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Gamma-ray astrophysics

• Nature, growth, and environment of black holes
Both stellar size and galaxy size
Probed together with neutrinos and gravitational waves

• Origins of ultrahigh-energy cosmic rays

• Radiation mechanisms of astrophysical sources

• Nature of particle dark matter

• Magnetic fields in intergalactic space



Fermi Gamma-Ray Space Telescope

• Launched in summer 2008

• Collect photons from all sources in the entire sky

• Sensitive to photons between ~20 MeV and 300 GeV

• Angular resolution gets sub-degree for > 1 GeV

Large Area Telescope (LAT)
Pre-launch PSF (P6_v3)



All-sky gamma-ray map from Fermi-LAT

• 11-month source catalog includes 1451 sources (Abdo et al. 2010)

• Enabling detailed studies of many astrophysical sources

• AGNs are the dominant source population; others include pulsars, pulsar wind 
nebulae, SNR, X-ray binaries, micro-quasars, starbursts, and many unidentified sources

http://fermi.gsfc.nasa.gov/

http://fermi.gsfc.nasa.gov
http://fermi.gsfc.nasa.gov


Plan of this talk

• Angular power spectrum of the gamma-ray 
background from dark matter annihilation

Ando, Komatsu, Phys. Rev. D 73, 023521 (2006) 

Ando, Komatsu, Narumoto, Totani, Phys. Rev. D 75, 063519 (2007)

Ando, Phys. Rev. D 80, 023520 (2009)

• Search for gamma-ray halos around Fermi AGNs and 
intergalactic magnetic fields

Ando, Kusenko, Astrophys. J. 722, L39 (2010) 



Nonbaryonic dark matter

• Many observations indicate presence of nonbaryonic dark matter

• Galaxy rotation curves, galaxy clusters, gravitational lensing, 
CMB anisotropy, etc.

• ~80% of total matter in the Universe

Non-Baryonic Dark Matter: Observational Evidence and Detection Methods 24

Figure 4. Observed H I rotation curve of the nearby dwarf spiral galaxy M33 (adapted
from [74]), superimposed on an optical image [75]. The dashed line shows the estimated
contribution to the rotation curve from the luminous stellar disk [74]. There is also a
smaller contribution from gas (not shown).

rotation curve from the luminous disk computed in [74]. (There is at large radii also

a small contribution from the gas mass, not shown in the Figure.) As can be seen,

the rotation curve is rising well beyond the point where Newtonian dynamics based on

only the luminous mass would predict a decline. Since the curve continues to rise at

the last measured points, only a lower limit to the mass of the dark halo can be given,

M ∼> 5 · 1010 M!, more than 10 times the mass in stars and gas. It is noted in [74] that
an NFW profile in fact fits the rotation curve quite well but the central concentration

is lower than that predicted by an ΩM = 1 universe, perhaps indicating again the need

to decrease the matter density (while allowing a cosmological constant to give a flat

large-scale geometry).

7. Models for non-baryonic dark matter

Given that the total mass density of the universe seems to be higher than what is

allowed by big bang nucleosynthesis for baryons alone, an important task of cosmology

and particle physics is to produce viable non-baryonic candidates and to indicate how

Bergstrom, Rep. Prog. Phys. 63, 793 (2000) Bullet cluster (1E0657-56)



Ωχh2 � 3× 10−27 cm3 s−1

�σannv�
�σannv� ∼ α2(100 GeV)−2

∼ 3× 10−26 cm3 s−1

Identity: WIMP?

• Dark matter is considered to 
be “cold,” with heavy masses 
(~GeV–TeV scale)

• It is called WIMP (weakly 
interacting massive particle)

• WIMP with weak-scale 
interactions naturally explains 
the relic density

• E.g., supersymmetric 
neutralino

Jungman, Kamionkowski, Griest, Phys. 
Rep. 267, 195 (1996); Bertone, Hooper, 
Silk, Phys. Rep. 405, 279 (2005)
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FIG. 4: 90% C.L. upper limits on the WIMP-nucleon spin-

independent cross section as a function of WIMP mass. The

red (upper) solid line shows the limit obtained from the ex-

posure analyzed in this work. The solid black line shows

the combined limit for the full data set recorded at Soudan.

The dotted line indicates the expected sensitivity for this ex-

posure based on our estimated background combined with

the observed sensitivity of past Soudan data. Prior results

from CDMS [11], EDELWEISS II [12], XENON10 [13], and

ZEPLIN III [14] are shown for comparison. The shaded re-

gions indicate allowed parameter space calculated from cer-

tain Minimal Supersymmetric Models [20, 21] (Color online.)

a doubling of previously analyzed exposure, the observa-
tion of two events leaves the combined limit, shown in
Fig. 4, nearly unchanged below 60 GeV/c2 and allows
for a modest strengthening in the limit above this mass.

We have also analyzed our data under the hypothesis
of WIMP inelastic scattering [23], which has been pro-
posed to explain the DAMA/LIBRA data [24] . We com-
puted DAMA/LIBRA regions allowed at the 90% C.L.
following the χ2 goodness-of-fit technique described in
[25], without including channeling effects [26]. Limits
from our data and that of XENON10 [27] were com-
puted using the Optimum Interval Method [22]. Re-
gions excluded by CDMS and XENON10 were defined
by demanding the 90% C. L. upper limit to completely
rule out the DAMA/LIBRA allowed cross section in-
tervals for allowed WIMP masses and mass splittings.
The results are shown in Fig. 5. The CDMS data dis-
favor all but a narrow region of the parameter space al-
lowed by DAMA/LIBRA that resides at a WIMP mass
of ∼100 GeV/c2 and mass splittings of 80–140 keV.

The data presented in this work constitute the final
data runs of the CDMS II experiment and double the
analyzed exposure of CDMS II. We observed two can-
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FIG. 5: The shaded green region represents WIMP masses

and mass splittings for which there exists a cross section com-

patible with the DAMA/LIBRA [24] modulation spectrum

at 90% C. L. under the inelastic dark matter interpretation

[23]. Excluded regions for CDMS II (solid-black hatched) and

XENON10 [27] (red-dashed hatched) were calculated in this

work using the Optimum Interval Method. (Color online.)

didate events. These data, combined with our previous
results, produce the strongest limit on spin-independent
WIMP-induced nuclear scattering for WIMP masses
above 42GeV/c2 ruling out new parameter space.
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Search for signals of WIMP

• Scattering of WIMP dark matter 
on target nuclei

Direct detection

• Annihilation into visible particles 
(gammas, positrons, neutrinos, ...)

Indirect detection

CDMS, Ahmed et al., Science 327, 1619 (2010)

✓ WIMPs may form 
substructure with scales 
down to ~ Earth mass

Another important feature:

will boost both direct and 
indirect signals



Dark matter annihilation

• WIMPs may annihilate into standard model particles (photons, 
neutrinos, etc.)

