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Jet Power > Accretion Power?
Blazars

• Spectral fitting can tell the particle 
energy distribution. 

➡ Jet power estimation  

• Accretion rate from emission lines 

• Correlation between jet power and 
accretion rate (Ghisellini+’14; YI & Tanaka ’16) 

• Pjet ≳ ·Minc2

The Astrophysical Journal, 736:131 (22pp), 2011 August 1 Abdo et al.
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Figure 11. SED of Mrk 421 with two one-zone SSC model fits obtained with
different minimum variability timescales: tvar = 1 day (red curve) and tvar = 1
hr (green curve). The parameter values are reported in Table 4. See the text for
further details.

Table 4
Parameter Values from the One-zone SSC Model Fits to the SED from

Mrk 421 Shown in Figure 11

Parameter Symbol Red Curve Green Curve

Variability timescale (s)a tv,min 8.64 × 104 3.6 × 103

Doppler factor δ 21 50
Magnetic field (G) B 3.8 × 10−2 8.2 × 10−2

Comoving blob radius (cm) R 5.2 × 1016 5.3 × 1015

Low-energy electron spectral index p1 2.2 2.2
Medium-energy electron spectral index p2 2.7 2.7
High-energy electron spectral index p3 4.7 4.7
Minimum electron Lorentz factor γmin 8.0 × 102 4 × 102

Break1 electron Lorentz factor γbrk1 5.0 × 104 2.2 × 104

Break2 electron Lorentz factor γbrk2 3.9 × 105 1.7 × 105

Maximum electron Lorentz factor γmax 1.0 × 108 1.0 × 108

Jet power in magnetic field (erg s−1)bx Pj,B 1.3 × 1043 3.6 × 1042

Jet power in electrons (erg s−1) Pj,e 1.3 × 1044 1.0 × 1044

Jet power in photons (erg s−1)b Pj,ph 6.3 × 1042 1.1 × 1042

Notes.
a The variability timescale was not derived from the model fit, but rather used
as an input (constrain) to the model. See the text for further details.
b The quantities Pj,B and Pj,ph are derived quantities; only Pj,e is a free
parameter in the model.

so that
R = δctv,min

1 + z
! δctv

1 + z
. (1)

During the observing campaign, Mrk 421 was in a rather
low activity state, with multifrequency flux variations occurring
on timescales larger than one day (Paneque 2009), so we used
tv,min = 1 day in our modeling. In addition, given that this
only gives an upper limit on the size scale, and the history of
fast variability detected for this object (e.g., Gaidos et al. 1996;
Giebels et al. 2007), we also performed the SED model using
tv,min = 1 hr. The resulting SED models obtained with these
two variability timescales are shown in Figure 11, with the
parameter values reported in Table 4. The blob radii are large
enough in these models that synchrotron self-absorption (SSA)
is not important; for the tv,min = 1 hr model, νSSA = 3×1010 Hz,
at which frequency a break is barely visible in Figure 11. It is
worth stressing the good agreement between the model and the

data: the model describes very satisfactorily the entire measured
broadband SED. The model goes through the SMA (225 GHz)
data point, as well as through the VLBA (43 GHz) data point
for the partially resolved radio core. The size of the VLBA
core of the 2009 data from Mrk 421 at 15 GHz and 43 GHz
is #0.06–0.12 mas (as reported in Section 5.1.1) or using the
conversion scale 0.61 pc mas−1 # 1–2 ×1017 cm. The VLBA
size estimation is the FWHM of a Gaussian representing the
brightness distribution of the blob, which could be approximated
as 0.9 times the radius of a corresponding spherical blob
(Marscher 1983). That implies that the size of the VLBA core is
comparable (a factor of about two to four times larger) than that
of the model blob for tvar = 1 day (∼5 × 1016 cm). Therefore,
it is reasonable to consider that the radio flux density from the
VLBA core is indeed dominated by the radio flux density of the
blazar emission. The other radio observations are single dish
measurements and hence integrate over a region that is orders
of magnitude larger than the blazar emission. Consequently, we
treat them as upper limits for the model.

The powers of the different jet components derived from
the model fits (assuming Γ = δ) are also reported in Table 4.
Estimates for the mass of the supermassive black hole in
Mrk 421 range from 2×108 M% to 9×108 M% (Barth et al. 2003;
Wu et al. 2002), and hence the Eddington luminosity should be
between 2.6 × 1046 and 1.2 × 1047 erg s−1, that is, well above
the jet luminosity.

It is important to note that the parameters resulting from
the modeling of our broadband SED differ somewhat from
the parameters obtained for this source of previous works
(Krawczynski et al. 2001; Błażejowski et al. 2005; Revillot
et al. 2006; Albert et al. 2007b; Giebels et al. 2007; Fossati
et al. 2008; Finke et al. 2008; Horan et al. 2009; Acciari et al.
2009). One difference, as already noted, is that an extra break is
required. This could be a feature of Mrk 421 in all states, but we
only now have the simultaneous high quality spectral coverage
to identify it. For the model with tvar = 1 day (which is the
time variability observed during the multifrequency campaign),
additional differences with previous models are in R, which is an
order of magnitude larger, and B, which is an order of magnitude
smaller. This mostly results from the longer variability time in
this low state. Note that using a shorter variability (tvar = 1 hr;
green curve) gives a smaller R and bigger B than most models
of this source.

Another difference in our one-zone SSC model with respect
to previous works relates to the parameter γmin. This parameter
has typically not been well constrained because the single-dish
radio data can only be used as upper limits for the radio flux
from the blazar emission. This means that the obtained value for
γmin (for a given set of other parameters R, B, and δ) can only be
taken as a lower limit: a higher value of γmin is usually possible.
In our modeling we use simultaneous Fermi-LAT data as well as
SMA and VLBA radio data, which we assume are dominated by
the blazar emission. We note that the size of the emission from
our SED model fit (when using tvar ∼1 day) is comparable to
the partially resolved VLBA radio core and hence we think this
assumption is reasonable. The requirement that the model SED
fit goes through those radio points further constrains the model,
and in particular the parameter γmin: a decrease in the value of
γmin would overpredict the radio data, while an increase of γmin
would underpredict the SMA and VLBA core radio data, as
well as the Fermi-LAT spectrum below 1 GeV if the increase in
γmin would be large. We explored model fits with different γmin
and p1, and found that, for the SSC model fit with tvar = 1 day
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Mrk 421

Assuming that g 5 0.3, appropriate for rapidly rotating black holes,
we have _Mc2~Ldisk=g. Figure 2 shows Pjet versus _Mc2 for all our sources.
The white stripe indicates Pjet 5 _Mc2, and the black line is the best-fit
correlation (log(Pjet) 5 0.92log( _Mc2) 1 4.09) and always lies above the
equality line. This finding is fully consistent with recent general relativ-
istic magnetohydrodynamic numerical simulations9 in which the average
outflowing power in jets and winds reaches 140% of _Mc2 for dimension-
less spin values a 5 0.99. The presence of the jet implies that the gravita-
tional potential energy of the falling matter can not only be transformed
into heat and radiation, but can also amplify the magnetic field, allowing
the field to access the large store of black hole rotational energy and
transform part of it into mechanical power in the jet. This jet power is
somewhat larger than the entire gravitational power ( _Mc2) of the accret-
ing matter. This is not a coincidence, but is the result of the catalysing
effect of the magnetic field amplified by the disk. When the magnetic
energy density exceeds the energy density (,rc2) of the accreting matter
in the vicinity of the last stable orbit, the accretion is halted and the
magnetic energy decreases, as shown by numerical simulations9,22 and
confirmed by recent observational evidence10.

The mass of the black holes of the FSRQs in our sample has been
calculated12 assuming that the size of the broad line region scales with
the square root of the ionizing disk luminosity as indicated by rever-
beration mapping23,24, and by assuming that the clouds producing the
broad emission lines are virialized. The uncertainties associated with
this method are large (dispersion of s 5 0.5 dex for the black hole mass
values25), but if there is no systematic error (Methods) then the average
Eddington ratio for FSRQs is reliable: ÆLdisk/LEddæ 5 0.1 (LEdd; Eddington
luminosity; Extended Data Fig. 2). This implies that all FSRQs should
have standard, geometrically thin, optically thick accretion disks26. There-
fore, the more powerful jets (the ones associated with FSRQs) can be
produced by standard disks with presumably no central funnel, con-
trary to some expectations27,28.

A related issue is the possible change of accretion regime at low accre-
tion rate (in Eddington units), or, equivalently, when Ldisk=10{2LEdd.

