 1992 to 2014 (see text). To each family of
lines (low- and high-energy), an exponential decay function has been
fitted, fixing the half-life time of 44Ti to 86 a and the explosion date to
AD 1671 (solid lines). The 1� uncertainties are separately shown by
dashed gray lines for each fit. The discrepancy can be expressed as a
constant flux level of (2.29 ± 0.62) ⇥ 10�5 ph cm�2 s�1.

only consider the value measured with the mentioned instrument
itself, hence no double-counting of flux values. The 1157 keV
flux values (Iyudin et al. 1997, and our study) are found to be
significantly higher than the low-energy line flux measurements.

We investigated this systematic by treating the measurements
of the hard X-ray lines independently of the 1157 keV gamma-
ray line. We performed an F-test to check whether the derived
spectra can be represented by only one flux value (case I) or if
the preference is for two values (case II). The corresponding �2

values are �2
I = 15.14 (16 d.o.f.), and �2

II = 12.27 (15 d.o.f.),
respectively. The F-value of this test is F = 3.51, for which the
F-statistic gives a probability of ⇠1%, corresponding to 2.5�,

A124, page 5 of 7
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Particle�physics�processes:�Gamma-ray�Lines
511�keV� �annihilation�line�from�Galactic�Centere+e−

• Clear�excess�toward�the�direction�of�the�
Galactic�Center�

• Detailed�morphology�is�still�not�clear�

• Various�origins�are�proposed�

• SNe�Ia,�LXMBs,�Microquasars,�RIAF,,,,�(e.g.,�
Prantzos�’06;�Guessoum+’06;�Totani�’06)

OSSE INTEGRAL COSI
16 Siegert et al.

Figure 11. Iteration 26 of our modified version of the
Richardson-Lucy deconvolution algorithm, Eq. (9), together
with the exposure regions, including 0% (black contours),
25% (purple), 50% (red), and more than 75% (white) with
respect to the maximum exposure. Iteration 26 represents
the case at which the likelihood ratio function (with respect
to a background-only fit) shows the largest positive curvature
(cf. Fig. 10), typically chosen as the best trade-o↵ between
granularity of the map and likelihood, with a total integrated
511 keV flux of 2.1 ⇥ 10�3 ph cm�2 s�1. See text for further
discussion.

A third modification to the Richardson-Lucy algo-
rithm is provided in this work by allowing the back-
ground to vary between iterations: A fixed background
model expectation, ✏BG

i , for example from an acceptable
maximum likelihood fit using a first-order sky model,
will result in a reconstruction that strongly depends
on this first image and the resulting total number of
background photons in each data space bin. Conse-
quently, the reconstruction will be a distortion of the
best-fit maximum likelihood solution image, and intro-
duces some granularity, but which may just be ‘filling
the residuals’ with sky emission. Such an approach is
naturally flawed because only specific data space bins
may be re-populated due to the forward application of
the response, as the background is fixed. This is equiva-
lent to subtracting a background model, and neglecting
to consider that this model also carries its own uncer-
tainties. In our modified algorithm, we re-determine the
25 background re-scaling parameters, �k

b , in each iter-
ation, together with the acceleration parameter �k, so
that the updated image is built from how much back-
ground is required to explain the data - and not assum-
ing it in the first place.
Finally, our full modified Richardson-Lucy deconvolu-

tion version is written

Mk+1
j = Mk

j + �k

2

4wjM
k
j

0

@
P

i

⇣
di

✏ki
� 1

⌘
Rij

P
i Rij

1

A

3

5

2.5�

(8)

with

✏ki =
X

j

RijM
k
j +

X

b2B̂

�k
b R̂

BG
i , (9)

where R̂BG
i is the best-fit background model response

from Sec. 3.3.2, together with set B̂, containing the 25
required time intervals to guarantee an adequate fit.

4.1.2. Images

The general problem with any such iterative proce-
dure is to find when to stop the algorithm, or determine
which image to pick as best representing the data. In
fact, there are no definite answers to these questions, as
also each solution is in itself uncertain and just repre-
sents one realisation of the set of parameters. We use the
gradient of the shape of the test statistics,

p
�2� lnL ,

between the current image proposal and a background-
only description (iteration 0) to identify plausible iter-
ations that describe the COSI 511 keV data adequately
(see Fig. 10). In the case of priors that set the corre-
lations lengths of the pixels, for example, to regularise
the frequency of noise in the Poisson count dominated
data, Allain & Roques (2006) used a trade-o↵ between
the likelihood and the prior to extract an adequate so-
lution (‘L-curve’). Our regularisation is approximately
given by the Gaussian smoothing kernel and thus con-
stant. This means the inflection points of the likelihood
function alone provide a first-order criterion. We find
that iteration 24 is the first inflection point, followed
by iteration 26 showing the largest positive curvature.
Another inflection point is found at iteration 28, and
the last largest positive curvature until convergence to
the maximum likelihood (noise-dominated) solution at
iteration 33 (see Fig. 10).
Thus, iteration 26 provides a map with a compro-

mise between noise and granularity. We show itera-
tion 26 of the modified Richardson-Lucy algorithm in
Fig. 11. Clearly, there is emission around the centre
of the Galaxy which is also found to be uncorrelated
with the exposure map (contours). This is reassuring
that the algorithm works as expected. We note that be-
yond iteration 33, the low-frequency noise takes over and
can enhance individual emission features, especially in
regions with . 25% of exposure. Between iterations
24 and 33, the total 511 keV flux varies between 1.1
and 5.1 ⇥ 10�3 ph cm�2 s�1, with iteration 26 showing

Siegert+’20

6 J. Knödlseder et al.: The all-sky distribution of 511 keV electron-positron annihilation emission

Fig. 4. Richardson-Lucy image of 511 keV gamma-ray line emission (iteration 17). Contour levels indicate intensity
levels of 10−2, 10−3, and 10−4 ph cm−2s−1sr−1 (from the centre outwards).

Fig. 5. Longitude and latitude profiles of the image shown in Fig. 4 (integration range |l| ≤ 30◦, |b| ≤ 30◦).

smoothed the iterative corrections on the right hand side
of Eq. 5 using a 5◦×5◦ boxcar average. In this way the ef-
fective number of free parameters in the reconstruction is
reduced and image noise is damped to an acceptable level.
The application of more sophisticated image reconstruc-
tion methods involving wavelet based multi-resolution al-
gorithms aiming at a complete suppression of image noise
(Knödlseder et al. 1999a) will be presented elsewhere.