• Energy of product particles is fractions of WIMP mass (E ~ GeV–TeV)

• High-energy experiments are necessary

• Ongoing projects

• Fermi, ACTs (γ, e±)

• PAMELA, ATIC (e±)

• IceCube (ν)

! !

!"#$%%&'&($)&*%#$%+#&),#,&-%$(,!"#$%%&'&($)&*%#$%+#&),#,&-%$(,

./01234

56/64646

73"/83#,$)9((&)9



Where to look for annihilation signature

• Galactic center

• Galactic halo distribution

• Nearby dwarf galaxies (substructure)

• Galaxy clusters

• Diffuse gamma-ray background
Contributions from both Galactic subhalos and large-scale structure

Dark matter substructure seen by simulations
e.g., Diemand, Kuhlen, Madau, Astrophys. J. 657, 262 (2007)



Search for dark matter in dwarf galaxies

• No detection so far, constraining <σv> < 10!25 cm3 s!1, but starting to 
constrain some SUSY parameters

Fermi-LAT, Abdo et al., Astrophys. J. 712, 147 (2010)

– 15 –
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Fig. 2.— Derived upper limits on fluxes for all selected dwarfs and for various branching ratios: 100% bb̄
(upper left), 100% τ+τ− (upper right) and mixed 80% bb̄ + 20%τ+τ− (lower left) final state. Lower right
plot gives an illustration of how the upper limits on the fluxes can change depending on the selected final
state (here for the Ursa Minor dSph).
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Fig. 3.— mSUGRA (upper left), MSSM (upper right), Kaluza-Klein UED (lower left) and Anomaly me-
diated (lower right) models in the (mwimp,< σv >) plane. All mSUGRA and MSSM plotted models are
consistent with all accelerator constraints and red points have a neutralino thermal relic abundance corre-
sponding to the inferred cosmological dark matter density (blue points have a lower thermal relic density,
and we assume that neutralinos still comprise all of the dark matter in virtue of additional non-thermal pro-
duction processes). The lines indicate the Fermi 95% upper limits obtained from likelihood analysis on the
selected dwarfs given in Table 4.
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Table 1. Properties of the dwarf spheroidals used in this study.

Name Distance year of M1/2/L1/2 l b Ref.
(kpc) discovery ref. 8

Ursa Major II 30± 5 2006 4000+3700
−2100 152.46 37.44 1,2

Segue 2 35 2009 650 149.4 -38.01 3
Willman 1 38± 7 2004 770+930

−440 158.57 56.78 1
Coma Berenices 44± 4 2006 1100+800

−500 241.9 83.6 1,2
Bootes II 46 2007 18000?? 353.69 68.87 6,7
Bootes I 62±3 2006 1700+1400

−700 358.08 69.62 6
Ursa Minor 66± 3 1954 290+140

−90 104.95 44.80 4,5
Sculptor 79± 4 1937 18+6

−5 287.15 -83.16 4,5
Draco 76± 5 1954 200+80

−60 86.37 34.72 4,5,9
Sextans 86± 4 1990 120+40

−35 243.4 42.2 4,5
Ursa Major I 97±4 2005 1800+1300

−700 159.43 54.41 6
Hercules 132±12 2006 1400+1200

−700 28.73 36.87 6
Fornax 138± 8 1938 8.7+2.8

−2.3 237.1 -65.7 4,5
Leo IV 160±15 2006 260+1000

−200 265.44 56.51 6

Note. — M1/2/L1/2 is the ratio of the total mass within the 3D half-light radius to the
stellar luminosity within the same radius from Wolf et al. (2009). The problematic re-
sult for Bootes II is further discussed in the text. Uncertainties in the determination of
this mass-to-light ratio (unavailable for Bootes II and Segue 2) arise from the errors in
both M1/2 and L1/2, but they do not change the qualitative conclusion that these dSphs
are dark matter dominated even within their stellar extent. References: (1) Strigari et al.
(2008), (2) Simon & Geha (2007), (3) Belokurov et al. (2009), (4) Peñarrubia et al. (2008),
(5) Mateo (1998), (6) Martin et al. (2008), (7) Koch et al. (2009) (8) Wolf et al. (2009) (9)
Bonanos et al. (2004)



Gamma-ray background from dark matter

• Dark matter is annihilating 
everywhere!

• It gives contribution to the 
gamma-ray background

Figure 1: Projected dark matter density-square map of “Via Lactea II”. An 800 kpc
cube is shown. The insets focus on an inner 40 kpc cube, in local density (bottom), and in local phase
space density calculated with EnBiD[27] (top). The Via Lactea II simulation has a mass resolution
of 4,100 M! and a force resolution of 40 pc. It used over a million processor hours on the “Jaguar”
Cray XT3 supercomputer at the Oak Ridge National Laboratory. A new method was employed
to assign physical, adaptive time-steps19 equal to 1/16 of the local dynamical timescale (but not
shorter than 268,000 yr), which allows to resolve very high density regions. Initial conditions were
generated with a modified, parallel version of GRAFIC2[28]. The high resolution region is embedded
within a large periodic box (40 comoving Mpc) to account for the large scale tidal forces. The mass
within 402 kpc (the radius enclosing 200 times the mean matter density) is 1.9 × 1012 M!.

Galactic substructure 
from Via Lactea II

Diemand et al., Nature 454, 735 (2008)

Large-scale structure from 
Millennium Simulation



Fermi 1st year result on cosmological annihilation
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Figure 3: The vertically hatched band illustrates the span in the expected isotropic
extragalactic (EG) gamma-ray signal, defined by being the region enclosed by our MSII-
Sub1 and MSII-Sub2 cases. The horizontally hatched band is the flux that can be expected
from Galactic substructure. The filled grey band is the signal range that could be expected
from the main DM Galactic halo, at a latitude of 10◦, which would by itself produce an
anisotropic signal. The data points show the measurement of the IGRB by the Fermi-
LAT [30]. The gamma-ray spectra are from DM particles with mass of 400 GeV, a total
annihilation cross section �σv� = 3×10−26 cm3 s−1 into bb̄ quarks, and a minimal subhalo
mass cut-off at 10−6M⊙. See the text for more details.