In this case, the disk is expected to become radiatively inefficient, hotter
and geometrically thick. How the jet responds to such changes is still an
open issue. An extension of our study to lower luminosities could pro-
vide some hints. Another open issue is how the jet power depends on
the black hole spin29. Our source sample consists by construction of lumi-
nous c-ray sources that presumably have the most powerful jets, and
thus have the most rapidly spinning holes. It will be interesting to explore
less luminous jetted sources, to gain insight into the possible depen-
dence of the jet power on the black hole spin and the possible existence
of a minimum spin value for the jet to exist. In turn, this should shed
light on the longstanding problem of the radio-loud/radio-quiet quasar
dichotomy30.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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Figure 1 | Radiative jet power versus disk luminosity. The radiative jet power
versus the disk luminosity, calculated as ten times the luminosity of the broad
line region. Different symbols correspond to the different emission lines
used to estimate the disk luminosity, as labelled. All objects were detected using
Fermi/LAT and have been spectroscopically observed in the optical12,13. Shaded
areas correspond to 1s, 2s and 3s (vertical) dispersion, where s 5 0.5 dex.
The black line is the least-squares best fit (log(Prad) 5 0.98log(Ldisk) 1 0.639).
The average error bar corresponds to uncertainties of a factor of 2 in Ldisk

(ref. 16) and 1.7 in Prad (corresponding to the uncertainty in C2).
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Figure 2 | Jet power versus accretion power. The total jet power estimated
using a simple one-zone leptonic model17, assuming one cold proton per
emitting electron, versus _Mc2 calculated assuming an efficiency g 5 0.3,
which is appropriate for a maximally rotating Kerr black hole. Different
symbols correspond to the different emission lines used to estimate the disk
luminosity, as in Fig. 1. Shaded areas correspond to 1s, 2s and 3s (vertical)
dispersion, where s 5 0.5 dex. The black line is the least-squares best fit
(log(Pjet) 5 0.92log( _Mc2) 1 4.09). The white stripe is the equality line. The
average error bar is indicated ( _Mc2 has the same average uncertainty of Ldisk; the
average uncertainty in Pjet is a factor of 3).
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Jet Power < Accretion Power?
Radio Galaxies

• Jet power can be estimated from X-ray 
cavity and hot spot  (Godfrey & Shabala ‘13) 

• A well-known empirical relation between 
radio and jet power (Willott+’99) 

• With ~8000 radio galaxies (off-axis 
blazars), 

  (YI+’17)Pjet ∼ 10−2 ·Minc2

The Astrophysical Journal, 767:12 (9pp), 2013 April 10 Godfrey & Shabala

2

W Hz-1 Sr-1

Figure 3. Comparison of the Qjet–L151 relations for FR I and FR II radio
galaxies. Here we plot the data and best-fit relation from Cavagnolo et al. (2010)
(red points and blue solid line). The shaded area illustrates uncertainty in the
normalization of the FR I best-fit relation. We also plot the model of Willott et al.
(1999) with f = 20 (uppermost black dashed line) and f = 1 (lowermost black
dashed line). We plot the FR II jet power measurements (green squares) which
have been derived using the hotspot method assuming g = 2 (see Sections 2.1
and 2.2). Note that the minimum allowed value is g = 1.06. The black cross
marks the location of Cygnus A and is clearly an outlier when compared to our
sample of FR II radio galaxies. This is due to the high-density environment into
which Cygnus A expands, resulting in “environmental boosting” of its radio
luminosity (Barthel & Arnaud 1996; see also Section 5.2).
(A color version of this figure is available in the online journal.)

cylindrical symmetry, and τ is the spectral age of the source. In
agreement with the results presented here, Daly et al. also found
that the Qjet–Lradio relation for luminous FR II radio galaxies is
in broad agreement with an extrapolation of the one given by
Cavagnolo et al. (2010) for FR I radio galaxies.

Our result, the broad agreement between the FR I and FR II
Qjet–Lradio relations, appears at odds with the emerging scenario
in which the fraction of energy in non-radiating particles differs
greatly between these two classes of radio galaxy. However, as
we discuss in Section 5.2, differences in the age and environment
for the two samples used in this study, as well as a possible
difference in the fraction of energy associated with shocks, will
counteract the offset between the Qjet–L151 relations expected
to arise due to the differing energy budgets of the radio lobes.

5. DISCUSSION

5.1. Hotspots as Calorimeters

Hotspots of FR II radio galaxies are thought to be variable on
short timescales (Laing 1989; Saxton et al. 2002, 2010), and as
such, caution must be exercised when interpreting the derived
jet power for individual objects. However, provided that the
general principle of conservation of momentum applies between
jet and hotspot, on a population basis we expect this method to be
a reliable estimator of jet power, and in particular, may be used
to investigate the Qjet–Lradio relation at high radio luminosities.
More than half of the sources in our sample have two hotspots,
one at each end of the source, that enable jet power estimates.

Ratio of hotspot derived jet power (with g=2) to that predicted 
from the Qjet - L151 scaling relation for FRI radio galaxies. 

Figure 4. Histogram of the ratio between hotspot jet power (with g = 2) and the
jet power calculated from Equation (12), the Qjet–L151 scaling relation for FR I
radio galaxies. The mean of this distribution (0.8) is illustrated by the dashed
line. It is clear that given g ≈ 2 as derived in Section 2.1, there is no evidence
for a substantial offset between the FR I and FR II Qjet–Lradio relations.

Figure 5. Histogram of the ratio of jet power derived from the two hotspots
at either end of the source. The median of the distribution is 2.0 and standard
deviation is 1.4.

We can test the reliability of the hotspot jet power method by
calculating, for each source, the ratio of jet power determined
for the two hotspots. Figure 5 is a histogram showing the
distribution of this Qhs ratio. More than half the sample have
Qjet estimates from both hotspots that agree to within a factor
of two. The largest discrepancy between hotspot measurements
is approximately a factor of five.

5.2. Predicted Offset Between the Qjet–Lradio
Relations for FR I and FR II Radio Galaxies

O’Sullivan et al. (2011) revised the analysis of Willott et al.
(1999) to account for a different minimum energy formalism.
In particular, these authors pointed out that a large fraction of

6
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Current Situation of AGN Jet Power
Blazar SED Fitting Large-scale Jet

Assuming that g 5 0.3, appropriate for rapidly rotating black holes,
we have _Mc2~Ldisk=g. Figure 2 shows Pjet versus _Mc2 for all our sources.
The white stripe indicates Pjet 5 _Mc2, and the black line is the best-fit
correlation (log(Pjet) 5 0.92log( _Mc2) 1 4.09) and always lies above the
equality line. This finding is fully consistent with recent general relativ-
istic magnetohydrodynamic numerical simulations9 in which the average
outflowing power in jets and winds reaches 140% of _Mc2 for dimension-
less spin values a 5 0.99. The presence of the jet implies that the gravita-
tional potential energy of the falling matter can not only be transformed
into heat and radiation, but can also amplify the magnetic field, allowing
the field to access the large store of black hole rotational energy and
transform part of it into mechanical power in the jet. This jet power is
somewhat larger than the entire gravitational power ( _Mc2) of the accret-
ing matter. This is not a coincidence, but is the result of the catalysing
effect of the magnetic field amplified by the disk. When the magnetic
energy density exceeds the energy density (,rc2) of the accreting matter
in the vicinity of the last stable orbit, the accretion is halted and the
magnetic energy decreases, as shown by numerical simulations9,22 and
confirmed by recent observational evidence10.

The mass of the black holes of the FSRQs in our sample has been
calculated12 assuming that the size of the broad line region scales with
the square root of the ionizing disk luminosity as indicated by rever-
beration mapping23,24, and by assuming that the clouds producing the
broad emission lines are virialized. The uncertainties associated with
this method are large (dispersion of s 5 0.5 dex for the black hole mass
values25), but if there is no systematic error (Methods) then the average
Eddington ratio for FSRQs is reliable: ÆLdisk/LEddæ 5 0.1 (LEdd; Eddington
luminosity; Extended Data Fig. 2). This implies that all FSRQs should
have standard, geometrically thin, optically thick accretion disks26. There-
fore, the more powerful jets (the ones associated with FSRQs) can be
produced by standard disks with presumably no central funnel, con-
trary to some expectations27,28.

A related issue is the possible change of accretion regime at low accre-
tion rate (in Eddington units), or, equivalently, when Ldisk=10{2LEdd.

In this case, the disk is expected to become radiatively inefficient, hotter
and geometrically thick. How the jet responds to such changes is still an
open issue. An extension of our study to lower luminosities could pro-
vide some hints. Another open issue is how the jet power depends on
the black hole spin29. Our source sample consists by construction of lumi-
nous c-ray sources that presumably have the most powerful jets, and
thus have the most rapidly spinning holes. It will be interesting to explore
less luminous jetted sources, to gain insight into the possible depen-
dence of the jet power on the black hole spin and the possible existence
of a minimum spin value for the jet to exist. In turn, this should shed
light on the longstanding problem of the radio-loud/radio-quiet quasar
dichotomy30.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.

Received 25 April; accepted 11 September 2014.

1. Blandford, R. D. & Znajek, R. L. Electromagnetic extraction of energy from Kerr
black holes. Mon. Not. R. Astron. Soc. 179, 433–456 (1977).

2. Rawlings, S. & Saunders, R. Evidence for a common central-engine mechanism in
all extragalactic radio sources. Nature 349, 138–140 (1991).

3. Celotti, A. & Fabian, A. C. The Kinetic power and luminosity of parsec-scale radio
jets – an argument for heavy jets. Mon. Not. R. Astron. Soc. 264, 228–236 (1993).