The resulting all-sky image of the 511 keV line emis-
sion is shown in Fig. 4, longitude and latitude profiles
of the emission are shown in Fig. 5. We have chosen to
stop the iterative procedure after iteration 17 since at this
point the recovered flux and the fit quality correspond
approximately to the values that we achieve by fitting as-
trophysical models to the data (c.f. section 4.2). In this
way we make sure that we are not in the regime of over-
fitting, which is characterised by substantial image noise

and artificial image structures. On the other hand, sim-
ulations showed that faint diffuse emission, as expected
for example for a galactic disk component, would not be
recovered at this point.

Figure 4 reveals that the 511 keV sky is dominated by
prominent emission from the bulge region of the Galaxy.
Beyond the galactic bulge, no additional 511 keV emis-
sion is seen all over the sky, despite the good exposure in
some regions (e.g. Cygnus, Vela, LMC, anticentre, north
galactic pole region). The 511 keV emission appears sym-
metric and centred on the galactic centre, with indica-
tions for a slight latitude flattening. The latitude flatten-
ing could be either due to an inherent asymmetry of the
bulge component or due to the presence of an underlying
faint galactic disk component. Indeed, if the Richardson-
Lucy iterations are continued, a faint disk-like structure
emerges (c.f. Fig. 6). Yet the image starts to become pol-
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FIG. 5.ÈMap of the Galactic 511 keV positron annihilation line using the SVD method. Contours are exponentially spaced.

region, this indicates that the features are not due to non-
uniform exposure or time variability of the emission
between OSSE scans.

4.1. Nonuniform Exposure E†ects
shows the OSSE exposure in the Galactic centerFigure 3

region. As can be seen, the degree of nonuniformity is fairly
high, with the exposure varying by over an order of magni-
tude even over this restricted area. While a lower exposure
results in reduced sensitivity to source Ñux, in the context of
creating maps, a lower exposure also increases the sensi-
tivity to the e†ects of noise in the data, because the s2 is less
constrained in regions of low exposure. As a result, the
e†ects of regularized inversion techniques will be relatively
larger in regions where there is less exposure. The degree of
bias should thus roughly follow the exposure, so the
resulting images may be roughly modulated by the total
exposure. This is true for both the SVD and the MEM
techniques. Features that are highly correlated with the
exposure are clearly suspect. For example, the maps in

Figures and show an apparent longitudinal asymmetry,5 6
with an apparently higher surface brightness for the Galac-
tic plane at positive longitudes. shows that theFigure 3
exposure is higher on the positive-longitude side of the
Galactic center so, given the low surface brightness of the
Galactic plane, it is not surprising that the maps show some
e†ect of this nonuniform exposure.

To Ðrst order, the exposure can help identify features in
the maps that may be artifacts ; however, the situation is
further complicated by the nonhomogeneity of the instru-
ment angular responses. The nonhomogeneity of the
responses is a direct result of the discrete nature of the
observations (e.g., the OSSE observations are made at spe-
ciÐc locations with discrete position angles, and the Ñux is
measured relative to a limited number of speciÐc back-
ground o†set positions). This nonhomogeneity may cause
more complicated types of systematic e†ects that are not
directly reÑected in the exposure map. Since all of the
instruments in this study are linear, SVD can be used to
provide insights into such potential systematics. From

FIG. 6.ÈMap of the Galactic 511 keV positron annihilation line using the MEM. Contours are exponentially spaced.

Knödlseder+’05Purcell+’97

where cjdt=dzj is given by (e.g. [185]):

c
dt
dz

!!!!

!!!! ¼
RH

ð1þ zÞEðzÞ
; RH %

c
H0

ð3Þ

EðzÞ % XRð1þ zÞ4 þXmð1þ zÞ3 þXkð1þ zÞ2 þXK

h i1=2

¼ ð1þ zÞ2ðXmzþ 1Þ & zð2þ zÞXK

h i1=2

¼ Xmð1þ zÞ3 þXK

h i1=2
ð4Þ

H0 is the Hubble constant, and XR Xm;Xk and XK are the dimension-
less density parameters of the radiation, matter, the curvature, and
the cosmological constant K, obeying the relation: XR þXm þXkþ
XK ¼ 1. The second expression for EðzÞ is for a matter dominated
(XR ' 1) universe, and the third is for one that is matter dominated
and flat (Xk ¼ 0). In the concordance cosmology model:
H0 ¼ 70 km s&1 Mpc&1; Xm ¼ 0:27, and XK ¼ 0:73 [128].

2.2. Gamma-ray attenuation by pair production

The interaction between two photons with energies Ec and !b,
will lead to the creation of a particle anti-particle pair when the to-
tal c-ray energy in the center of momentum of the system exceeds
the rest frame energy of the two particles. The threshold for the
creation of an eþ þ e& pair is given by:

!thðEc;l; zÞ ¼
2 ðme c2Þ2

Ec ð1& lÞ ð5Þ

where l % cos h, and h is the angle between the two photons, as
illustrated in Fig. 1.

The cross-section for the c–c interaction is given by:

rccðEc; !;l; zÞ ¼
3rT

16
ð1& b2Þ 2b ðb2 & 2Þ þ ð3& b4Þ ln

1þ bÞ
ð1& bÞ

" #$ %
ð6Þ

where

b %

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1& !th

!

" #s

ð7Þ

Fig. 2 (left panel) depicts the cross section as a function of b. The
cross section peaks at a value of b ¼ 0:70, providing a relation be-
tween the energies Ec and ! (or wavelength k) at the peak, given
by:

EcðTeVÞ ¼ 1:07
!ðeVÞ ð1& lÞ ¼

0:86kðlmÞ
ð1& lÞ ð8Þ

The right panel of the figure depicts the cross section as a function
of b % 2ðmc2Þ2=Ec! for different values of the angle h. When the pho-
tons are moving in the same direction (h ¼ 0), the cross section col-
lapses to a delta-function at b ¼ 0, and the energy threshold
becomes infinite.

2.3. The attenuation of c-rays from cosmological sources

En route to Earth, c-rays from cosmological sources have to pass
through the radiation field of the EBL, resulting in their attenuation

by pair producing interactions. The optical depth of a c-ray photon
at an observed energy Ec, emitted by a source at redshift z due to
this process is given by:

sccðEc; zÞ ¼
Z z

0
dz0

d‘
dz0

Z 1

&1
dl1& l

2

Z 1

!0
th

d!n!ð!; z0Þð1þ z0Þ3 rccðb0; z0Þ ð9Þ

where n!ð!; zÞ % dnð!; zÞ=d! is the specific comoving number density
(cm&3 eV&1) of background photons with energy ! at redshift z, and
the ð1þ zÞ3 term represents its conversion to a proper number den-
sity. The pair-production threshold energy is !0th ¼ 2ðmec2Þ2=
Ecð1& lÞð1þ zÞ, where the ð1þ zÞ factor takes into account that
the observed c-ray photon had a higher energy at the redshift of
the interaction. The parameter b0 ¼ ð1& !0th=!Þ

1=2, and
d‘=dz ¼ cjdt=dzj, where ‘ is the proper distance.