The lower boarder is when the substructure signal strength instead is implemented con-
sistently with the average substructure enhancement used in the MSII-Sub1 calculation
of the extragalactic signal. Then the luminosity from all substructures inside r200 for a
Milky-Way-sized halos is merely B ∼ 2 times the luminosity of the main DM halo. This
lower signal limit is also similar in amplitude to the finding in [71], where the Aquarius
simulation is used, but a subhalo concentration extrapolation with a double power law
approach is applied to soften the DM halo concentration for small subhalo masses. We
thus find that the diffuse DM signal from Galactic substructure could be insignificant, but
that, with the uncertainty bands in figure 3, Galactic substructures could also potentially
enhance the DM signal by at least an order of magnitude relative to the extragalactic
MSII-Sub1 signal. This range covers the result that [71] finds by self-consistently ex-
trapolating results from two specific high resolution simulated halos. All these scenarios
would obviously only increase the DM signal and would, if taken into account, only lead
to stronger DM constraints than we derive from the extragalactic signal in this work.
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Figure 5: Cross section �σv� limits on dark matter annihilation into bb̄ final states. The

blue regions mark the (90, 95, 99.999)% exclusion regions in the MSII-Sub1 ∆2(z) DM

structure scenario (and for the other structure scenarios only 95% upper limit lines). The

absorption model in Gilmore et al. [68] is used, and the relative effect if instead using the

Stecker et al. [69] model is illustrated by the upper branching of the dash-dotted line in

the MSII-Res case. Our conservative limits are shown on the left and the stringent limits

on the right panel. The grey regions show a portions of the MSSM7 parameter space

where the annihilation branching ratio into final states of bb̄ (or bb̄ like states) is > 80%.

See main text for more details.

It is not always direct to compare different works on DM annihilation cross section

limits; different physics assumptions, different analysis methods and different data sets

are often used. We will anyway make a comparison to a few other DM constraints, as to

put our cosmological DM results into context. With the MSII-Sub2 case our cross section

limits are among the strongest indirect detection limits presented to date, but this setup

is admittedly a WIMP structure scenario that might be overly optimistic. The structure

and substructure description applied in our BulSub scenario as well as the strict analysis

procedure is similar to what was used in the Fermi analysis of Galaxy clusters [13] and

(with the exception of no additional inclusion of substructure) the Fermi analysis of dwarf

galaxies [8], see also [7]). It is therefore worthwhile to compare those analyses with our

BulSub scenario with the strict upper limit calculation procedure. Our bb̄ cross section

limits are, in this perspective, comparable to the ones presented in the Fermi analysis

of dwarf galaxies [8] and somewhat stronger than the constraints from galaxy clusters

in [13]. For hadronic annihilation channels, cosmic-rays, especially antiproton data, can

provide comparable limits [82]. Such limits are, however, associated with additional un-

certainties due the uncertainties related to charged particle propagation in the Galaxy.

In the preparation of this paper, Fermi-LAT data was used in [10, 11] to set cross section

limits on Galactic DM induced gamma-rays. In these two papers, their data analysis

18

Fermi-LAT, Abdo et al., JCAP 04, 014 (2010)

Spectrum of “isotropic” 
gamma-ray background



Diffuse gamma-ray background

• What would the gamma-ray background map look like?

• What information on dark matter can we extract from the 
gamma-ray map, and how?

Remove all the 
identified sources

EGB radiation from dark matter annihilation 13

Figure 10. Upper panel: One of the partial maps (z = 0) showing the cosmic γ-ray background produced by dark matter annihilation.
The color scale gives a visual impression of the values of the specific intensity for each pixel in the map; the red color corresponds to
the highest values of specific intensity. The observed energy of the simulated γ-ray radiation is 10GeV, and the benchmark point L as
described on Table 1 was used as input for the supersymmetric model. Lower panel: Co-added map showing the full γ-ray sky map from
dark matter annihilation integrated out to z = 10.

c© 0000 RAS, MNRAS 000, 000–000

Zavala, Springel, Boylan-Kolchin, 
MNRAS 405, 593 (2010)

??



Gamma-ray background anisotropy

• Fermi obtains all-sky gamma map with high angular resolutions

• It enables analysis of angular power spectrum

• Clustering feature of gamma-ray sources can be studied

• Different between DM and astrophysical sources

E.g., Ando, Komatsu, Phys. Rev. D 73, 023521 (2006)



Angular power spectrum
• Correlate intensities from two 

directions separated by θ

• Take spherical harmonic 
expansion → square of 
coefficient: power spectrum

• Multipole ℓ is related to θ 

through θ = π / ℓ

• We need to know how the 
halos are distributed, mass 
function, and density profiles

• We apply “halo model” to 
compute the power spectrum

θ

θ (= π / ℓ)

Dark matter 
halos/subhalos



Halo model

• Analytic prescription to get matter/galaxy power spectrum including 
nonlinear regime

Scherrer & Bertschinger (1991); Seljak 2000

• Procedure

1. Distribute halo seeds following 
linear matter power spectrum

2. Surround each halo seed by NFW 
density profile

3. Evaluate <δ(x)δ(y)> as a function 
of r = |x!y|

There are 1-halo and 2-halo 
terms

4. Go to Fourier space to get P(k)

r

1h

2h



Seljak., MNRAS 318, 203 (2000)

1h 2h

Linear

Power spectrum by halo model

• Halo model provides 
good fit to the 
nonlinear power 
spectrum

• 1-halo term 
dominates at small 
scales (large k)



Apply halo model to gamma-ray background

Matter power 
spectrum

Gamma-ray background 
from extragalactic halos

Seed distribution

Correlating 
quantity

Spatial dimension

Follows linear power 
spectrum

Follows linear power 
spectrum

ρ L ~ ρ2 (smooth halo)
    ρ (clumpy halo)

3D 2D (projected)



Anisotropy due to extragalactic halos

• DM mass: 100 GeV, 
gamma energy: 10 GeV

• Subhalo dominated case

• Number of subhalos in 
host halo

• Host-halo dominated 
case

• Minimum mass as a 
free parameter

Ando et al., Phys. Rev. D 75, 063519 (2007)

�N |M� ∝ Mα



Error estimate
• Total power spectrum is given by signal (s) and background (b) 

components with suppression due to fractional contributions to 
mean intensity (fs and fb; fs + fb = 1)

• This has unique dependence on fs

• Even if DM is subdominant in mean intensity, it could excel in 
angular power spectrum!