4. Celotti, A., Padovani, P. & Ghisellini, G. Jets and accretion processes in active
galactic nuclei: further clues. Mon. Not. R. Astron. Soc. 286, 415–424 (1997).

5. Maraschi, L. & Tavecchio, F. The jet–disk connection and blazar unification.
Astrophys. J. 593, 667–675 (2003).

6. Punsly, B. & Tingay, S. J. PKS 1018–42: a powerful, kinetically dominated quasar.
Astrophys. J. 640, L21–L24 (2006).

7. Celotti, A. & Ghisellini, G. The power of blazar jets. Mon. Not. R. Astron. Soc. 385,
283–300 (2008).

8. Ghisellini, G. et al. General physical properties of bright Fermi blazars. Mon. Not.
R. Astron. Soc. 402, 497–518 (2010).

9. Tchekhovskoy, A., Narayan, R. & McKinney, J. C. Efficient generation of jets from
magnetically arrested accretion on a rapidly spinning black hole. Mon. Not. R.
Astron. Soc. 418, L79–L83 (2011).

3V
2V
V

C IV, Mg II (z > 1)

C IV (z > 1)

BL Lacs

Average error

Mg II (z > 1)

Hβ, Mg II (z < 1)

Mg II (z < 1)

Hβ (z < 1)

1047

1048

P
ra

d 
(e

rg
 s

–1
)

Ldisk (erg s–1)

1046

1045

1044

1043

1043 1044 1045 1046 1047 1048

Figure 1 | Radiative jet power versus disk luminosity. The radiative jet power
versus the disk luminosity, calculated as ten times the luminosity of the broad
line region. Different symbols correspond to the different emission lines
used to estimate the disk luminosity, as labelled. All objects were detected using
Fermi/LAT and have been spectroscopically observed in the optical12,13. Shaded
areas correspond to 1s, 2s and 3s (vertical) dispersion, where s 5 0.5 dex.
The black line is the least-squares best fit (log(Prad) 5 0.98log(Ldisk) 1 0.639).
The average error bar corresponds to uncertainties of a factor of 2 in Ldisk

(ref. 16) and 1.7 in Prad (corresponding to the uncertainty in C2).
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Figure 2 | Jet power versus accretion power. The total jet power estimated
using a simple one-zone leptonic model17, assuming one cold proton per
emitting electron, versus _Mc2 calculated assuming an efficiency g 5 0.3,
which is appropriate for a maximally rotating Kerr black hole. Different
symbols correspond to the different emission lines used to estimate the disk
luminosity, as in Fig. 1. Shaded areas correspond to 1s, 2s and 3s (vertical)
dispersion, where s 5 0.5 dex. The black line is the least-squares best fit
(log(Pjet) 5 0.92log( _Mc2) 1 4.09). The white stripe is the equality line. The
average error bar is indicated ( _Mc2 has the same average uncertainty of Ldisk; the
average uncertainty in Pjet is a factor of 3).
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Pjet ∼ 10−2 ·Minc2Pjet ≳ ·Minc2

• Blazar Method 

• Minimum electron Lorentz 
factor γmin ~1 

• Composition 

• Large-scale Jet Method 

• Different Timescale 

• We need to understand this 
discrepancy. 

• e.g., important for neutrinos.



Gamma-ray Astrophysics with Cosmic History
γ≳100 GeV + γEBL → e+ + e−

• Extragalactic Background 
Light (EBL)  

• Integrated history of 
cosmic star formation 
activity.
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EBL and its Evolution
Gamma-ray Determination

• By assuming intrinsic spectrum, we can 
determine the EBL. 

• Log-parabola fitting to low-energy data.
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Figure 2 The spectral intensity of the EBL in the Universe today (A) and at redshifts
z = 1, 2, 3 (B, C, and D). At z = 0 data from other �-ray based measurements are shown
with orange symbols (39–42) while integrated galaxy counts are displayed with green sym-
bols (15–20). The blue areas show the 1 � confidence regions based on the reconstructed cosmic
emissivity (14). At higher redshift (B, C, and D), the EBL is shown in physical coordinates.
Figure S8 in (14) includes a more complete set of measurements from the literature.
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Figure S3 Measurements of the optical depth ⌧�� due to the EBL in different redshift and
energy bins. The lines show the predictions of two EBL models (29, 37).
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Determination of the Cosmic Star Formation History

• Consistent with galaxy 
survey data. 

• Need to assume the EBL 
shape. 

• sum of log-normal (Blue) 

• stellar population 
synthesis (Green)
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Figure 3 The cosmic star-formation history as constrained from the optical depth data. The
shaded regions correspond to the 1� confidence regions on the star formation rate density as a
function of redshift, ⇢̇(z), obtained from two independent methods, based on 1) a physical EBL
model (green) and 2) an empirical EBL reconstruction (blue, see (14)). The data points show
the SFH derived from UV surveys at low z and deep Lyman Break Galaxy (LBG) surveys at
high-z (see review of (1) and references therein). Figure S11 in (14) includes a more complete
set of data from different tracers of the star-formation rate.
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Spatial Extension of Cen A Seen by Fermi and H.E.S.S.
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Figure 1: Multiwavelength image of Centaurus A. The color map represents the radio (21 cm)
VLA map of Centaurus A 31, after convolution with the H.E.S.S. PSF and an additional over-
sampling with a radius of 0.05�. Contours of the unconvolved VLA map, with levels adjusted
to highlight the core (corresponding to 4 Jy/beam) as well as the kpc-scale jet (0.5 Jy/beam),
are drawn in black. The VHE gamma-ray morphology of Centaurus A is represented by a white
dashed contour which is derived from the 5� excess significance level of the H.E.S.S. sky map,
also after oversampling with a radius of 0.05�. The result of the best fit of an elliptical Gaussian
to the H.E.S.S. measurement is shown in blue by its 1� contour which corresponds to a model
containment fraction of 39%. The 1� statistical uncertainties of the fitted position are drawn as
black arrows, and the estimated pointing uncertainties with a red circle. The dashed green line
denotes the 68% containment contour of the H.E.S.S. PSF.
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NOTE: Color scale is radio!  
HESS region is WHITE circle.
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Unusual�Spectral�Hardening�in�the�Cen�A�Spectrum

• Cen�A�MWL�spectrum�shows�an�
unusual�spectral�hardening�at�4�GeV.�

• H.E.S.S.�spatial�decomposition��
revealed�it�from�the�kpc�scale.

Figure 2: Spectral energy distribution of Centaurus A. Observed and modelled spectral en-
ergy distribution (SED) from radio to gamma-ray energies for the inner, kpc-scale jet of Centau-
rus A. The VHE emission is dominated by relativistic electrons with Lorentz factor � � 107 IC
upscattering dust photons to high energies (solid/blue curve). This emission from the kpc-scale
jet makes a major contribution to the unexpected spectral hardening above a few GeV as seen
by Fermi-LAT (red points) 16. The lower-energy part of the gamma-ray spectrum (red points) is
attributed to emission from the core (dashed line referring to a core model fit from 16). The green
curve designates the synchrotron emission of the inferred broken power-law electron distribu-
tion in a magnetic field of characteristic strength B = 23µG. The blue butterfly corresponds
to the H.E.S.S. spectra, while green data points mark radio, infrared and X-ray measurements
and reported uncertainties from the inner region of the Centaurus A jet (see Methods II). A
breakdown is provided of the full inverse Compton contribution, from the scattering of: Cosmic
Microwave Background (CMB), the low-energy synchrotron jet emission, infrared emission
from dust, and the starlight emission of the host galaxy. Data are from 16 and 37, see Methods II
for further details.

7

The Astrophysical Journal Letters, 770:L6 (5pp), 2013 June 10 Sahakyan et al.

1 0 1 2 3 4

14

13

12

11

10

log E GeV

lo
g

E
2 dN

dE
er

g
cm

2 s
1

Figure 3. Gamma-ray spectrum for the core of Cen A from high (Fermi/LAT, this work) to very high (H.E.S.S., blue squares) energies. The blue bowtie represents a
power law with photon index 2.74, and the red bowtie a power law with photon index 2.09. The dashed lines show extrapolations of these models to higher energies.
The power-law extrapolation of the low-energy component (blue lines) would underpredict the fluxes observed at TeV energies.
(A color version of this figure is available in the online journal.)