Calculating the EBL opacity to c-rays from cosmological distant
sources requires knowledge of the evolution of the comoving spe-
cific photon number density n!ð!; zÞ as a function of redshift. The
specific number density of photons with energy ! at redshift z is re-
lated to the specific EBL intensity at a given redshift z by:

!2 n!ð!; zÞ ¼
4p
c

m Imðm; zÞ ¼ 2:62( 10&4 m Imðm; zÞ ð10Þ

where ! ¼ hm, Imðm; zÞ is given by Eq. (2), and the coefficient in the
second line was calculated for ! in eV, n! in cm&3 eV&1, and m Im in
nW m&2 sr&1.

Finally, we point out that the c–c cross section is wide, so that
in calculating the c-ray opacity, strong variations in the EBL spec-
trum are smoothed out over a wide range of c-ray energies. The
EBL intensity at a given wavelength is therefore effecting scc over
a wide range of c-ray energies around the peak given by Eq. (8).

2.4. A simple example: an EBL given by a diluted blackbody spectrum

Of particular interest is the behavior of scc for a background
radiation field that is represented by a diluted blackbody. Fig. 3
(upper left panel) depicts a local EBL characterized by a Planck
function, normalized to an intensity of 10 nW m&2 sr&1 at 1 lm.
The upper right panel of the figure depicts the photon number den-
sity. The bottom left panel shows the c-ray opacity at redshift
z ¼ 0:2, assuming a non-evolving EBL, and the right panel shows
the source attenuation as a function of c-ray energies. Also shown
in the figure are the energy regimes in which substantial changes
in the slope of the opacity occur (dashed lines).

The rapid rise in the EBL spectrum between 0.5 and 1 lm re-
sults in a rise of the c-ray opacity, and the onset of substantial
source attenuation in the 10–500 GeV energy region. This sudden
increase in the GeV attenuation creates a break, CGeV , in the spec-
trum, defined as the difference in power law index between the
unattenuated and the attenuated region of the spectrum (see
Fig. 5 in this paper). At higher c-ray energies, the spectrum of a bla-
zar characterized by an intrinsic power law will exhibit a second
spectral break around )1 TeV. For an evolving EBL, the magnitude
and location of this spectral break are expected to evolve with red-
shift. The substantial decrease in the attenuation at a few TeV is a
consequence of the particular choice of the EBL spectrum, which
decreases rapidly at wavelengths beyond )2 lm.

2.5. A more realistic example: an EBL that includes dust emission

Fig. 4 depicts a more realistic presentation of the current EBL
spectrum (left panel) and the c-ray opacity for different redshifts
(right panel), taken from model calculations of [99]. At wave-
lengths shortwards of )5 lm the spectrum represents the stellar
and AGN contributions to the EBL. At longer wavelengths the spec-
trum represents the AGN and starlight energy that was absorbed
and reradiated by the dust. The right panel shows the energy

θ

γ

γ

e

e+

Fig. 1. Schematic illustration of the c–c pair production reaction, showing the
definition of the angle h between the interacting photons.
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Cosmological Evolution of FSRQs based on the Swift/BAT 105-month Catalog5

Table 1. Best-fit parameters for the LDDE model

log10 A
a γ2 p1 p2 zc α

−13.02+0.25
−0.35 0.80+0.05

−0.08 3.58+0.42
−3.08 −7.7+1.5

−0.3 1.36+0.64
−1.03 0.42+0.18

−0.06

a: In the unit of Mpc−3.
Errors are in 1-σ uncertainty region.
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Figure 2. Left: Redshift distribution of our sample, prediction from the best-fit LDDE
model (red) and that from the A09 model 10 (blue). Middle and Right are that for luminosity
and cumulative source number count, respectively.

Following recent studies of X-ray and gamma-ray luminosity functions of blazars
(Narumoto & Totani 2006; Inoue & Totani 2009; Ajello et al. 2009, 2012), we adopt

a luminosity function of the luminosity-dependent density evolution (LDDE) model,

Φ(LX , z)=
d2N

dzdLX
(1)

=
A

ln(10)LX

[(

LX

L∗

)γ1

+

(

LX

L∗

)γ2]−1

×

[(

1 + z

1 + zc(LX)

)p1

+

(

1 + z

1 + zc(LX)

)p2]−1

, (2)

where zc(LX) = zc(LX/1047.5)α. Here, z and LX are a redshift and an X-ray lu-

minosity in the 14–195 keV band. Parameters to be constrained are a normalization
A, a characteristic X-ray luminosity L∗, a characteristic redshift zc, two luminosity

indices γ1 and γ2, two redshift indices p1, p2, and α.

Since our sample contains 53 sources only, all parameters cannot be constrained

simultaneously. We found that two indices on luminosity dependence become a similar

value around 0.8 when we make both of them free in our fits, and thus hereafter, we

fix the index of higher luminosity side to 5.0, and the characteristic luminosity is
fixed to 1051 erg s−1. This corresponds to a single-power-law luminosity dependence

without a break up to the characteristic luminosity.

We perform maximum likelihood analysis to determine LDDE model parameters.

Likelihood function L is defined as follows:

lnL=
Nobs
∑

i

log (Φ(LXi, zi))

High�Redshift�Blazars
Probing�the�distant�universe

• Swift/BAT�&�NuSTAR�report�high�redshift�
blazars,�likely�peaking�at�MeV�

• negative�k-correction�

• MeV�gamma-ray�can�study�high�redshift�
universe.
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Table 3
Input Parameters Used to Model the SED

Γ θv Rdiss Rdiss/RS P ′
i B γb γmax s1 s2 log Pr log PB log Pe log Pp

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

13 3 504 600 0.01 2.3 70 4e3 0 2.6 45.70 45.93 44.16 46.61
10 8 420 500 0.23 4.4 20 4e3 −1 2.6 46.72 46.11 45.72 48.26
5 20 588 700 7.0 5.5 2e3 4e3 −1 2.6 47.42 45.98 45.28 47.73

Notes. Column 1: bulk Lorentz factor, Column 2: viewing angle (degrees), Column 3: distance of the blob from the black hole in units of 1015 cm,
Column 4: Rdiss in units of the Schwarzschild radius, Column 5: power injected in the blob calculated in the comoving frame, in units of 1045 erg s−1,
Column 6: magnetic field in Gauss, Columns 7 and 8: minimum and maximum random Lorentz factors of the injected electrons, Columns 9 and 10:
slopes of the injected electron distribution [Q(γ )] below and above γb, Column 11: logarithm of the jet power in the form of radiation, Column 12:
Poynting flux, Column 13: bulk motion of electrons, and Column 14: protons (assuming one cold proton per emitting electron). The spectral shape of
the corona is assumed to be ∝ ν−1 exp(−hν/150 keV). For all models, we have assumed a radius of the broadline region of RBLR = 9.2 × 1017 cm, a
BH mass of 2.8 × 109 M%, and an accretion disk luminosity of Ld = 9 × 1046 erg s−1, corresponding to Ld/LEdd = 0.25.