• Errors on signal are given by

Ctot
� = f2

s Cs
� + f2

b Cb
� + 2fsfbC

cross
�

δC� =

�
2

(2� + 1)∆l

�
Ctot

� +
CN

W 2
�

�

CN: error due to finiteness of photon count
Wℓ: error due to finite angular resolution



Detectability of the angular power spectrum

• Dark matter mass: 100 
GeV

• At 10 GeV for 2-yr 
exposure

• Blazar component is easily 
discriminated

• Blazar power spectrum 
is nearly independent of 
energy

Ando, Komatsu, Narumoto, Totani, Phys. Rev. D 75, 063519 (2007)

30% DM 50% DM

70% DM 90% DM

“Subhalo-dominated”

Dark matter signal
Dark matter correlation
Blazar background
Dark matter-blazar cross correlation



“No substructure” or “smooth halo” limit

• Mmin = 10!6 Msun

• Our best estimate: “If DM 
annihilation contributes > 
30% of the mean intensity, 
Fermi should be able to 
detect DM anisotropy”

Ando, Komatsu, Narumoto, Totani, Phys. Rev. D 75, 063519 (2007)

30% DM 50% DM

70% DM 90% DM

“Host-halo-dominated”

Dark matter signal
Dark matter correlation
Blazar background
Dark matter-blazar cross correlation



Anisotropy due to Galactic subhalos

• Mmin = 10!6 Msun

• 1sh term dominates at 
smaller scales

• Deviation from shot noise 
is due to spatial extention 
of subhalos

• Good chance of detection 
if 50:50 mixture with 
blazars

Ando, Phys. Rev. D 80, 023520 (2009)



Dependence on minimum mass

• If Mmin = 104 Msun, we get larger anisotropies

• Even with 10%, dark matter component can be easily detected

Ando, Phys. Rev. D 80, 023520 (2009)



Parameters for anisotropy detection

• Even if the subhalo contribution is 
subdominant in the mean intensity, 
it can excel in the anisotropy

• This could provide stronger probe 
of subhalos than detection as single 
gamma-ray sources

A1 A2 

Ish / Iobs

Boost

Associated Nsh

0.24 0.038

13 53

0.64 4.0



Followup studies

• Dark matter annihilation

Cuocco et al. 2007, 2008; Siegal-Gaskins 2008; Zhang, Sigl 2008; Taoso et al. 2008; 
Fornasa et al. 2009; Siegal-Gaskins, Pavlidou 2009; Zavala et al. 2010; Hensley et al. 
2010; Ibarra et al. 2010; Cuocco et al. 2010; Zhang et al. 2010

• Astrophysical sources

Miniati et al. 2007; Ando, Pavlidou 2009; Siegal-Gaskins et al. 2010

EGB radiation from dark matter annihilation 15

Figure 11. Upper panel: Mean annihilation intensity per comov-
ing shell thickness, ∆Iγ,0/∆x, as a function of redshift for indi-
vidual partial maps. The solid black line is for resolved haloes
and subhaloes. The dashed black line is for main haloes only,
resolved and unresolved down to the cutoff mass using a boost
factor bh = 60. The blue and red solid lines show the contribution
of all components, resolved and unresolved haloes and subhaloes,
boosted with the extreme values in the interval bsub = 2 − 60.
All lines are for Eγ,0 = 10GeV, except for the black dotted line
which is for Eγ,0 = 100 GeV. Lower panel: The same as the
upper panel but for the accumulated intensity, Iγ,0(> 1 + z).
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For small angular scales (i.e. large l), the variance of ∆Iγ,0

per unit decade in l can be connected directly to the Cl’s
through

d〈∆2
Iγ,0

〉

dln l
∝ l2Cl. (35)

In Fig. 12, we show the angular power spectrum l(l +
1)Cl/2π as a function of the multipole l, at an observed en-
ergy of Eγ,0 = 10 GeV, for all the cases discussed in Fig. 11.
At large scales, l ! 10, the power spectrum is related to the
clustering of dark matter haloes. All cases have the same
shape on these scales. However, when only the main halo
contribution to the EGB is considered (dashed black line),
the normalization is lower because most of the γ-ray signal
comes from low mass haloes that are less clustered (biased)
than more massive haloes; recall that in this case we extrap-
olate the signal down to the cutoff mass by assuming that
the unresolved main haloes are clustered in the same way as
the least massive resolved haloes in the MS-II.

Figure 12. Angular power spectrum of the EGB produced by
dark matter annihilation as a function of the multipole l for
Eγ,0 = 10GeV. The solid black line is for resolved haloes and sub-
haloes. The dashed black line is for main haloes only, resolved and
unresolved down to the cutoff mass using a boost factor bh = 60.
The blue and red solid lines show the contribution of all com-
ponents, resolved and unresolved haloes and subhaloes, boosted
with the extreme values in the interval bsub = 2− 60. The dotted
lines show the predictions from Ando et al. (2007b) for a sub-
halo contribution with and without considering tidal destruction
(lower and upper dotted lines), respectively.

The blue line in Fig. 12, corresponding to the full ex-
trapolation including subhaloes but with the minimal boost
bsub = 2, has exactly the same power spectrum than the case
with main haloes only, at all scales. This is because the sig-
nal from main haloes is dominant in this case, and subhaloes
have a negligible effect. In contrast, in the case where sub-
haloes have a significant contribution mediated by bsub = 60
(red line), the normalization is larger at small scales because
the signal is dominated by subhaloes belonging to the most
massive haloes, and the latter are strongly clustered.

As the angular scale decreases, l > 10, the power spec-
trum depends more and more on the internal structures of
haloes. For the cases where substructures are ignored or are
negligible (dashed-black and blue lines), the slope becomes
steeper, with a slope close to 2. The power spectrum for the
cases where substructures are relevant (red and black solid
lines) behaves differently, however. In the range l ∈ [20, 100],
it becomes slightly shallower, i.e. the signal is slightly more
isotropic in this regime. This is probably produced by the
distribution of substructure within the biggest haloes. Con-
trary to the strong central concentration of the matter in a
halo, the number density profile of subhaloes is considerably
shallower than a NFW profile and produces a luminosity
profile in projection which is essentially flat (Springel et al.
2008). This effect continues until l ∼ 200 where the power
spectrum becomes dominated by the low-mass main haloes.
The corresponding upturn happens at smaller scales for the

c© 0000 RAS, MNRAS 000, 000–000

Zavala, Springel, Boylan-Kolchin (2010)
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annihilation [24, 25]. The observed intensity energy spec-
trum is the sum of the EBL-attenuated reference blazar
spectrum and the dark matter spectrum, and in this ex-
ample dark matter dominates the intensity energy spec-
trum above ∼ 20 GeV. The observed intensity spectrum
is, however, also consistent with a blazar-only spectrum
with a broader spectral index distribution (an “alterna-
tive blazar model”, α0 = 2.32, σ0 = 0.26) that has suf-
fered EBL attenuation. In light of uncertainties in the
properties of blazars, the EBL, and dark matter, the in-
tensity energy spectrum alone is not sufficient to distin-
guish between these two possibilities. In this case the
anisotropy energy spectrum can break the degeneracy: if
unresolved blazars were the sole source of the isotropic
diffuse emission, the anisotropy energy spectrum would
be constant in energy, but the presence of a dark matter
contribution that varies with energy results in a modula-
tion of the anisotropy energy spectrum.