4. DISCUSSION AND CONCLUSION

In the case of high-frequency-peaked BL Lac objects, homo-
geneous leptonic synchrotron self-Compton (SSC) jet models
often provide reasonable descriptions of their overall spectral
energy distributions (SEDs). For Cen A, however, classical one-
zone SSC models (under the proviso of modest Doppler beam-
ing) are unable to satisfactorily account for its core SED up to the
highest energies (cf. Chiaberge et al. 2001; Lenain et al. 2008;
Abdo et al. 2010b). It seems thus well possible that an additional
component contributes to the observed emission at these ener-
gies (e.g., Lenain et al. 2008; Rieger & Aharonian 2009). The
results presented here indeed provide support for such a consid-
eration. Our analysis of the 4 yr data set reveals that the HE core
spectrum of Cen A shows a “break” with photon index changing
from !2.7 to !2.1 at an energy of Eb ! 4 GeV. This break is un-
usual in that the spectrum gets harder instead of softer, while typ-
ically the opposite occurs. For a distance of 3.8 Mpc, the detected
photon flux Fγ = (1.68±0.04)×10−7 photons cm−2 s−1 for the
component below 4 GeV corresponds to an apparent (isotropic)
gamma-ray luminosity of Lγ (0.1–4 GeV) ! 1041 erg s−1. The
component above 4 GeV, on the other hand, is characterized by
an isotropic HE luminosity of Lγ (>4 GeV) ! 1.4×1040 erg s−1.
This is an order of magnitude less when compared with the first
component, but still larger than the VHE luminosity reported
by H.E.S.S., Lγ (>250 GeV) = 2.6 × 1039 erg s−1 (Aharonian
et al. 2009).

Figure 3 shows the gamma-ray spectrum for the core of Cen
A up to TeV energies. As one can see, the flux expected based
on a power-law extrapolation of the low-energy component
(below the break) clearly falls below the TeV flux reported
by H.E.S.S. Although the uncertainties in the photon index
are large, it is clear that the spectrum becomes harder above
4 GeV. Remarkably, a simple extrapolation of the second (above
the break) HE component to TeV energies could potentially
allow one to match the average H.E.S.S. spectrum. These
spectral considerations support the conclusion that we may
actually be dealing with two (or perhaps even more) components
contributing to the HE gamma-ray core spectrum of Cen A. Our

analysis of the HE light curves provides some weak indication
for a possible variability on 45 day timescale, but the statistics
are not sufficient to draw clear inferences.

The limited angular resolution (∼5 kpc) and the lack of sig-
nificant variability introduce substantial uncertainties as to the
production site of the HE gamma-ray emission. In principle, the
hard HE component could originate from both a very compact
(subparsec) and/or extended (multi-kpc) region(s). The double-
peaked nuclear SED of Cen A has been reasonably well modeled
up to a few GeV in terms of SSC processes occurring in its in-
ner jet (e.g., Chiaberge et al. 2001; Abdo et al. 2010b). In this
context, the hardening on the HE spectrum above 4 GeV would
indeed mark the appearance of a physically different compo-
nent. This additional component could in principle be related to
a number of different (not mutually exclusive) scenarios, such as
(1) non-thermal processes in its BH magnetosphere (Rieger &
Aharonian 2009), (2) multiple SSC-emitting components (i.e.,
differential beaming; Lenain et al. 2008), or (3) photo–meson in-
teractions of protons in the inner jet (Kachelrieß et al. 2010; Sahu
et al. 2012), (4) gamma-ray-induced pair-cascades in a torus-
like region (at ∼103 Schwarzschild radii; e.g., Roustazadeh &
Böttcher 2011), (5) secondary Compton upscattering of host
galaxy starlight (Stawarz et al. 2006), or (6) inverse-Compton
(IC) processes in the kpc-scale jet (e.g., Hardcastle &
Croston 2011). What concerns the more compact scenarios
(1)–(4) just mentioned: opacity considerations do not a pri-
ori exclude a near-BH origin, but could potentially affect the
spectrum toward highest energies (e.g., Rieger 2011). An SSC
multi-blob VHE contribution, on the other hand, requires the
soft gamma-rays to be due to synchrotron instead of IC pro-
cesses, in which case correlated variability might be expected.
Photo–meson (pγ ) interactions with, e.g., UV or IR background
photons (nγ ) require the presence of UHECR protons, which
seems feasible for Cen A. However, as the mean free paths of
protons through the relevant photon fields are comparatively
large, usually only a modest fraction of the proton energy can
be converted into secondary particles. Models of this type thus
tend to need an injection power in HE protons exceeding the
average jet power of ∼1043–44 erg s−1 (e.g., Yang et al. 2012).
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Physical Properties of the kpc Jet (Diffuse + Knots)
Sudoh, Khangulyan, & YI ‘20

• kpc jets are observed in radio, X-ray, and γ-ray. 

• Diffuse jet:  

• consistent with a general analysis of FR-II galaxies (Sikora+’20) 

• Knots : 

ηB ∼ 10−2

ηB ∼ ηe ∼ 0.1

Kataoka+’06;�Goodger+’10

Sudoh,�Khangulyan,�&�YI�‘20

Chandra X-ray Image
Radio + X-ray Constraints

+ VHE Constraints

Allowed Region



>20�TeV�Gamma-ray�from�SS�433�Knots�by�HAWC

• SS�433�is�a�Galactic�microquasar.�

• Twin�jets�

• �

•

vjet ∼ 0.26c

Ljet ∼ 1039 erg/s

LETTER RESEARCH

the Galactic plane. The ROI also removes significant spatially extended 
emission from the nearby γ-ray source MGRO J1908+06. The spatial 
distribution and spectrum of γ-rays from MGRO J1908+06 are fitted 
using an electron diffusion model23, and point-like sources centred 
on e1 and w1 are fitted on top of this extended emission. As a sys-
tematic check, the regions are also fitted using X-ray spatial templates 
and extended Gaussian functions. Neither improves the statistical  
significance of the fits. Upper limits on the angular size of the emission 
regions are 0.25° for the east hotspot and 0.35° for the west hotspot 
at 90% confidence. Given the distance to the source of 5.5 kpc, this 
corresponds to a physical size of 24 pc and 34 pc, respectively. The 
constraint is tighter on the eastern hotspot owing to its higher statistical 
significance.

The VHE γ-ray flux is consistent with a hard E−2 spectrum, though 
current data from HAWC are not of sufficient significance to constrain 
the spectral index. Therefore, we report the flux of both hotspots at  
20 TeV, at which systematic uncertainties due to the choice of spectral 
model are minimized and the sensitivity of HAWC is maximized.  
At e1, the VHE flux is . . . ×− .

+ .
− .
+ . − − − −2 4 (stat ) (syst ) 10 TeV cm s0 5

0 6
1 3
1 3 16 1 2 1, 

and at w1 the flux is . . . ×− .
+ .

− .
+ . − − − −2 1 (stat ) (syst ) 10 TeV cm s0 5

0 6
1 2
1 2 16 1 2 1. 

HAWC detects γ-rays from the interaction regions up to at least 25 TeV. 
The energies of these γ-rays are a factor of three to ten higher than 
previous measurements from microquasars24,25. Since most γ-ray  
telescopes are optimized for measurements below 10 TeV, this may 
explain why these photons were not observed in previous observational 
campaigns.

The γ-rays detected by HAWC are produced by radiative or decay 
processes from particles of much higher energy. The detection yields 
important information about the mechanisms and sites of particle 
acceleration, the types of particles accelerated (for example, protons 
or electrons), and the radiative processes that produce the spectrum of 
emission from radio to VHE γ-rays. Two scenarios for explaining the 

HAWC observations of the e1 and w1 regions can be tested. The first is 
that protons are primarily responsible for the observed γ-rays. Protons 
must have an energy of at least 250 TeV to produce 25-TeV γ-rays 
through hadronic collisions with ambient gas. Proton–proton collisions 
yield neutral pions (π0) that decay to VHE γ-rays, and charged pions 
(π±) that decay to the secondary electrons and positrons responsible 
for radio to X-ray emission via synchrotron radiation. This scenario is 
of particular interest because there is spectroscopic evidence for ionized 
nuclei in the inner jets of SS 4338,26. The alternative scenario requires 
electrons of at least 130 TeV to up-scatter the low-energy photons from 
the cosmic microwave background (CMB) to 25-TeV γ rays. In this 
case, the radio to X-ray emission is dominated by synchrotron radia-
tion from the same population of electrons in the magnetized plasma 
of the jets and lobes.

The fact that the VHE emission is detected along a line of sight 
nearly orthogonal to the jet axis means that charged particle trajecto-
ries become isotropic before they interact to produce the γ-rays. The 
embedded magnetic fields in the VHE regions can easily deflect the 
accelerated particles because their typical gyroradii are much smaller 
than the size of the emission regions, approximately 30 pc. The jets are 
only mildly relativistic, so the emission from the interaction regions will 
have a negligible Doppler beaming effect and remain nearly isotropic.