Figure 2. Broad-band SED of B2 1023+25 together with the models discussed
in the text. Simultaneous OVRO, CARMA, GROND, and NuSTAR data are
filled circles (red points circled in blue in the electronic version). Chandra data
are open diamonds (blue in the electronic version), while Swift/XRT data are
open squares. The (gray) filled symbols are data from the literature: squares
are archival data from ASDC, the diamond is the radio point from Frey et al.
(2013), the circles and the two upper limits are WISE data, and the line is the
SDSS spectrum. The dotted (black) line is the thermal emission of the source,
including the accretion disk, torus, and X-ray corona emission. The Fermi/LAT
upper limit is for 3.8 yr, 5σ (red arrow). The solid (blue) line is the model with
parameters as in the first row of Table 3. The dashed (red) line is the model with
parameters as in the second row of Table 3. The dot-dashed (green) line is the
model with parameters as in the third row of Table 3.
(A color version of this figure is available in the online journal.)

selection (Sbarrato et al. 2013), we used the canonical
radio-to-optical ratio to define its radio-loudness (R =
F [5 GHz]/F [2500 Å] & 5200) and this allowed to classify
B2 1023+25 as the most radio-loud quasar of our sample.
In addition to this, we now calculate the X-ray based radio-
loudness RX = νLν[5 GHz]/LX[2–10 keV], using the X-ray
fluxes and spectral indices listed in Table 1. We obtain log RX =
−0.65 and log RX = −0.72 (for fixed and free NH, respec-
tively). Both values confirm the extreme radio-loudness of B2
1023+25 according to the calibration introduced by Terashima &
Wilson (2003), which classifies quasars as radio-loud if they
have log RX > −4.5.

In S12, we derived a set of parameters that reproduced the
observed SED and suggested classifying B2 1023+25 as a blazar
(bulk Lorentz factor Γ = 14; jet viewing angle θv = 3◦). We

fit the new observations using the model described in Ghisellini
& Tavecchio (2009). Since this is a one-zone model, which
assumes that the emitting region is rather compact, it cannot
account for radio emission, which in the considered region is
severely self-absorbed.

In this model, both θv and Γ are free parameters and can be
chosen independently.

Because of the hard and bright X-ray spectrum shown by
B2 1023+25, we find a small value of θv and a large Doppler
boosting (i.e., large Γ). We find θv < 1/Γ, as is typical of
known blazars. Hence, we confirm B2 1023+25 as a blazar (see
Section 3.1).

Because of the limited statistics in the X-ray spectrum, we
investigate the range of models consistent with the uncertainties.
As noted above, depending on how the spectrum is modeled,
the intrinsic continuum may be softer and fainter overall. This
case implies a larger value of θv and a somewhat smaller value
of Γ (see Section 3.2). The jet viewing angle, θv, associated with
this limiting solution is an upper limit. Since this model is also
characterized by less Doppler boosting, it corresponds to a larger
intrinsic luminosity relative to the SED corresponding to the
X-ray best fit parameters. We consider then “re-orienting” the
jet to a typical blazar viewing angle (i.e., ∼3◦) and we check if
the corresponding SED resembles the one of a typical powerful
blazar seen at lower redshift. We then use this to check the
reliability of the obtained solution; that is, we require that, if the
jet was pointed toward us, the solution would show reasonably
similar properties to the blazar sample.

In our modeling, we keep the parameters associated with
the thermal emission from the accretion disk fixed. We assume
a BH mass MBH = 2.8 × 109M% and an accretion disk
luminosity Ld = 9 × 1046 erg s−1, as derived in S12. Note that
varying the BH mass value inside the formal confidence range
(MBH = 1.8–4.5 × 109 M%) does not change the results of our
SED modeling.

3.1. Best Fit: Small Viewing Angle, Large Bulk Lorentz Factor

In our best fit model, we find a set of parameters consistent
with those from S12 (Γ = 13, θv = 3◦). We report these in the
first line of Table 3 as the best fit to the broad-band SED. The
case in Table 3 corresponds to the best fit to the X-ray data with
NH left free to vary. Using NH fixed to the Galactic value yields
a harder spectrum and therefore an even more extreme blazar
classification. The model (blue solid line in Figures 1, 2, and 3)
describes a typical blazar, with a viewing angle smaller than the
jet beaming angle (θv < 1/Γ), firmly classifying B2 1023+25
as a blazar.
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The origin of the EGB in the LAT energy range.

4

Unresolved sources Diffuse processes
Blazars

Dominant class of LAT extra-
galactic sources. Many estima-
tes in literature.  EGB contribu-
tion ranging from 20% - 100% 

Non-blazar active galaxies
27 sources resolved in 2FGL 
~ 25% contribution of radio 
galaxies to EGB expected. 
(Inoue 2011)

Star-forming galaxies
Several galaxies outside the 
local group resolved by LAT. 
Significant contribution to EGB 
expected. (e.g. Pavlidou & Fields, 
2002)

GRBs
High-latitude pulsars

small contributions expected. 
(e.g. Dermer 2007, Siegal-Gaskins et al. 

2010) 

Intergalactic shocks
widely varying predictions of 
EGB contribution ranging from 
1% to 100% (e.g. Loeb & Waxman 
2000, Gabici & Blasi 2003)

Dark matter annihilation
Potential signal dependent on 
nature of DM, cross-section and 
structure of DM distribution 
(e.g. Ullio et al. 2002)

Interactions of UHE cosmic 
rays with the EBL

dependent on evolution of CR 
sources, predictions varying from 
1% to 100 % (e.g. Kalashev et al. 2009)

Extremely large galactic 
electron halo (Keshet et al. 2004)
  

CR interaction in small solar 
system bodys (Moskalenko & Porter 
2009)
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5 TWO E P O C H S F O R B L AC K H O L E
F O R M AT I O N ?