Fig. 2 presents a scenario with mχ = 80 GeV, which is
generally considered a more favorable mass for detection
by Fermi. However, in this scenario the dark matter in-
tensity is always subdominant, and as before the observed
cut-off in the intensity energy spectrum occurs at an en-
ergy consistent with EBL suppression of the EGRB, pro-
ducing an acute degeneracy between the reference blazar
model plus a dark matter contribution and an alterna-
tive blazar model (α0 = 2.28, σ0 = 0.26) without dark
matter. Again, the anisotropy energy spectrum provides
a means of robustly identifying a dark matter contri-
bution: even though Galactic dark matter substructure
never dominates the intensity energy spectrum, it pro-
duces a strong feature in the anisotropy energy spectrum.

In both examples, the error bars become prohibitively
large for E ! 1 GeV due to the angular resolution of
Fermi below this energy, and at sufficiently high ener-
gies due to lack of photons. In between these two regimes,
the noise term in Eq. 2 (CN/W 2

" ) is negligible, and the
uncertainties are quite small, governed primarily by the
sample variance at the selected multipole. As a result,
the departure of the measured anisotropy energy spec-
trum from an energy-invariant quantity can be identified
with high confidence, clearly indicating a transition in
energy between source populations.

We comment that the blazar intensity spectra (as well
as the total intensity) in our examples fall noticeably be-
low the EGRET data points. This reflects the expecta-
tion that Fermi, with its enhanced point-source sensitiv-
ity, will resolve a large number of extragalactic sources
that had contributed to EGRET’s measurement of the
EGRB, and consequently will measure a lower amplitude
diffuse background. The EGRET data points are plotted
to explicitly demonstrate that our models do not violate
existing constraints.

Discussion.— The observation of a modulation in the
anisotropy energy spectrum robustly indicates a change
with energy in the spatial distribution of contributing
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FIG. 1: Top panel: Example measured isotropic diffuse inten-
sity spectrum. Shown individually are the spectra of Galactic
dark matter substructure for mχ = 700 GeV, the reference
blazar model without and with EBL attenuation (z0 = 0.4),
and the unattenuated alternative blazar model. The ‘total’
signal is the sum of the attenuated reference blazar spectrum
and the dark matter spectrum. The EGRET measurement
of the EGRB is plotted for reference (black crosses). Bottom
panel: Energy dependence of the angular power spectrum of
the total isotropic emission at multipole ! = 100 for the sce-
nario shown in the top panel. The anisotropy energy spectrum
of Galactic dark matter substructure, unresolved blazars, and
the total signal are shown.
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FIG. 2: Same as Fig. 1, for mχ = 80 GeV. For the attenuated
reference blazar model, z0 = 1.

source population(s). Although we have considered only
the contributions of Galactic dark matter substructure
and unresolved blazars to the isotropic diffuse back-
ground, sources other than those explicitly considered
here (e.g., Fermi irreducible backgrounds, the smooth
dark matter halo, and additional extragalactic popu-
lations including dark matter) which could induce an
energy-dependence in the total angular power spectrum
are not expected to provide significant power at the angu-
lar scales of interest. Here we have not explicitly consid-

Siegal-Gaskins, Pavlidou (2009)

Anisotropies in the Diffuse Gamma-Ray Background from Dark Matter with Fermi LAT: a closer look 9

Figure 5. (Left) 5 year averaged counts map (in HEALpix nside=256 format) of our reference no-DM model, which contains astrophysical
EGB, Galactic foreground and resolved point sources. An energy dependent mask is applied to suppress Galactic foregrounds and point
sources (see the text). The simulation has been divided into five energy bands (in the energy ranges indicated in the titles) and only the
region outside the masks is shown. The EGB energy spectrum is harder than the Galactic diffuse one, so at high energies there is more
sky area available for the analysis. (Right) A random realization of the expected counts.c© 0000 RAS, MNRAS 000, 000–000
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Fermi preliminary results on anisotropy
Anisotropies in the Fermi gamma-ray background Jennifer M. SIEGAL-GASKINS
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Figure 1: Angular power spectra of Fermi-LAT data and a simulated model in several energy bins. Angular
power spectra are shown with the photon noise level CN subtracted, and have been corrected for the power
suppression due to the beam and pixel window functionsW!. In the top three rows, the right panel shows the
same result as the left panel, i.e., the angular power spectra for the same energy bin, but over a smaller range
ofC! to more clearly illustrate the result at multipoles !! 100.

5

Fermi-LAT & Komatsu, 
arXiv:1012.1206
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FIG. 5: Same as Fig. 4 but with the addition of backgrounds from the Galaxy and unresolved extra-Galactic sources.

V. CONCLUSIONS

The gamma ray signal from annihilation of Galactic dark matter subhalos has a probability distribution function
which is very different from a Poisson distribution with the same number of mean counts. This feature, initially
explored in Ref. [24] and fleshed out here with a slightly less restrictive model, should produce in Fermi many pixels
with zero or small number of counts but a finite set with large number of counts. We have addressed here the question
of how this PDF will affect future analyses and concluded that, once the backgrounds are added in, a simple analysis
which assumes a Poisson PDF is unbiased and only slightly less powerful than one which uses the full, correct PDF.
To some extent this is good news: there is a tension between analyses which are agnostic as to the nature of the

signal and those which assume that many of its underlying features are known and are simply fitting for parameters.

1-point statistics: flux PDF

• Another diagnostic different 
for different origin

The Gamma-Ray-Flux PDF from Galactic Halo Substructure 11
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Figure 3. The angular-averaged discrete probability distribution function P (C)
for the total photon number C in a given beam (circles), for the neutralino model
with a cutoff mass of Mmin = M⊕. Angular bins with widths of ∆ψ = 20◦

were used in the averaging. Only counts from annihilation in substructure and the
smooth halo component have been included. An observation period of 10 years has
been assumed. The angular-averaged continuous P (F ) (solid) and a fitted Poisson
distribution (squares) are also plotted for comparison. We have normalized to
Nbeam = 4π/(0.1◦)2 ≈ 4 × 106, the number of beams at the angular resolution limit.
Poisson error bars are also shown.
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Figure 4. The same as in Fig. 3, but with an arbitrary diffuse background with
intensity Id = 10−7 cm−2 sec−1 sr−1 above 10 GeV added. This additional background
adds a large Poisson-like feature to P (C) at low C, which obscures the substructure
power-law tail. This suggests that the neutralino model may be just outside the range
of P(D) analysis, if the diffuse background is indeed this large.