The flux of VHE γ-rays observed by HAWC makes the proton sce-
nario for SS 433 unlikely, because the total energy required to produce 
the highly relativistic protons is too high. The jets of SS 433 are known 
to be radiatively inefficient, with most of the jet energy transformed 
into the thermal energy of W5016,27 rather than into particle accelera-
tion. We model the primary proton spectrum as a power law with an 
exponential cutoff, / ∝ − /−N E E Ed d exp( 1 PeV)p p

2
p . If we assume that 

10% of the jet kinetic energy converts into accelerated protons, and that 
the ambient gas density16,27 is 0.05 cm−3, then the resulting flux of 
γ-rays from proton–proton collisions is much less than the observed 
γ-ray flux, as shown in the dash-dotted line of Fig. 2. In fact, for a target 
proton density as large as 0.1 cm−3 in the e1 region16,27, the total energy 
of the proton population needs to be around 3 × 1050 erg to explain the 
observed γ-rays, assuming an γ

−E 2 spectrum. This is comparable to the 
total jet energy available during the presumed 30,000-year lifetime2 of 
SS 433. Furthermore, because the synchrotron emission from second-
ary electrons from charged pion decay is always lower than the γ-ray 
flux from π0 decay, and the observed X-ray flux is higher than the γ-ray 
flux, the X-rays cannot originate solely from secondary electrons. 
Finally, the proton scenario requires that the protons remain trapped 
in the region observed by HAWC for the lifetime2 of SS 433. This means 
the protons must diffuse very slowly, with a diffusion coefficient of 
about 1/1,000 of the typical value28 of the interstellar medium (ISM), 
DISM ≈ 3 × 1028 (E/3 GeV)1/3 cm2 s−1. This value, comparable to the 
theoretical Bohm limit, is very small but not impossible. Given the 
uncertainties in the historical jet flux, the ambient particle density and 
the radiative efficiency, we cannot exclude the possibility that some 
fraction of the γ-ray flux is produced by protons. However, we do rule 
out the possibility that the VHE γ-rays are entirely produced by 
protons.

Highly relativistic electrons, on the other hand, can produce γ-rays 
much more efficiently, primarily via inverse Compton scattering of 
CMB photons to γ-rays. The inverse Compton losses due to upscatter-
ing of infrared and optical photons are suppressed owing to the Klein–
Nishina effect and are thus dominated by scattering of CMB photons29. 
In this scenario, the ratio of the VHE γ-ray to X-ray fluxes constrains 
the energy density in the magnetic field compared to the energy density 
in CMB photons. We have modelled the broadband spectral energy 
distribution of the eastern emission region 15′ to 33′ from the  
centre of SS 433. The solid and dashed lines in Fig. 2 show the spectral 
energy distribution of a leptonic model for e1 produced by an  
injected flux of relativistic electrons with an energy spectrum 

/ ∝ − /α−dN dE E E Eexp( )max  in a magnetic field of strength B. We use 
the parameters α = 1.9, Emax = 3.5 PeV, and B = 16 µG (see Methods). 
The estimate of the magnetic field strength is consistent with the 
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Fig. 1 | VHE γ-ray image of the SS 433/W50 region in Galactic 
coordinates. The colour scale indicates the statistical significance of 
the excess counts above the background of nearly isotropic cosmic rays 
before accounting for statistical trials. The figure shows the γ-ray excess 
measured after the fitting and subtraction of γ-rays from the spatially 
extended source MGRO J1908+06. The jet termination regions e1, e2, e3, 
w1 and w2 observed in the X-ray data are indicated, as well as the location 
of the central binary. The solid contours show the X-ray emission observed 
from this system.
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Sudoh,�YI,�&�Khangulyan�’20;�Kimura,�Murase,�&�Meszaros�‘20
Efficient�Particle�Acceleration�in�the�SS�433�jet

Hadronic • Both�OK.�

• Both�require�efficient�
acceleration�

• Different�from�blazars�
(Inoue�&�Takahara�’96;�Finke+’08;�YI�&�
Tanaka�’16)�

• Confirmation�by�CTA�&�
LHAASO�is�needed.�

• X-ray�and�GeV�data�are�keys.

High-Energy Particles in the SS433 Jets 7

dataset for radio, X-ray and VHE emission as in Abey-
sekara et al. (2018) and Xing et al. (2019), aiming at
comparing model predictions with them. We also com-
pare our model spectra with the GeV data from Bordas
et al. (2017); Xing et al. (2019); Rasul et al. (2019); Sun
et al. (2019), which are not used in the model fitting.
We adopt the definition of e1 as a circular region of

radius 3.50 centered at 240 east from SS433, and w1 a
circle of radius 3.750 centered at 190 west. These trans-
late into parameter (zs,zf ) as (32 pc, 44 pc) for e1 and
(24 pc, 36 pc) for w1 in Eq. (19). We note that the
XMM-Newton data used in Abeysekara et al. (2018) are
taken from a slightly larger region (a circle of 60 radius
centered at e1), which we do not take into account here.
As we consider the emission from a region that spans
approximately 10 pc across, we do not expect any in-
fluence from the orbital or precession phase, which may
appear only on a significantly smaller scales.

4. NONTHERMAL LEPTONIC EMISSION FROM
KNOTS IN SS433 JETS

In Fig. 2, we show the spectral energy distribution for
the e1 and w1 region. Our leptonic models explain the
radio, X-ray and VHE data. For the GeV data, our pre-
dictions in the HE regime are far below the data for both
regions. This indicates that it is di�cult to explain the
GeV data simultaneously with other wavelength data
in the framework of our leptonic models from knot re-
gions. Thus, most GeV photons should be produced in
di↵erent regions or by di↵erent mechanisms.
In Table 1, we list the required parameters for the

fit. The slope pinj is determined from the radio and X-
ray data, while LB and Le are derived by combining
them with the HAWC data. The derived magnetic field
strengths are 16 µG and 9 µG for e1 and w1, respec-
tively.
The mechanism responsible for the maximum energy

cannot be determined from this fit. We temporarily fo-
cus on the case where it is limited by synchrotron losses
(Eq. 10). Then, the magnetic field and acceleration ef-
ficiency, ⌘acc, define the maximum electron energy:

Esyn

e,max
= 1.5 PeV

⇣⌘acc
102

⌘�1/2
✓

B

16 µG

◆�1/2

. (26)

In our model, the hard X-ray data require ⌘acc . 102

for both regions. Although our model does not spec-
ify the acceleration processes, it would be helpful to
interpret ⌘acc in the framework of two representative
scenarios. First, we consider di↵usive shock accelera-
tion. In this mechanism, particles gain energy as they
cycle upstream and downstream across the shock front.

Figure 2. Broad-band spectral energy distribution of the
e1 (top) and w1 (bottom) region. Orange curves are model
predictions for di↵erent choices of ⌘acc, as labelled. Black
and gray points are observational data and upper limits, re-
spectively, from Geldzahler et al. (1980) (radio), Brinkmann
et al. (2007); Safi-Harb & Ögelman (1997); Safi-Harb & Petre
(1999) (X-ray), Bordas et al. (2017); Xing et al. (2019); Ra-
sul et al. (2019); Sun et al. (2019) (HE), Ahnen et al. (2018);
Kar (2017); Abeysekara et al. (2018) (VHE). Expected sen-
sitivities are also shown for CTA (North, 50 h; Acharya et al.
2019), LHAASO (1 yr; Bai et al. 2019), e-ASTROGAM (3
yr; De Angelis et al. 2017) and GRAMS (3 yr; Aramaki et al.
2020).

The acceleration timescale in a parallel shock is given by
⌧DSA

acc
' 10D/v2

sh
(e.g., Bell 2013). This translates into

the e�ciency in Eq. (5) as

⌘DSA

acc
'

10⌘g
3(vsh/c)2

' 102
⇣⌘g
2

⌘⇣ vsh
0.26c

⌘�2

. (27)

Table 1. Model parameters

Region pinj Le [1039 erg s�1] LB [1039 erg s�1]

e1 2.25 0.02 0.18

w1 2.55 0.08 0.06

Leptonic
4 Kimura, Murase, & Mészáros

Figure 2. Photon spectra from the extended jets of SS 433 for model A (top-left), B (top-right), C (bottom-left), and D
(bottom-right). The red-thick-solid, green-thin-long-dashed, and blue-thin-short-dashed lines are total, hadronic, and leptonic
components, respectively. The observational data are taken from Geldzahler et al. (1980) (circle), Brinkmann et al. (2007)
(triangles), Safi-Harb & Ögelman (1997) (squares), MAGIC Collaboration et al. (2018) (crosses) and Fang et al. (2020) (pluses).
The thin-solid, thin-dashed, and thin-dotted lines are sensitivity curves for e-ASTROGAM (1 yr; De Angelis et al. 2017), CTA
(50 h; Cherenkov Telescope Array Consortium et al. 2019), and LHAASO (1 yr; Bai et al. 2019).

the electron synchrotron emission is responsible for the
X-ray data. The Lorentz factor of electrons emitting the
hard X-rays is estimated to be

γe,X ≈

√

4πmecEγ

hpeB
" 4.1× 108B−1/2

−4.5

(

Eγ

30 keV

)1/2

,

(10)
where hp is the Planck constant. The synchrotron cool-
ing is the dominant loss process in this energy range for
all the models. Equating the synchrotron and accelera-
tion timescales, we obtain the maximum Lorentz factor
of the electrons:

γe,cut ≈

√

9πeβ2
j

10σTBη
" 2.1× 109B−1/2

−4.5 η
−1/2
0 . (11)

From the condition γe,X < γe,cut, we obtain an upper
limit for η:

η ≈
9

40

hpe2β2
j

σTmecEγ
" 27

(

Eγ

30 keV

)−1

. (12)

Thus, the particle acceleration should be very ef-
ficient. The synchrotron cutoff feature should
be detected by the proposed MeV satellites, such
as e-ASTROGAM (De Angelis et al. 2017), All-sky
Medium Energy Gamma-ray Observatory (AMEGO;
Moiseev & Amego Team 2017), or Gamma-Ray and An-
tiMatter Survey (GRAMS; Aramaki et al. 2020), which
will provide a better constraint on the value of η.
The synchrotron-cooling break energies for photons

and electrons are respectively estimated to be

Eγ,br ≈
hpeBγ2

e,br

4πmec
" 0.70B−3

−4.5V
2
adv,9.3 keV, (13)

γe,br ≈
6πmecVadv

σTB2Rknot
" 6.2× 107B−2

−4.5Vadv,9.3. (14)

The break energy lies between the radio and X-ray data
points, and Eγ,br is lower for a lower value of Vadv

and a higher value of B. A lower value of Eγ,br in-
creases the radio flux if we fix pinj and X-ray luminos-

Kimura+’20
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SS 433 Seen by e-ROSITA
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Where is the GeV emitting region?
Different people report different places… • 6 papers 

• 6 different images 

• 6 different GeV 
spectra 

• Some report 
periodicity, some not.