Our three blazars join the other two blazars already known in
the SDSS+FIRST region of the sky in the redshift bin 4 <

z < 5 and with a black hole mass MBH > 109 M!: SDSS
J083946.22+511202.8 and SDSS J151002.92+570243.3 (Sbarrato
et al. 2013a). They allow us to infer the existence of a large num-
ber of jetted quasars analogous to the five blazars. Since they are
all observed with θv < 1/", each of them traces the presence
of ∼2"2 = 338("/13)2 quasars with MBH > 109 M!. Since the
SDSS+FIRST survey covers 8770 deg2, the five blazars imply that
over the whole sky there must exist ∼7700 jetted AGN with similar
intrinsic properties, namely similar black hole masses. The comov-
ing volume in the redshift frame 4 < z < 5 is ∼425 Gpc3, therefore
we can conclude that there must be at least 18 radio-loud AGN per
Gpc3 with masses MBH > 109 M!, hosted in jetted systems.

How does this conclusion fit in the current paradigm of supermas-
sive black holes in the early Universe? Fig. 4 shows the comoving
number density of extremely massive black holes (MBH > 109 M!)
hosted by radio quiet (blue line, derived as in Ghisellini et al. 2010
from the mass function in Hopkins et al. 2007) and radio-loud
AGN [orange line, derived from Fermi/LAT (Ajello et al. 2012)
and Swift/BAT (Ajello et al. 2009) blazar luminosity functions as
in Ghisellini et al. 2010. Note that at z > 4 the comoving number
density of jetted quasars is no more supported by data from the two
blazar surveys (Fermi/LAT and Swift/BAT). Before the beginning of
our systematic search of high-redshift blazar candidates (see Ghis-
ellini et al. 2010, 2013), the serendipitous blazars known at z > 4
(green pentagons) could not provide sufficient statistics to continue
the calculation of comoving number density. For z > 4, the density
was assumed to decrease exponentially, as the corresponding one
for radio-quiet objects.

Nevertheless, a hint of different density distributions between
jetted and non-jetted objects was already visible in Ghisellini et al.
(2010) and Ghisellini et al. (2013). The two yellow pentagons in
Fig. 4 are the (all-sky) number densities derived from the five blazars
at 4 < z < 5 contained in the SDSS+FIRST sky area (three from
this work and two from Sbarrato et al. 2013a) and the two blazars
we classified at z > 5 (B2 1023+25 at z = 5.3, Sbarrato et al.
2012, Sbarrato et al. 2013b; SDSS J1146+403 at z = 5, Ghisellini
et al. 2014). Our observations clearly push towards an interesting
conclusion: the density of extremely massive black holes hosted
in jetted systems peak at least around z ∼ 4, while the non-jetted
systems peak at z ∼ 2–2.5. This suggests two different epochs of
SMBH formation, and the black holes that grow developing a jet
seem to be born earlier, and/or to grow faster.

The presence of a jet in AGN is commonly linked to high values of
black hole spin. This does not facilitate a fast accretion, according
to the common knowledge. Maximally spinning black holes (i.e.
with dimensionless spin values a ∼ 0.998) accrete from accretion
discs that are thought to be more efficient radiators (η = 0.3; Thorne
1974). Spending energy in radiation makes the accretion of matter
on the black hole much less efficient, slowing down the accretion
process. As explained in Ghisellini et al. (2013), in fact, a spinning
black hole accreting at Eddington rate would need 3.1 Gyr to grow
from a seed of 100 to 109 M! (ignoring black hole merging). This
would imply that such massive black holes should not be visible at
z > 2.1, while their preferential formation epoch seems to be around
z ∼ 4. In Ghisellini et al. (2013), some options for a faster accretion
in presence of a jet are explored. The available energy, in fact, is not
all radiated away, but contributes to amplifying the magnetic field

Figure 4. Comoving number density of supermassive black holes with
MBH > 109 M! hosted in radio-quiet (blue line, derived from the lumi-
nosity function by Hopkins, Richards & Hernquist 2007) and radio-loud
quasars (orange line). The radio-loud density is obtained from blazar num-
ber densities, by multiplying them by 450 = 2"2 (" = 15). Blue data and
the light blue line are derived from the γ -ray luminosity function obtained
by Fermi/LAT (Ajello et al. 2012). Red data points and the yellow line are
derived from the [15–55keV] luminosity function from Ajello et al. (2009),
modified as in Ghisellini et al. (2010). All the number density functions
are derived by integrating the corresponding luminosity functions at lumi-
nosities larger than what labelled in figure, to ensure that correspond to
MBH > 109 M!. Such a cut in luminosity selects objects that are the most
luminous in their corresponding bands, other than the most massive. Green
pentagons represent the state of the art before the beginning of our project,
with four serendipitous blazars in the 4 < z < 5 bin and the single detection
of Q0906+6930 at z > 5. The yellow pentagons are instead the number
densities derived from our results. In the redshift frame 5 < z < 6, the data
point is given by the two blazars we classified at z > 5 (B2 1023+25 and
SDSS J1146+403, both in the SDSS+FIRST region of the sky). At 4 < z

< 5, the new (yellow) lower limit is provided by the two already known
high-z blazars in the SDSS+FIRST survey (SDSS J083946.22+511202.8
and SDSS J151002.92+570243.3), along with the three classifications we
perform in this work. Our results confirm the existence of an early peak
(z ∼ 4) of black hole formation in jetted AGN, in contrast to the main
formation epoch of massive radio-quiet quasars (z ∼ 2.5).

and thus launching the jet. Considering this, the accretion is faster,
but black holes with MBH > 109 M! are still hard to form before
z ∼ 4–5.

6 C O N C L U S I O N S

In this work, we observed with Swift/XRT three blazar candidates
contained in the SDSS+FIRST survey, having redshifts between
4 and 5 and black hole masses exceeding 109 M!. We can clas-
sify SDSS J142048.01+120545.9, SDSS J222032.50+002537.5
and PMN J2134−0419 as blazars, thanks to the their bright and
hard X-ray spectrum. The full SED fitting in fact requires bulk
Lorentz factors " ∼ 13, and viewing angles θv ∼ 3◦.