Lee, Ando, Kamionkowski, JCAP 07, 007 (2009)
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currently possible.
In Fig. 1, we compare the diffuse gamma ray spectrum

from unresolved blazars in our model with that from dark
matter annihilations with the parameters assumed above.
The flux from dark matter is shown for the case of both
NFW and Moore et al. profiles. Note that only the
normalization and not the spectral shape is affected by
the choice of halo profile. Shallower dark matter halo
profiles or a decrease in small-scale substructure would
lower the signal, while any residual contribution from
unresolved substructure at high galactic latitudes would
boost it. A similar enhancement could result due to a
larger cross section or additional small scale structures.

FIG. 1: The cosmological diffuse spectrum of gamma rays
from dark matter annihilations and from unresolved blazars.
We have considered a WIMP with a mass of 100 GeV, an anni-
hilation cross section of 〈σv〉 = 3×10−26 cm3 sec−1, and which
annihilates to W

+
W

−. Results are shown for two choices of
the halo profile (NFW [24] and Moore et al [25]). For details
regarding our blazar model, see the text. Also shown for com-
parison is the extragalactic diffuse flux observed by EGRET,
as calculated in Ref. [32], and an estimate of its fraction that
will not be resolved by Fermi.

Eq. (1) represents the average flux on the sky from
cosmological dark matter annihilations. For any given
experiment, this can be turned into the expected num-
bers of photons per pixel over a finite time. For example,
imagine dividing half of the sky (the half least contam-
inated by the Galaxy) into Npix = 330, 000 spatial pix-
els, each roughly (0.25◦)2, and counting the number of
photons in each pixel accumulated over 5 years of obser-
vations with the Fermi satellite. Under the assumptions
laid out above, Fermi would detect on average 0.06 pho-
tons per pixel (over 19,000 total photons over half of the
sky) from cosmological dark matter annihilations, assum-
ing an NFW profile. The mean count per pixel, in this
case 0.06, does not tell the whole story, however. There
is also the distribution from which photon counts in each
pixel are drawn. Strictly speaking, neither the dark mat-
ter signal nor the blazar background are drawn from a

truly Poisson distribution. Yet, the dark matter distribu-
tion is much more similar to Poisson, because there are
many dark matter halos, most of which produce only one
or no detectable photons over the duration of the exper-
iment. Most halos generate zero photons, some produce
one, few produce two, etc.

The photon counts from blazars are drawn from a very
different distribution, however, because only a small frac-
tion of halos (those with aligned Active Galactic Nuclei)
host blazars. Compared to dark matter halos, a larger
fraction of these blazars are expected to produce many
photons. Using information from the EGRET satellite,
we can construct a model of blazar-produced photons
and compare the distribution from which these are drawn
to a Poisson distribution. Note that here we are mak-
ing two (probably unrealistic) approximations: (i) We
are considering the case where the only background is
due to blazars. While it is likely that emission from
blazars makes up a large fraction of the isotropic flux,
obviously this is a simplification. (ii) We are consider-
ing the dark matter signal as Poisson-distributed, which
might be valid only for a fraction of the signal. Still, in
order to illustrate the point, it is useful to work with these
assumptions. In §V we shall come back discussing quali-
tatively the impact of relaxing these approximations.

FIG. 2: The probability of observing Nγ photons above 1
GeV in a (0.25◦)2 pixel in 5 years of Fermi observations. The
Poisson distribution is normalized to give the same number
of total photons. Note the large tail in blazar distribution
compared with a Poisson distribution.

In Fig. 2, we show the probability distribution for un-
resolved blazars in our model to produce Nγ detected
photons in a given angular pixel of Fermi over 5 years.
This is compared with a Poisson distribution which has
the same number of expected photons,

∑

Nγ
NγP (Nγ).

The key point is that these two distributions are very
different from one another; in particular, the blazar dis-
tribution leads to many more pixels with many photons
relative to the corresponding Poisson distribution. The

Dodelson et al., Phys. Rev. D 80, 083504 (2009)

Baxter et al., Phys. Rev. D 82, 123511 (2010)



Summary

• Fermi will provide information on the origin of the gamma-ray 
background through anisotropy

• This isn’t just for dark matter, but anything contributing considerably

• From angular power spectrum, we see that if extragalactic DM 
component is > 30%, Fermi should discriminate it from blazars’ in 
anisotropy

• Galactic subhalos might give larger power spectrum, and so detection 
would be more promising

• This series of research is now expanding farther, including energy 
dependence of power spectrum, 1-point PDF, etc.



Plan of this talk

• Angular power spectrum of the gamma-ray 
background from dark matter annihilation

Ando, Komatsu, Phys. Rev. D 73, 023521 (2006) 

Ando, Komatsu, Narumoto, Totani, Phys. Rev. D 75, 063519 (2007)

Ando, Phys. Rev. D 80, 023520 (2009)

• Search for gamma-ray halos around Fermi AGNs and 
intergalactic magnetic fields

Ando, Kusenko, Astrophys. J. 722, L39 (2010) 



Magnetic fields in galaxies and galaxy clusters

• Astronomical probes

• Faraday rotation

• Synchrotron from radio halos

• Polarization of optical light 
(Davis-Greenstein effect)

• Measured strength: ~1–10 μG

• Galactic dynamo as an amplifying 
mechanism

• The “seed” fields could be as 
small as ~10!30–10!20 G

• Where can we find seeds of 
galactic fields?servations of M83 (Sukumar and Allen, 1989), IC 342,

and M81 (Krause, Hummel, and Beck, 1989a, 1989b). A
particularly striking example of magnetic spiral structure
is found in the galaxy NGC 6946, as shown in Fig. 3
(Beck and Hoernes, 1996; Frick et al., 2000). In each
case, the map of linearly polarized synchrotron emission
shows clear evidence for spiral magnetic structures
across the galactic disk. The magnetic field in IC 342
appears to be an inwardly directed axisymmetric spiral
while the field in M81 is more suggestive of a bisymmet-
ric configuration (Sofue, Takano, and Fujimoto, 1980;
Krause, Hummel, and Beck, 1989a, 1989b; Krause,
1990). In many cases, magnetic spiral arms are strongest
in the regions between the optical spiral arms but other-
wise share the properties (e.g., pitch angle) of their op-
tical counterparts. These observations suggest that ei-
ther the dynamo is more efficient in the interarm regions
or magnetic fields are disrupted in the material arms.
For example, Mestel and Subramanian (1991, 1993) pro-
posed that the ! effect of the standard dynamo contains
a nonaxisymmetric contribution whose configuration is
similar to that of the material spiral arms. The justifica-
tion comes from one version of spiral-arm theory in
which the material arm generates a spiral shock in the
interstellar gas. The jump in vorticity in the shock may
yield an enhanced ! effect with a spiral structure. Fur-
ther theoretical ideas along these lines were developed
by Shukurov (1998), and a variety of numerical simula-
tions that purport to include nonaxisymmetric turbu-
lence have been able to reproduce the magnetic spiral
structures found in disk galaxies (Rohde and Elstner,
1998; Rohde, Beck, and Elstner, 1999; Elstner et al.,
2000). Along somewhat different lines, Fan and Lou

(1996) attempted to explain spiral magnetic arms in
terms of both slow and fast magnetohydrodynamic
waves.