2 K. Rasul et al.

the data. This was achieved by applying a filter expression
of ‘data qual> 0 && lat config== 1’ to the data that
satisfied the zenith angle criterion.

Throughout our analysis, version v10r0p5 of the Fermi

Science Tools and version 0.12.0 of fermipy was used in con-
junction with the P8R2 SOURCE V6 instrument response
function. For the likelihood analysis, a model consisting
of di↵use, extended and point sources of �-rays was em-
ployed. For the di↵use emission the most recent Galactic
and isotropic di↵use models were used, gll iem v06.fit and
iso P8R2 SOURCE V6 v06.txt respectively. The extended
sources in our model were the supernova remnants W51C
and W44, which were described by the spatial map provided
by the Fermi-LAT collaboration. The �-ray point source
population of our model was initially seeded by the third
Fermi catalog (3FGL; Acero et al. 2015), taking the posi-
tion and spectral shape of all 3FGL point sources within 25°
of SS433.

The first step of our analysis was a binned likelihood
analysis, using the fermipy optimize routine. From this ini-
tial optimization, all sources with a test statistic1 TS< 2
or a predicted number of photons Npred < 4 were removed
from the model2. Thereafter a point source, modelled with a
power law spectral shape of the form dN/dE = A⇥ E��, was
added to the centre of the ROI, where SS433 is expected to
be, and an additional optimize routine was undertaken.

The best-fit model resulting from this initial model
was then used, in conjunction with the Fermi science tool
gttsmap, to create a 21° ⇥ 21° TS map centred on SS443.
This TS map was used to reveal additional point sources
of gamma-rays that were not accounted for in our initial
model by identifying excesses in the TS map with TS> 25.
These additional point sources were modelled with a power
law, and the RA and Dec of each new source taken from the
position of the maximum excess. Having accounted for all
sources of gamma-rays in our dataset, the position of SS433’s
gamma-ray emission was refined using the fermipy localize
function which removes the source from the model, makes
a TS map and adds the source to the points which max-
imise the log-likelihood of the model. Finally, the power law
spectral model for the SS433 assumption was relaxed, and
we fitted SS433 with both log-parabola and broken power-
law spectral models, to see if this led to a better fit for the
model.

3 RESULTS

3.1 Detection Significance

Using the approach described above, SS433 is detected with
a test statistic of TS = 173 corresponding to a ⇠13 � detec-
tion. The final model consists of 72 sources which include
2 extended sources (SNR W44 and W51C), 36 3FGL point

1 The test statistic, TS, is defined as twice the di↵erence between
the log-likelihood of di↵erent models, 2(log L1� log L0), where L1
and L0 are defined as the maximum likelihood with and without
the source in question Mattox et al. (1996)
2 Some of the TS< 2 objects removed are 3FGL objects, as some
of these sources are variable and are not significant in the larger
dataset analysed here.

Figure 1. TS map centred on the position of SS433. The solid red
circle indicates the optimised extension, with dotted red circles
representing the 1� uncertainty on the extension. The red cross
represents the position of SS433 in this analysis, and blue circles
represent the positions of the West and East lobes of SS433 as
defined by Abeysekara et al. (2018).

sources and 33 new point sources that are not in the 3FGL.
Table 1 shows all new point sources discovered within 5° of
SS433.

3.2 Source Localization

The best-fit position of the gamma-ray emission is (RA,
Dec = 287.806°, 4.871°), with a 95% positional uncertainty
of 0.240°. We note that the best-fit position is 0.188° from
SS433, though this is a significant improvement on the posi-
tion found in Bordas et al. (2015) who reported an o↵set of
0.41°. A 15°⇥15° TS map, centred on SS433, is shown in Fig-
ure 1, which clearly shows a significance excess positionally
coincident with SS433. The TS map also reveals some evi-
dence for extended gamma-ray emission roughly coincident
with SS433’s radio lobes, especially towards the w1 lobe as
studied in Abeysekara et al. (2018). A check for extended
emission finds a TSext of 31.1 (as defined in Ackermann, et
al. (2018)) at the catalog position of SS433 with a best-fit
extension of (0.84±0.27)�.

We note that a recent paper (Xing et al. (2018)) found
evidence for emission from the w1 lobe using a similar
dataset to the one which we have analysed. Xing et al. (2018)
use the FL8Y catalogue, for which (as the authors point out)
the Galactic and extragalactic di↵use models have not been
updated. This di↵erence in analysis is likely responsible for
the di↵erent morphologies observed.

3.3 Spectrum

SS433’s spectrum, in the 0.1–1GeV energy range, can be seen
in Figure 2. The best-fit to the spectrum is a log-parabola
function:

dN
dE
= (7.73 ± 1.08) ⇥ 10�13

⇣ E
103

⌘�4.87+1.0log(E/103)
(1)

MNRAS 000, 1–6 (2018)
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2. Spatial analysis of the Fermi-LAT data

We have analyzed the Fermi-LAT Pass 8 database toward the
SS433/W50 system from August 4, 2008 (MET 239557417) until
December 18, 2018 (MET 566826221). We selected both the
front and back converted photons at energies from 100 MeV
to 10 GeV. A 14� ⇥ 14� square region centered at the nomi-
nal position of SS433 is considered as the region of interest
(ROI). We use the “source” event class, recommended for
individual source analysis, and the recommended expression
(DATA_QUAL> 0)&&(LAT_CONFIG== 1) to exclude time
periods when some spacecraft event affected the data qual-
ity. To reduce the background contamination from the Earth’s
albedo, only the events with zenith angles less than 90� are
included for the analysis. The data have been processed through
the current Fermitools from conda distribution3 together with
the latest version of the instrument response functions (IRFs)
P8R3_SOURCE_V2. We used the python module that imple-
ments a maximum likelihood optimization technique for a stan-
dard binned analysis4. For the complex structures at low latitude,
it is more reasonable to re-optimize for test statistic (TS) fits
through setting the keyword tsmin = true.

In our background model, we use Fermi-LAT eight-year cat-
alog (4FGL, The Fermi-LAT Collaboration 2019) by running the
make4FGLxml script5 within the ROI enlarged by 5�. We leave
the normalizations and spectral indices free for all sources within
six degrees away from SS433. For the foreground components,
we use the latest Galactic diffuse model gll_iem_v07.fits and
isotropic emission model iso_P8R3_SOURCE_V2_v1.txt

6 with
their normalization parameters free.

Generally, high energy maps with higher angular resolution
are more suitable for the spatial analysis, but low statistics in
the higher energy range may prevent any improvement. There-
fore, to balance the effects of these two factors, we select the
data in the energy range of 500 MeV–10 GeV for the analysis.
We use the gttsmap tool to evaluate a 2.5� ⇥ 2.5� residual TS
map by removing the contribution from all the known sources
in our background model defined above. The TS value for
each pixel is defined as TS=�2(lnL0 � lnL1), where L0 is the
maximum-likelihood value for null hypothesis and L1 is the max-
imum likelihood with the additional source under consideration.
The spectral type of all the added sources for the likelihood
ratio test in this section are assumed to be a simple power
law. As shown in Fig. 1, a strong �-ray excess near SS433’s
nominal position is apparent after the fitting and subtraction
of �-rays from the background sources by performing the TS
analysis.

At the eastern interaction region, there is almost no GeV
emission, which is roughly consistent with the results reported
by Bordas et al. (2015), while TeV excess has been detected
by HAWC’s observation in this region. Abeysekara et al. (2018)
have argued that the TeV emission originates from the jet ter-
mination shock, thus the above difference indicates that the
GeV emission likely originates from the other regions, for
example, one of the possibilities is the SNR W50 itself.