These three newly classified blazars join the other two already
known in the same region of the sky, same redshift bin, and black
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• Gamma-ray�blazars�show�evolutionary�
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In the optical–UV, the Swift UVOT measurements are con-
sistent with the magnitudes from the SDSS, and with historical
records (x 3.3). While this needs to be confirmed by future mon-
itoring, the lack of variability in this band is consistent with the
idea that the optical /UV radiation comes from a different com-
ponent, most likely the thermal emission from the disk. A straight-
forward test could be provided by polarimetry, with a highly
polarized optical flux arguing against a thermal origin and in
favor of a nonthermal one.

J0746 was detected by the BAT at >10 keV with a bright flux.
This is similar to other blazars. Bright (!10"10 ergs cm"2 s"1)
emission was detected with the BAT (Giommi et al. 2006) and
INTEGRAL (Pian et al. 2006 ) from the z ¼ 0:859 FSRQ 3C
454.3, while a rapid ( lasting 2 ks) flare was detected with
INTEGRAL in 20–40 keVat the position of the z ¼ 0:902 blazar
NRAO 530 (Foschini et al. 2006). Thus, it is reasonable to ex-
pect significant shorter term flux variability at energies >10 keV
from J0746 in future more sensitive observations.

The X-ray variability is better constrained in the 0.5–8 keV
energy band. The XRT light curves of J0746 show flux changes
of a factor 2 on timescales of hours to weeks and months. There
is a hint that the hard X-rays vary with larger amplitude than the
softer energies, but this finding needs to be confirmed by future
observations. However, while the 0.5–8 keV flux varies, there
are no accompanying spectral variations. This is similar to other
FSRQs at lower z observed with ASCA (Advanced Satellite for
Cosmology and Astrophysics) and ROSAT (Donato et al. 2001;
Sambruna 1997), and to other radio-loud quasars at z > 1 (Page
et al. 2005).

The large X-ray luminosity and rapid variability of J0746
provide further support for the idea that its emission is beamed.
In fact, assuming the X-ray emission from J0746 is isotropic, we
can derive a limit to the radiative efficiency !. Following Fabian
(1979), ! > 4:8 ; 10"43!L /!t ergs s"1 s"1, where !L is the
luminosity change in a time interval ! t (Brandt et al. 1999).
From Table 4 and Figure 4d, !L ! 5 ; 1046 ergs s"1 and ! t !
1800 s in the quasar’s rest frame. Thus, ! > 13, which is un-
physically large unless we require relativistic beaming of the
radiation.

5.1.2. Broadband Spectral Indices

The broadband energy distributions of blazars can be de-
scribed to first approximation with the spectral indices " ro, "ox,
and " rx. These are defined as the two-point indices between
radio (5 GHz) and optical (V band), optical and X-rays (1 keV),
and radio to X-rays. Based on the radio-to-X-ray flux ratio, bla-
zars can be further classified as high-denergy peaked BL Lac
objects (HBLs), with " rx < 0:8; and low-energy peaked BL Lac
objects (LBLs) and FSRQs,with" rx > 0:8 (Padovani&Giommi
1995).

When plotted in the " ro-"ox plane, blazar classes occupy dis-
tinct, although partly overlapping, regions. For HBLs, " ro < 0:6
and "ox < 1:3, while LBLs and FSRQs have " ro > 0:5 and
"ox > 1:0 (e.g., Donato et al. 2001). Using rest-frame flux den-
sities at 5 GHz, in V band, and at 1 keV, the broadband spectral
indices of J0746 are " rx ¼ 0:78, " ro ¼ 0:65, and "ox ¼ 1:03.
Thus, J0746 appears to be a borderline source between FSRQs
and HBLs.

It is useful to compare the broadband indices of J0746 to radio-
quiet quasars, because this could indicate the level of boosting
of the continuum due to beaming. A recent extensive compila-
tion of broadband indices for radio-quiet quasars is provided by
Strateva et al. (2005). Here they define an optical to X-ray index
as the slope between the flux at 2 keV and at 2500 8 in the

quasar’s rest frame. For J0746, this index is 1.16, much flatter
than the radio-quiet quasars in Strateva et al. (2005). Thus, for a
given optical flux, the X-ray emission from J0746 is more than a
factor 10 larger than expected for radio-quiet quasars. This also
suggests that, at least to a first approximation, beaming affects
the X-ray emission of J0746 but not (or much less) its optical–
UV flux.

5.1.3. The Spectral Energy Distribution (SED)

As discussed in x 1, a strong spectral signature of blazars is
the presence of a double-peaked structure in their SEDs. Sim-
ilarly, as shown in Figure 6, J0746 exhibits a double-humped
SED.

To assemble the SED of J0746, we used data from this pa-
per as well as from the literature. In Figure 6 the radio ( filled
circles), optical, UV, and X-ray (XRT, 0.5–8 keV) fluxes are
contemporaneous measurements from our November 4 cam-
paign, while the filled triangles are archival observations from
NED. Also plotted is the 9 month BAT spectrum (see below).
As such, the SED in Figure 6 contains contemporaneous (radio,
optical, UV, and medium-hard X-rays) data as well as archival
fluxes.

At GeV energies, we plot an upper limit to the EGRET flux
from a reanalysis of four archival images. Unfortunately, the
coverage of the J0746 field by EGRET was very poor: EGRET
observed the source in 1992, 1993, 1994, and 1995. However,
J0746 was never closer than 16N7 to the EGRETaxis; this implies
that no high-quality exposure of the source was ever acquired.

Fig. 6.—SED of J0746 from archival and coeval observations. The BAT
spectrum from the 9 month exposure is plotted, together with the XRT spectrum,
UVOT, and radio ( filled circles) fluxes from the November 4 campaign. The data
plotted with triangles are from NED, while the GeV upper limit is from our
reanalysis of the EGRET database. The SED is fitted with a composite jet + disk
model. The solid line shows the jet continuum calculated with the emission
model described in the text , assuming the following parameters: " ¼ # ¼ 20,
R ¼ 2:7 ; 1016 cm, B ¼ 2 G, electron density ne ¼ 9 ; 104 cm"3, $min ¼ 1,
$rmb ¼ 50, $max ¼ 103, n1 ¼ 1:5, n2 ¼ 3:8. The external radiation field has a
luminosity LBLR ¼ 1046 ergs s"1 and is diluted within a BLR assumed to have
a radius RBLR ¼ 1018 cm. The single emission components are also reports:
synchrotron (dotted line), SSC (long-dashed line), EC (dot-dashed line) and
the disk (dashed line). The peak of the synchrotron component is produced by
the self-absorption.