Recently Beck et al. (1999) discovered magnetic fields
in the barred galaxy NGC 1097. Models of barred galax-
ies predict that gas in the region of the bar is channeled
by shocks along highly noncircular orbits. The magnetic
field in the bar region appears to be aligned with theo-
retical streamlines, suggesting that the field is mostly fro-
zen into the gas flow, in contrast with what is expected
for a dynamo-generated field. The implication is that a
dynamo is required to generate a new field but that in-
side the bar simple stretching by the gas flow is the
dominant process (see Moss et al., 2001).

4. Halo fields

Radio observations of magnetic fields in edge-on spi-
ral galaxies suggest that in most cases the dominant
component of the magnetic field is parallel to the disk
plane (Dumke et al., 1995). However, for at least some
galaxies, magnetic fields are found to extend well away
from the disk plane and have strong vertical compo-
nents. Hummel, Beck, and Dahlem (1991) mapped two
such galaxies, NGC 4631 and NGC 891, in linearly po-
larized radio emission and found fields with strength "5
and "8 #G, respectively, with scale heights "5–10 kpc.
The fields in these two galaxies have rather different
characteristics: In NGC 4631 (Fig. 4), numerous promi-
nent radio spurs are found throughout the halo. In all
cases in which the magnetic field can be determined, the
field follows these spurs (Golla and Hummel, 1994). Re-
cent observations by Tüllmann et al. (2000) revealed

FIG. 3. Polarized synchrotron intensity (con-
tours) and magnetic-field orientation of NGC
6946 (obtained by rotating E vectors by 90°)
observed at $6.2 cm with the Very Large Ar-
ray (12.5-arcsec synthesized beam) and com-
bined with extended emission observed with
the Effelsberg 100-m telescope (2.5-arcmin
resolution). The lengths of the vectors are
proportional to the degree of polarization.
From Beck and Hoernes, 1996.

784 Lawrence M. Widrow: Origin of galactic and extragalactic magnetic fields

Rev. Mod. Phys., Vol. 74, No. 3, July 2002

B-filed configuration by polarized synchrotron 
intensity (Beck & Hoernes 1996)



Intergalactic magnetic fields (IGMFs)

SDSS

Are there magnetic 
fields in intergalactic 
space (or voids)?



Intergalactic magnetic fields (IGMFs)

• How are they generated?

• Upper bounds: BIGMF ≲ 10!9 G

• Late Universe: Faraday rotation measure

• Early Universe: CMB, Big-Bang nucleosynthesis

10

~

primordial astrophysical
weak all-prevading fields strong localized fields

Lemoine 06

many theories on origins

but not satisfactory, 

badly constrained

Kotera



Gamma-ray probes of IGMFs

Sub-TeV photon
AGN

Earth

Multi-TeV 
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Sub-TeV photon

Apparent 
image: halo • Appearance of AGN halos (Aharonian et al. 1994)

• Delay of arrival time (Plaga 1995)



Magnetic deflection and pair halos
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where θ is the angle from the map center, and θ2
halo is the mean of θ2 over this distribution

function, θ2
halo ≡ 〈θ2〉. We fit the histogram of photon counts as a function of θ2 read from

the maps by minimizing

χ2 =
∑

i

1

Ni

[

NpsfPpsf(θ
2
i ) + NhaloPhalo(θ

2
i |θ

2
halo) + Nbg,i − Ni

]2
, (2)

where Npsf , Nhalo, and θhalo are treated as free parameters. The index i refers to the i-th

bin, Ni is the total number of events in this bin, Ppsf is the normalized PSF, and Nbg,i is
the events due to diffuse backgrounds, for which we fix values at large θ2 assuming that the

background is homogeneous. (This is a very good approximation because we average the
background map over many AGN images.) Thus, Npsf and Nhalo are the total numbers of
photons in the map attributed to the point source and the halo, respectively, and θhalo is the

apparent angular extent of the halo component.

The inclusion of the halo component improves the fit significantly at high energies, but
not in the lowest 1–3 GeV band. The minimum χ2 over degree of freedom (ν) is χ2

min/ν =
18.8/19 and 13.3/12 for 3–10 GeV and 10–100 GeV, respectively. In contrast, the “best-fit”

point-source model gives χ2 % 69 and 140 for 3–10 GeV and 10–100 GeV, respectively. This
clearly shows that, even though we stack many AGN, this simple Gaussian halo model gives

a very good fit to the data. The surface brightness profiles dN/dθ2 of the best-fit halo model
are juxtaposed with the data points in Fig. 2.

In the upper panel of Fig. 3, we show the allowed regions of θhalo and fhalo at 68% and
95% confidence levels. Here fhalo is the fraction of the halo photons, i.e., fhalo ≡ Nhalo/(Npsf +

Nhalo). The best-fit values and 1σ errors for these parameters are θhalo = 0.49 ± 0.03◦ and
fhalo = 0.097 ± 0.014 for 3–10 GeV, and θhalo = 0.26 ± 0.01◦ and fhalo = 0.20 ± 0.02 for

10–100 GeV. For the lowest energy band, 1–3 GeV, only an upper limit on fhalo is obtained,
which is fhalo < 0.046 at 95% confidence level.

4. Implications for Intergalactic Magnetic Fields

We interpret the size of the halo θhalo shown in the top panel of Fig. 3, in terms of the
secondary photon model, especially parameters of IGMF. A simple analytic model gives the

following relation between these quantities (Neronov & Semikoz 2009):
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Neronov & Semikoz (2009)



Details of analysis

• Select photons from 1-year “diffuse” class event file 
(LAT_allsky_239557417_272868753_v01_Diffuse.fits)

• List of individual photons from all sky; information on arrival directions, time, 
energy, etc.