3 https://github.com/fermi-lat/Fermitools-conda/
4 https://fermi.gsfc.nasa.gov/ssc/data/analysis/
scitools/python_tutorial.html
5 https://fermi.gsfc.nasa.gov/ssc/data/analysis/user/
make4FGLxml.py
6 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/
BackgroundModels.html

Fig. 1. TS residual map above 500 MeV in the 2.5� ⇥ 2.5� region around
SS433/W50 system, with pixel size corresponding to 0.1� ⇥ 0.1�. The
square shows the nominal position of SS433, and the diamond indicates
the best-fit position. The left and right triangles (e1 and w1) mark the
fixed positions for the fitting of the VHE excesses detected by HAWC.
The contours in white show the main features of the studied region using
the radio observation, smoothed with a Gaussian kernel of 0.1�. Con-
tours start at 10 mJy beam�1 and increase in steps of 40 mJy beam�1.
The magenta contours show the X-ray emission, smoothed with a
Gaussian filter of 0.17�. The dashed circle with a radius of 0.45� shows
the size of the assumed uniform disk used for spatial analysis.

2.1. Single point-like source model

We added a point-like source model encompassing SS433’s
nominal position into our background model, and optimized the
localization using the gtfindsrc tool. The derived best-fit position
of the excess above 500 MeV is [RA= 288.02�, Dec= 5.18�]
(the “diamond” in Fig. 1), with 1� and 2� error radii of 0.4�
and 0.6�, and 0.2� away from the nominal position. Moreover,
SS433’s nominal position, e1, and w1 lie within 2� positional
errors of the best-fit position. As shown in Table 1, under the
assumption of single point-like source model, the significance
of the excess �-ray emission is TS= 26 (⇠5�) and the best-fit
photon index is 3.31± 0.02.

In the following, to investigate the morphology and extension
of the �-ray emission, we consider several spatial templates as
the alternative hypothesis, and the above single point-like source
model as the null hypothesis. Then we compare the overall max-
imum likelihood of the alternative hypothesis (L) with that of
the null hypothesis (L0), and define the significance of the alter-
native hypothesis model �2(lnL0 � lnL) following the paper by
Lande et al. (2012).

2.2. Two point-like source model

The e1 and w1 regions detected by HAWC (Abeysekara et al.
2018) lie within 2� positional errors of the best-fit position, and
we cannot yet rule out the possibility that the �-ray emission
originates from the regions of the excess TeV emission. To study
whether the extended nature of this GeV emission is caused by
a superposition of two separate point-like sources, we calculated
the maximum likelihood value for the most possible combina-
tions of two point-like sources, that is, one point-like source at
the e1 location and one point-like source at the w1 position (see
Fig. 1). Given that �TS= 3.4 (<2�), this model is disfavored

A113, page 2 of 6
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Figure 1: Gamma-ray and atomic cloud images of the SS 433 region. Top: Fermi-LAT TS map

of SS 433 region in 0.1–300 GeV during the off-peak phase of PSR J1907+0602. Background

sources have been modelled and subtracted (see Methods). The color scale shows the Test Statistic

(TS ), the square root of which gives an approximate detection significance. The 95% confidence

level circle of the positions of Fermi J1913+0515 and west excess are shown in green. The white

contours show the radio continuum emission from the Effelsberg 11 cm survey. Cyan contours

show the X-ray emission measured by ROSAT. Bottom: Arecibo H i emission integrated in the

interval 65-82 km s−1 in units of K km/s. The image has been scaled by sin |b| (b is Galactic

latitude) to enhance the features far from the Galactic plane8. The x and y axes are R.A. and decl.

(J2000, degrees).
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Request for (Young) CRC Members
What will you do in the next 20-30 years?

• Senior people only. 

• Now the time scale of astrophysics projects can be >15 years from the idea to realization. 

• What’s next? When I become 60 years old, what kind of projects we have in Japan?
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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]

Open the MeV Gamma-ray Astronomy
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-

2

•MeV is still Challenging & Exploratory Research  

•Various proposals: AMEGO, COSI-X, GRAINE, SGD, SMILE,,, 

➡ Our plan: First, go to balloon missions. Then, to the space.
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Gamma-Ray and AntiMatter Survey (GRAMS)
Liquid Argon Time Projection Chamber (LArTPC) surrounded by Plastic scintillators

• Plastic Scintillators: Veto 

• LArTPC: Compton camera and calorimeter 

• LArTPC is more cost-effective and more easily expandable, much less channels/
electronics required, almost no dead volume

Plastic Scintillators :  Veto incoming charged particles 
LArTPC :  Compton camera  and calorimeter  

▶ Scintillation light at SiPMs  to trigger events 
Signal localized by segmentation to reduce coincident background 

▶ Wires/pads on anode plane (X, Y), drift time (Z) to provide a 3D image/track 
▶ Well-studied, widely-used  in large-scale  DM/neutrino  experiments

2
GRAMS Detection Concept: MeV Gamma-rays

LArTPC

TOF Plastic Scintillator

SiPMs

Anode wires/pads 
(X-Y plane) 

E-
FI

EL
D

Segmentation

e-e-

e+ e-

Gamma-Ray 
Pair Production Event

e-

e-θ

Gamma-Ray 
Compton Scattering Event

Charged Particle

e-

LArTPC (Liquid Argon Time Projection Chamber) surrounded by Plastic scintillators 
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GRAMS Collaboration

• ~20 members from US and Japan 

• We are expecting to have the first ballon flight in 5-7 years.



Gamma-ray Astronomy in 2020s

• At >20 GeV, CTA and LHAASO will enable us to observe >10 times fainter sources. 

• In the MeV band, GRAMS will enable us to observe >10 times fainter sources.

2.1 Exploring the gamma ray sky above 30 TeV with LHAASO
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Figure 3: Differential sensitivity (multiplied by E2) of LHAASO to a Crab-like point gamma ray sources compared
to other experiments. The Crab nebula data obtained by different detectors [1] is taken into account,
and the spectral index of -2.6 is extrapolated and extended to 1 PeV.

The differences in observation times for which the sensitivity curves are evaluated makes the com-
parison of different detectors not so straightforward. To evaluate the effective performance of different
instruments, one must first determine the type of the observation to be done (sky survey, single source
follow-up, observation of a flare/burst, etc.). In the observation of a single source during a flare, for
example, lasting a certain number of hours, one must consider the sensitivity curves for that observation
time. This correction however is not simply obtained by shifting the curves by an amount proportional
to the square root of time, because some energy regions can be background free. Due to the different
background regime, the sensitivity curves can change shape changing the observation time. Decreas-
ing (increasing) the time with respect to the time used in the figure, the background also decreases
(increases) and the measurement can be background free at a lower (higher) energy.

Actually, the two techniques - Cherenkov Telescopes and EAS array - are complementary, each of
them exploring different aspects of the gamma ray emission. Below 10 TeV, observing a single source,
a telescope array as CTA has a higher sensitivity compared to EAS arrays like HAWC and LHAASO.
Thanks to the better angular and energy resolution, a Cherenkov telescope can study more in detail the
source morphology and spectral features. EAS arrays however have the possibility to monitor a source
all days of the year, that in case of active galactic nuclei (AGNs) or variable sources in general, it’s a
clear advantage. Moreover, thanks to the large field of view, they have a much bigger chance to catch
unpredictable transient events like flares.

Concerning LHAASO-WCDA and HAWC, their geographical positions (China and Mexico, respec-
tively) allow the observation of the same source at different times during the day, increasing the covering
time.

At higher energies LHAASO-KM2A is clearly the most sensitive instrument. According to Fig. 3,
at 30 TeV the LHAASO sensitivity is comparable to that of CTA-South and 4 times better than that of
CTA-North. Above this energy the sensitivity rapidly increases. The minimum observable flux at 100
TeV is ⇠3⇥10�18 photons s�1 cm�2 TeV�1, about a factor ⇠13 (65) lower than that of CTA-South
(CTA-North).

At 1 PeV the minimum flux is ⇠10�19 photons s�1 cm�2 TeV�1. At the same energy, the combined
air shower/neutrino detector Ice-Top/Ice-Cube, located at the South Pole, reports a minimum observable
gamma ray flux ranging from ⇠10�19 to 10�17 photons s�1 cm�2 TeV�1 (depending on the source

11

Aramaki+’19Bai+’19



1960 1970 1980 1990 2000 2010 2020 2030 2040
Year

100

101

102

103

N
um

b
er

of
So

ur
ce

s

X-ray

Uhuru

Hakucho

Tenma

Ginga,
ROSAT,...

GeV ∞-ray

SAS-2

COS-B

CGRO/EGRET

Fermi/LAT

TeV ∞-ray

Whipple

HEGRA

HESS

HESS-II,
MAGIC-II,
VERITAS

CTA,
HAWC,
LHAASO

MeV ∞-rayCGRO/COMPTEL

GRAMS

?

Number of Gamma-ray Objects

Kifune plot (modified by YI)



Multi-wavelength/Multi-messenger Astronomy?
Already Long History,,,

• Multi-wavelength astronomy has already started in 1995 (or 
1966). NOT in 2010s,,,, 

• How will you do in 2020s?
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Fig. 1.—Photograph of the region containing the new X-ray position of Sco X-l, reproduced from the Palomar 
Sky Survey prints. The two equally probable X-ray positions are marked by crosses surrounded by a rectangle of 

, 1 by 2 arc min. The object described in the text is marked with an arrow. The identifications of other stars for which 
photoelectric photometry exists are also marked. 
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Optical ID of Sco X-1 
First @ Okayama -> Palomar

Sandage,,小田, 大沢, 寿岳 
1966 ApJL

Macomb,,, 近藤, 窪, 牧野, 牧島, 高橋, 田代 1995 ApJL; 

See also Takahashi+’1996



Summary

• Jet power argument should be solved. 