DISCOVERY OF EXTREME MeV BLAZAR WITH SWIFT BAT 31No. 1, 2006
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Gamma-ray�Polzarization
Probing�the�structure�using�Compton�kinematics

• Linear�polarization�measurement�of�GRB�
prompt�emission�in�250-800�keV�by�
INTEGRAL�(Götz+’13)�

• Increase�of�polarization�degree�in�Crab�
nebula�(PoGo+,�Hitomi,�AstroSat,�
INTEGRAL)?
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3552 D. Götz et al.

Figure 2. Polarigrams of GRB 061122 in different energy bands. The
crosses represent the data points (replicated once for clarity) and the contin-
uous line the fit done on the first six points using equation (1). The chance
probability of a non-polarized (<1 per cent) signal is reported in each panel.

Figure 3. The 68, 90, 95 and 99 per cent (top to bottom in each panel)
confidence contours for the ! and PA parameters for three energy ranges.

derive a0 and φ0, see Fig. 2. Confidence intervals on a0 and φ0

were, on the other hand, not derived from the fit, since the two
variables are not independent. They were derived from the proba-
bility density distribution of measuring a and φ from N independent
data points over a π period, based on Gaussian distributions for the
orthogonal Stokes components (see equation 2 in Forot et al. 2008).

Over the selected time interval we measure a high polarization
level in the 250–800 keV energy band, deriving a 68 per cent c.l.
lower limit to the polarization fraction (!) of 60 per cent and the
polarization angle of 150 ± 15◦. The corresponding polarigram is
shown in the upper panel of Fig. 2. The 68, 90, 95 and 99 per cent
confidence regions for the two parameters are shown in Fig. 3,
where one can see that the 90 and 99 per cent c.l. lower limit to
! are 33 and 16 per cent, respectively. So despite the fact that the
statistics is not high enough to fully constrain the polarization frac-
tion, we can exclude that our signal is due to an unpolarized source
(! <1 per cent) at a probability level P of 10−4 (also shown in
Fig. 2). The same analysis has been performed for the 250–350 and
350–800 keV energy bands, and the results are plotted in Figs 2
and 3, and reported in Table 1.

Table 1. Polarization measurements of GRB 061122.

Energy band ! (per cent) PA (◦) ! (per cent) PA (◦)
(keV) (68 per cent c.l.) (68 per cent c.l.) (90 per cent c.l.) (90 per cent c.l.)

250–800 >60 150 ± 15 >33 150 ± 20
250–350 >65 145 ± 15 >35 145 ± 27
350–800 >52 160 ± 20 >20 160 ± 38

Table 2. Exposure times and measured magnitudes (1σ c.l.) for the host
galaxy of GRB 061122. Galactic extinction along the line of sight has not
been subtracted from the data.

Filter CFHT exp. TNG exp. Mag. Mag.
(System) Time (ks) Time (ks) Object 1 Object 2

u$(AB) 4.5 >24.5 (3σ ) >24.75 (3σ )
g′(AB) 1.5 >24.25 (3σ ) 23.60 ± 0.12
r′(AB) 1.2 1.9 >24.0 (3σ ) 23.15 ± 0.10
i′(AB) 1.1 1.8 >23.5 (3σ ) 22.23 ± 0.08
z′(AB) 0.5 1.8 >23.0 (3σ ) 21.74 ± 0.10

Y(Vega) 7.6 22.66 ± 0.25 20.64 ± 0.07
J(Vega) 7.6 2.6 22.31 ± 0.27 20.16 ± 0.06
H(Vega) 4.9 21.52 ± 0.33 19.65 ± 0.09

Ks(V ega) 5.7 5.3 20.63 ± 0.22 19.37 ± 0.10

3 H O S T G A L A X Y I D E N T I F I C AT I O N

3.1 TNG observations

The GRB 061122 field was observed with Dolores and NICS
at the 3.5 m TNG in La Palma (Canary Islands, programme
ID: AOT24/TAC_12) in queued observing mode. The Dolores data
have been collected between 2011 August 1 and 5 in the r′, i′ and
z′ filters, while the NICS data have been obtained between 2011
August 12 and 15 in the J and Ks filters. During the Dolores obser-
vations the seeing was in the 0.5–1.0 arcsec interval, while during
the NICS ones it ranged between 0.7 and 1.0 arcsec. Data for the
TNG run (and the CHFT run) are reported in Table 2.

TNG data were reduced by means of a custom pipeline1 imple-
menting standard procedures. Data were bias/dark subtracted and
flat-field correction was applied. Individual frames were shifted to
a common reference and astrometry was derived on the final av-
eraged images using the Two Micron All Sky Survey (2MASS)
catalogue2 as a reference. Aperture photometry was performed by
means of the GAIA3 tools and calibration was derived with suitable
isolated non-saturated stars in the field using the photometry from
the 2MASS catalogue in the near-infrared (NIR). For the optical
data, we relied on the calibration carried out for the CFHT frames
(see Section 3.2).

3.2 CFHT observations

The GRB 061122 field was observed with MegaCam and
WIRCam at the 3.6 m CFHT in Mauna Kea (Hawaii, programme
ID: 11BF020) in queued service observation mode. The MegaCam
data were collected between September 6 and October 31 in the
u$, g′, r′,i′ and z′ filters, while the WIRCam data were obtained
between 2011 September 12 and October 12 in the Y, J, H and
Ks filters. During the MegaCam observations the seeing was in the

1 http://pypi.python.org/pypi/SRPAstro/
2 http://www.ipac.caltech.edu/2mass/
3 http://star-www.dur.ac.uk/~pdraper/gaia/gaia.html
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Proposed�MeV�Gamma-ray�Missions
Not�complete,,,,

• AMEGO�

• COSI-X�

• SMILE�

• GRAMS

/ 54

Towards deeper understanding…

・Confirmation of 9 sec hard X-ray pulsation 
NuSTAR proposal for additional observation, or to analyze other X-ray data 
・Brush up the magnetar binary model 
・Need for a new MeV gamma-ray observation 
Several Compton telescope missions are being prepared! Hope to get new 
results of gamma-ray binaries 
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AMEGO,
60 DSSD layers! 

planed to be 
launched in > 2029

GRAMS,
Liquid argon TPC 

Compton telescope
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Gas TPC Compton 

telescope

COSI,
Germanium Compton 

telescope, SMEX 
proposal is selected
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Solid Liquid Gas
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Crude�Estimates�for�MeV�Science
What�kind�of�sources�can�we�see?

Figure 7: The continuum gamma-ray sensitivities at a 3� confidence level for the GRAMS balloon experiment (one LDB flight, Te f f = 35 days)
and a possible satellite mission with detector upgrades (Te f f = 1 year) compared to the sensitivities for previous and future experiments, including
SPI (SPectrometer for INTEGRAL), PICsIT (PIxelated CsI Telescope) and ISGRI (INTEGRAL Soft Gamma-Ray Imager) on INTEGRAL. Black
dashed lines represent the flux levels of 1-100 mCrab [34, 17].