• “Diffuse class”: purest data recommended for most of analysis (charged-
particle contamination is minimum)

• We use three energy bands: 1–3, 3–10, 10–100 GeV

• 170 AGNs are selected from the 11-month point-source catalog (gll_psc_v02.fit) 

• They yielded more than 4.1σ (TS>25) detection in the highest energy band, 
10–100 GeV

• Presumably these are hard AGNs, producing lots of TeV photons that source 
halos

• We make both photon counts maps and expected model maps (using P6_v3 IRF) 



Gamma-ray maps for individual AGNs

• It is not possible to compare data with PSF models → need stacking
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Figure 1. Gamma-ray counts and point-source model maps of stacked 170 bright AGNs. Upper and lower panels are for 3–10 GeV ((a) and (b)) and 10–100 GeV ((c)
and (d)) bands, respectively. Left panels ((a) and (c)) are the actual data counts of stacked 170 AGNs, and the right panels ((b) and (d)) show the “best-fit” point-source
model (including backgrounds). Pixel size is 0.◦03 (0.◦01) for the 3–10 (10–100) GeV band.
(A color version of this figure is available in the online journal.)

maps. We perform the analysis in three separate energy bands:
1–3 GeV, 3–10 GeV, and 10–100 GeV, which allows us to study
the energy dependence of the halos. To obtain source and model
maps, we use official Science Tools made publicly available by
the Fermi team. The photons that we use in the AGN analysis
are collected between 239,557,417 s and 268,416,079 s in the
mission elapsed time (MET), and they are of “Diffuse” class.

We use locations of AGNs from the 11 month source catalog,
i.e., those obtained solely by the gamma-ray data. This does
not introduce any significant uncertainty of the stacked images,
because the localization accuracy using gamma rays is typically
much better than the size of point-spread function (PSF),
especially for hard AGN (Abdo et al. 2010b).

Figure 1 shows the gamma-ray count maps of stacked
170 AGNs and the “best-fit” point-source model generated with
the Fermi Science Tools as well as point-source catalog, smeared

only by the PSF of LAT (we use the latest “Pass6 version 3”
instrument response function of LAT). It is evident that the
counts map and the model map are not consistent with each
other, especially in the 10–100 GeV range.

3. FLUX AND ANGULAR EXTENT OF
HALO COMPONENT

We have performed maximum likelihood analysis assuming
that, in addition to the central point sources and diffuse back-
grounds (Strong et al. 2004; Abdo et al. 2009, 2010d), there is
a third component, namely, the halo component, whose spatial
extent is given by the Gaussian distribution:

Phalo
(
θ2|θ2

halo

)
= 2

πθ2
halo

exp
(

− θ4

πθ4
halo

)
, (1)
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Figure 1. Gamma-ray counts and point-source model maps of stacked 170 bright AGNs. Upper and lower panels are for 3–10 GeV ((a) and (b)) and 10–100 GeV ((c)
and (d)) bands, respectively. Left panels ((a) and (c)) are the actual data counts of stacked 170 AGNs, and the right panels ((b) and (d)) show the “best-fit” point-source
model (including backgrounds). Pixel size is 0.◦03 (0.◦01) for the 3–10 (10–100) GeV band.
(A color version of this figure is available in the online journal.)

maps. We perform the analysis in three separate energy bands:
1–3 GeV, 3–10 GeV, and 10–100 GeV, which allows us to study
the energy dependence of the halos. To obtain source and model
maps, we use official Science Tools made publicly available by
the Fermi team. The photons that we use in the AGN analysis
are collected between 239,557,417 s and 268,416,079 s in the
mission elapsed time (MET), and they are of “Diffuse” class.

We use locations of AGNs from the 11 month source catalog,
i.e., those obtained solely by the gamma-ray data. This does
not introduce any significant uncertainty of the stacked images,
because the localization accuracy using gamma rays is typically
much better than the size of point-spread function (PSF),
especially for hard AGN (Abdo et al. 2010b).

Figure 1 shows the gamma-ray count maps of stacked
170 AGNs and the “best-fit” point-source model generated with
the Fermi Science Tools as well as point-source catalog, smeared

only by the PSF of LAT (we use the latest “Pass6 version 3”
instrument response function of LAT). It is evident that the
counts map and the model map are not consistent with each
other, especially in the 10–100 GeV range.

3. FLUX AND ANGULAR EXTENT OF
HALO COMPONENT

We have performed maximum likelihood analysis assuming
that, in addition to the central point sources and diffuse back-
grounds (Strong et al. 2004; Abdo et al. 2009, 2010d), there is
a third component, namely, the halo component, whose spatial
extent is given by the Gaussian distribution:
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Stacked maps: 1–3 GeV
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Stacked maps: 3–10 GeV

Ando & Kusenko, Astrophys. J. 722, L39 (2010)
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Stacked maps: 10–100 GeV

Ando & Kusenko, Astrophys. J. 722, L39 (2010)
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χmin2/DOF = 66/20 χmin2/DOF = 62/13

Is there anomalous excess?  Yes!
Ando & Kusenko, Astrophys. J. 722, L39 (2010)



Gaussian halo component

χmin2/DOF = 18.8/19 χmin2/DOF = 13.3/12

Ando & Kusenko, Astrophys. J. 722, L39 (2010)



Halo properties and IGMF

• 68%, 95% CL contours 
for halo size θhalo and 
fractional number of halo 
photons fhalo

• The halo sizes and energy 
dependence imply B 
≈10!15 G

Ando & Kusenko, Astrophys. J. 722, L39 (2010)



Are the “halos” physical or instrumental?



Two tests against instrumental effects

1. Dependence on redshifts

• 57 AGNs for z < 0.5

• 42 AGNs for 0.5 < z < 2.5

2. Comparison with the Crab pulsar (point source)

Instrumental effects should not 
make any difference in both tests



Redshift dependence

• Nearby AGNs are more extended — as expected from the 
pair halo scenario, but not from instrumental effects

Ando & Kusenko, Astrophys. J. 722, L39 (2010)



Comparison of AGN and Crab profiles

• Backgrounds have been estimated from θ2 = 1.8–2.25 deg2 and subtracted

• Nearby AGNs are even more extended than Crab

• Distant AGN profile is consistent with the Crab profile



Summary

• Stacked 170 (hard spectrum) AGN images

• Found anomalous excess compared with the latest (P6_v3) PSF

• Can be interpreted as IGMF, with amplitude around 10!15 G

• The image sizes are different for nearby/hard and distant/soft AGN 
populations (evidence against instrumental effects)

• Nearby/hard AGNs are more extended than Crab, but distant/soft 
ones are consistent with Crab

• Some work on GeV–TeV spectra also supports femto-Gauss IGMF

• This study accelerated post-launch calibration of LAT PSF



Implications
• Astronomy; Plasma Physics

• How to generate micro-Gauss fields in galaxies and galaxy clusters from 
femto-Gauss IGMF (e.g., galactic dynamo)

• How to generate IGMFs from astrophysical activities (e.g., Biermann 
battery)

• Cosmology; Particle Physics

• Magnetogenesis in the early Universe, such as QCD, electroweak phase 
transitions, and inflation

• Imprint of IGMF on CMB, BBN, etc.

• High-Energy Astrophysics

• Measurement of (constraint on) femto-Gauss IGMFs

• Origins of halos; photons or cosmic rays?