• Now gamma-ray observations start to measure the cosmic star formation history. 

• New extended gamma-ray objects are emerging. CTA should study the detailed 
structure. 

• What is your plan for the gamma-ray missions in the next 20, 30 years?



Why LArTPC?
3

LArTPC Semiconductor  (Si/Ge)

ρ (g/cm3) 1.4 2.3/5.3

Toperation ~80K ~240K/~80K

Cost $ $$$

Signal scintillation light + Ionization electrons electrons, holes

X, Y Positions wires on anode plane (X-Y) double-sided strips

Z position from drift time from layer #

# of Layers 1 layer multi-layers

# of Electronics # ###

Dead Volume almost no dead volume detector frame, preamps

Neutron bkg Identified with pulse shape No rejection capability

LArTPC Semiconductor Detector (Si/Ge)
Anode wires/pads

SiPMs LArTPC

Si/Ge Preamp 
Frame

LARTPC IS COST-EFFECTIVE AND EASILY EXPANDABLE TO A LARGER-SCALE, 
MUCH LESS CHANNELS/ELECTRONICS REQUIRED, ALMOST NO DEAD VOLUME
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GRAMS Antimatter Detection Concept

The antiparticle slows down & stops, 
forming an excited exotic atom

A time of flight (TOF) system tags  
candidate events and records velocity

De-excitation X-rays provide signature

Annihilation products provide additional  
 background suppression

MEASURE ATOMIC X-RAYS AND ANNIHILATION PRODUCTS



WHY ANTIDEUTERONS?
BACKGROUND-FREE DM SEARCH AT LOW-ENERGY

~ 400x

BKG: Ibarra et al., 2013
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MeV Gamma-ray Sky

COMPTEL
~30 objects 

Note: 56 Candidates in GW now

•Intersection between thermal and non-thermal universe 
•High Energy Astrophysics + Nuclear Astrophysics

 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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More Consideration Needed For

• Dark Matter Search from Anti-matter 

• Unique point of GRAMS 

➡Kerstin Perez’s Talk 

• Polarization at MeV band 

• Unique point of Compton camera

0 200 400 600 800 1000

Energy [keV]

10

20

30

40

50

60

P
ol

ar
iz

at
io

n
D

eg
re

e
%

PoGO+

Hitomi/SGD

AstroSat/CZTI

INTEGRAL/SPI

INTEGRAL/IBIS

8

<σ
v 

> 
[c

m
3 /

s]

10-25

10-27

10 100 1000

10-26

Thermal Relic Cross Section 
     (Steigman et al., 2012)

mᵪ [GeV]

Excluded

10-24

b̄b
<latexit sha1_base64="mn4t03Afz1AIdBXox69qkMUN1ZQ=">AAAB8XicbVDLSsNAFL3xWeur6tLNYCm4KokIdllw47KCfWAbymR60w6dTMLMRCihf+HGhSJu/Rt3/o2TNgttPTBwOGcu99wTJIJr47rfzsbm1vbObmmvvH9weHRcOTnt6DhVDNssFrHqBVSj4BLbhhuBvUQhjQKB3WB6m/vdJ1Sax/LBzBL0IzqWPOSMGis9DgKqsmBOgvKwUnXr7gJknXgFqUKB1rDyNRjFLI1QGiao1n3PTYyfUWU4EzgvD1KNCWVTOsa+pZJGqP1skXhOalYZkTBW9klDFurviYxGWs8im6wWUTPRq14u/uf1UxM2/IzLJDUo2XJRmApiYpKfT0ZcITNiZgllitushE2ooszYkvISvNWT10nnqu5Zfn9dbTaKOkpwDhdwCR7cQBPuoAVtYCDhGV7hzdHOi/PufCy/bjjFzBn8gfP5A8wCkEs=</latexit><latexit sha1_base64="mn4t03Afz1AIdBXox69qkMUN1ZQ=">AAAB8XicbVDLSsNAFL3xWeur6tLNYCm4KokIdllw47KCfWAbymR60w6dTMLMRCihf+HGhSJu/Rt3/o2TNgttPTBwOGcu99wTJIJr47rfzsbm1vbObmmvvH9weHRcOTnt6DhVDNssFrHqBVSj4BLbhhuBvUQhjQKB3WB6m/vdJ1Sax/LBzBL0IzqWPOSMGis9DgKqsmBOgvKwUnXr7gJknXgFqUKB1rDyNRjFLI1QGiao1n3PTYyfUWU4EzgvD1KNCWVTOsa+pZJGqP1skXhOalYZkTBW9klDFurviYxGWs8im6wWUTPRq14u/uf1UxM2/IzLJDUo2XJRmApiYpKfT0ZcITNiZgllitushE2ooszYkvISvNWT10nnqu5Zfn9dbTaKOkpwDhdwCR7cQBPuoAVtYCDhGV7hzdHOi/PufCy/bjjFzBn8gfP5A8wCkEs=</latexit><latexit sha1_base64="mn4t03Afz1AIdBXox69qkMUN1ZQ=">AAAB8XicbVDLSsNAFL3xWeur6tLNYCm4KokIdllw47KCfWAbymR60w6dTMLMRCihf+HGhSJu/Rt3/o2TNgttPTBwOGcu99wTJIJr47rfzsbm1vbObmmvvH9weHRcOTnt6DhVDNssFrHqBVSj4BLbhhuBvUQhjQKB3WB6m/vdJ1Sax/LBzBL0IzqWPOSMGis9DgKqsmBOgvKwUnXr7gJknXgFqUKB1rDyNRjFLI1QGiao1n3PTYyfUWU4EzgvD1KNCWVTOsa+pZJGqP1skXhOalYZkTBW9klDFurviYxGWs8im6wWUTPRq14u/uf1UxM2/IzLJDUo2XJRmApiYpKfT0ZcITNiZgllitushE2ooszYkvISvNWT10nnqu5Zfn9dbTaKOkpwDhdwCR7cQBPuoAVtYCDhGV7hzdHOi/PufCy/bjjFzBn8gfP5A8wCkEs=</latexit><latexit sha1_base64="mn4t03Afz1AIdBXox69qkMUN1ZQ=">AAAB8XicbVDLSsNAFL3xWeur6tLNYCm4KokIdllw47KCfWAbymR60w6dTMLMRCihf+HGhSJu/Rt3/o2TNgttPTBwOGcu99wTJIJr47rfzsbm1vbObmmvvH9weHRcOTnt6DhVDNssFrHqBVSj4BLbhhuBvUQhjQKB3WB6m/vdJ1Sax/LBzBL0IzqWPOSMGis9DgKqsmBOgvKwUnXr7gJknXgFqUKB1rDyNRjFLI1QGiao1n3PTYyfUWU4EzgvD1KNCWVTOsa+pZJGqP1skXhOalYZkTBW9klDFurviYxGWs8im6wWUTPRq14u/uf1UxM2/IzLJDUo2XJRmApiYpKfT0ZcITNiZgllitushE2ooszYkvISvNWT10nnqu5Zfn9dbTaKOkpwDhdwCR7cQBPuoAVtYCDhGV7hzdHOi/PufCy/bjjFzBn8gfP5A8wCkEs=</latexit>

GAPS

GRAMS

Fermi Galactic Center Exces 
Daylan et al., 2016 
Abazajian et al., 2016 
Calore et al., 2015

AMS-02 Antiproton Excess 
Cui et al., 2016

Fermi Dwarf Galaxy Observation 
Ackermann et al., 2015

AMS-02

BESS upper limit

GAPS

—   DM, mᵪ = 30GeV 
—   background

Kinetic Energy per Nucleon [GeV/n] 
0.1 1 10 100 

10-7 

10-5 

10-3 

10-8 

10-6 

10-4 

10-9 A
nt

id
eu

te
ro

n 
Fl

ux
 [

m
-2  

s-1
 s

r-1
 (

G
eV

/n
)-1

] 

AMS-02

S/B ~ 400

GRAMS

Figure 9. The left figure shows the antideuteron sensitivities for GRAMS (three LDB flights from Antarctica, 105 days) and
other experiments together with the predicted antideuteron fluxes from dark matter annihilation (primary) and cosmic ray
interactions (secondary) (Donato et al. 2000; Fuke et al. 2005; Aramaki et al. 2016; Ong et al. 2017; Donato et al. 2008; Ibarra &
Wild 2013). The right figure shows the parameter space for the possible dark matter signatures suggested by Fermi and AMS-02
(Calore et al. 2015; Daylan et al. 2016; Abazajian & Keeley 2016; Ackermann et al. 2017; Cui et al. 2016), where GRAMS and
GAPS sensitivities are overlaid with an uncertainty of the antideuteron production model (Fornengo et al. 2013; Acharya et al.
2018; Korsmeier et al. 2018). GAPS is an antideuteron search experiment using the exotic atom technique that is currently
under construction for a science flight with a first opporunity in the 2020 austral summer.
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