Sensitivity [ph/cm2/s] GRAMS Balloon (Satellite) SPI/INTEGRAL Improvement Factor
e+ (511 keV) 2.9 ⇥ 10�6 (6.3 ⇥ 10�7) 5.0 ⇥10�5 ⇠15 (⇠80)

126Sn (666/695 keV) 2.1 ⇥ 10�6 (4.2 ⇥ 10�7) ⇠2 ⇥10�5 ⇠10 (⇠50)
56Co (847 keV) 1.4 ⇥ 10�6 (2.7 ⇥ 10�7) ⇠2 ⇥10�5 ⇠15 (⇠75)
44Ti (1157 keV) 1.0 ⇥ 10�6 (1.9 ⇥ 10�7) ⇠2 ⇥10�5 ⇠20 (⇠110)
60Fe (1173 keV) 1.0 ⇥ 10�6 (1.9 ⇥ 10�7) ⇠2 ⇥10�5 ⇠20 (⇠110)
60Fe (1333 keV) 9.1 ⇥ 10�7 (1.7 ⇥ 10�7) ⇠2 ⇥10�5 ⇠20 (⇠120)
26Al (1809 keV) 7.2 ⇥ 10�7 (1.3 ⇥ 10�7) 2.5 ⇥10�5 ⇠35 (⇠190)
2H (2223 keV) 6.4 ⇥ 10�7 (1.1 ⇥ 10�7) ⇠2 ⇥10�5 ⇠30 (⇠180)

12C* (4438 keV) 4.9 ⇥ 10�7 (7.3 ⇥ 10�8) ⇠1 ⇥10�5 ⇠20 (⇠140)

Table 1: The GRAMS line sensitivity for the balloon (satellite) experiment (3�, Te f f = 106 s) to positron annihilation and radioactive isotopes
compared with SPI/INTEGRAL (3�, Te f f = 106 s).

thermonuclear supernovae, 44Ti (1157 keV) from core-
collapse supernovae, 60Fe (1173 keV and 1333 keV)
from core-collapse supernovae, 26Al (1809 keV) from
collapse supernovae or massive stars, 2H (2223 keV)
from neutron capture by protons, and 12C* (4438 keV)
from cosmic ray interactions [35, 36]. GRAMS could
also detect gamma-ray lines from Galactic neutron star
merger remnants (666 keV and 695 keV from 126Sn)
[37]. With this larger e↵ective area, GRAMS would
have more than an order of magnitude improved sensi-

tivity compared with SPI/INTEGRAL [28, 29, 30, 31].

4. Antimatter Survey

4.1. Detection Concept

The GRAMS antimatter survey involves capturing an
antiparticle in a target material with subsequent forma-
tion and decay of an exotic atom, similar to the GAPS

6

Centaurus A

MeV Background Anisotropy

Type-Ia SNe 

NS merger (3 Mpc!!!)

NS merger (30 Mpc)
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Expectation�from�Swift/BAT�&�Fermi/LAT
Realistic�estimation�for�MeV�Gamma-ray�Astronomy�in�the�next�decade

• Spatially�matching�Swift/BAT�105-
month�catalog�and�4FGL-DR2�(10�year)�
catalog.�

• �(5%�contamination)�

• 135�matched�objects�

• Dominated�by�blazars:�89�

• Bimodal�distribution�in�Photon�
index

0.05∘

Catalog cross-match 15

6. DISCUSSION

Discuss the results.
Future work. Prospects for future MeV gamma-ray detectors, such as AMIGO and GRAMS.
What determines the matched and unmatched sources? Distribution of Γ and flux in Figure 2. Distribution of

variability index (defined in 4FGL): variability index is a sum of 2×Log(Likelihood) between flux of each time and the
averaged.

Figure 2: Correlation between Γ and flux of Swift/BAT (left) and Fermi/LAT (right). The grey and blue points are
distributions of all the sources in the catalog and the spatially matched sources, respectively. Bottom: same as the
top, but the histograms show those of BLL/bll and FSRQ/fsrq.

Naomi�Tsuji�
+�in�prep.BAT�Photon�Index

BA
T�
Fl
ux



Jul 8, 2020｜GRAMS collaboration meeting Naomi Tsuji (RIKEN/iTHEMS)�18

✓Spatially matched between BAT and 4FGL catalogs (rsep= 0.08 degree)

✓Flux in 1–100 MeV estimated by both BAT and 4FGL is > 10-10 erg/cm2/s

→23 sources


[HB89] 0212+735, LS I +61 303, 1H 0323+342, Crab, B2 0743+25, Vela Pulsar, 4C +04.42, PG 1222+216, 3C 
273, 3C 279, IGR J13109-5552, Cen A, PKS 1510-08, 3C 345, RX J1826.2-1450, 3C 380, PKS 1830-21, BL 
Lac, PKS 2227-088, [HB89] 2230+114, 3C 454.3, SWIFT J1254.9+1165, [HB89] 2142-758


✓Flux in 1–100 MeV estimated by both BAT and 4FGL is > 10-11 erg/cm2/s

→67 sources

F1–100 MeV > 10-10 cgs

F1–100 MeV > 10-11 cgs

Spatial and spectral matchBAT-LAT�MeV�objects�sky�distribution
Naomi�Tsuji�et�al.�in�prep.

• Toward�the�future�observation�plan.�

• Interpolate�MeV�gamma-ray�spectra�of�
the�Tsuji�catalog�

• Number�of�objects�having�MeV�flux�of�

• �:�23�sources�

• �:�67�sources�

> 10−10 erg/cm2/s

> 10−11 erg/cm2/s



Number of Gamma-ray Objects

Kifune plot (modified by YI)
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Summary
What’s�we�need�to�accomplish?�A:�Operation�of�MeV�balloons/satellites.�

• A�MeV�gamma-ray�observatory�can�bring�various�discoveries�to�us�

• nuclear�astrophysics,�cosmic�evolution,�high�energy�phenomena,�dark�matter�particles�

• Variety�of�Compton�Cameras�are�proposed�

• Solid�(AMEGO,�COSI),�Liquid�(GRAMS),�&�Gas�(SMILE)�

• Latest�Swift/BAT�&�Fermi/LAT�catalogs�tell�us�

• @ �:�23�sources�

• @ �:�67�sources��(Mostly�blazars)

> 10−10 erg/cm2/s

> 10−11 erg/cm2/s


