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VHE Gamma-Ray Status
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Image of SNR molec 
cloud -π0 γ-rays ?

M87

γ-rays from <50 RG 

of Supermassive BH

Rapid variability of 
PKS 2155, LIV tests



Atmospheric Cherenkov 
Telescopes
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Large Optical Reflector 
Images Cherenkov light 
onto PMT camera

Imaging ACTs 

γ−ray interacts in atmosphere
Producing electromagnetic
shower and Cherenkov Light

Source emits γ−ray
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VERITAS Array, e.g.
• 10 mCrab sensitivity - 5σ detection at 1% Crab (2x10-13 erg cm-2 s-1 @ 1 TeV) in 28 hrs.

• Effective area 105 m2 above 500 GeV

• Angular resolution <0.1 deg

• Energy range 150 GeV - 30 TeV, 15% resolution (for spectral measurements)
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IACT Arrays

• Stereoscopic reconstruction provides point of origin of gamma-rays from 
intersection of images (like convergence of lines of perspective)

•  Images also converge on impact point on the ground, together with 
multiple samples of total light providing corrections for the Cherenkov 
light lateral distribution and good calorimetry
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Technical Details

Stage et al. 2006

Telescope (x 4)
12-m diameter Davies-Cotton
 f 1.0, 110 m2 area

Mirror Facets (x 350)
Reflectivity ~ 88%
(Recoated every 2 years)

Electronics
500 Msp FADC, CFD trigger, 3-fold 
adjacent pixels and 2/4 telescope 
coincidence

Camera (x 4)
499 PMTs, 3.5o FOV



Indirect Dark Matter 
Searches
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Gamma-rays from DM
EγΦγ(θ) ≈ 10−10
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Galactic Center Region

HESS GC region (Aharonian et al., 2006, Nature 439, 695) 

Whipple 10m

K
os

ac
k,

 e
t a

l. 
(2

00
4)

• EGRET: 3EG J1746-2851 (Hartman et al. 1999)

• Whipple 10m (1995-2003, LZA) - Evidence for GC at 3.7 
std. dev., flat spectrum source (Kosack et al. ApJ, 608, L97 
2004)

• CANGAROO-II (2001-2002) - steep spectrum source (dN/
dE~E-4.6) - not same as Whipple/HESS source (Tsuchiya et al., 
2004, ApJ, 606)

• H.E.S.S. (2004-2006) - Now >60 std. dev, dN/dE~E-2.1 cutoff 
~15 TeV, no variability, within 15 arcsec Sgr A*?, PWN?  
diffuse emission from molec. clouds dN/dE~E-2.3 (Aharonian 
et al., 2004, A&A, 425, L13;  2006, Nature, 439, 695)

• MAGIC (2004-2005, LZA, 25hr) - 7.3 std. dev, conf. HESS 
spectrum (Albert et al., 2006, 638, L101)

Large Astrophysical Backgrounds for DM Search!
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Where to Look Next?
Milky Way GC

Andromeda

Draco Dwarf

Galaxy Cluster

JB 2002
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• Dwarf satellites of the Milky Way are the most promising DM targets 
outside of the Galactic Center

• Dark-Matter dominated objects with mass to light ratios of more 
than 100

• DM Distribution is tightly constrained by stellar velocity dispersion 
measurements the map out the DM gravitational potential

• Clean sources with limited uncertainties, but currently one to two 
orders of magnitude beyond the reach of Fermi, VERITAS or HESS

(Talk by Luis Reyes later 
at this meeting)
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VERITAS Dwarf  Limits
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Figure 8 DM annihilation upper limits from observations of four dSphs by VER-

ITAS, from Acciari et al. (2010). The Φs(E) from Equation 3 is taken to be a

sum over final states with branching fractions from a generic model, but it is

comparable to assuming a 100% bb̄ final state. Black asterisks represent mini-

mal supersymmetric model predictions for neutralino WIMPs with thermal relic

abundance corresponding to the inferred cosmological dark matter density.

on more than just the annihilation cross section of the WIMP. The blue points

represent models with higher annihilation cross sections, corresponding to lower

thermal relic densities. They still assume that WIMPs comprise all of the dark

matter and thus rely on esoteric models in which there are additional non-thermal

production processes. Similar plots are provided by Abdo et al. (2010b) for other

particle physics models, including Kaluza-Klein universal extra dimensions and

mSUGRA, but the main point here is that with ∼ 10 − 20% of the eventual

complete Fermi -LAT data set in hand, the limits from individual dSphs are still

a factor of 10 or more above the most interesting parameter space pointed to by

Equation 2.

The dSph Segue 1 is not included in the analysis by Abdo et al. (2010b) because

of controversy over whether it is a dSph or merely a star cluster stripped from

the Sagittarius galaxy (Niederste-Ostholt et al., 2009). A more recent publication

makes a strong case, based on recent spectroscopic observations, for it to be a

dSph and, in fact, the most DM-dominated galaxy known (Simon et al., 2010).

It is arguably the best target for DM searches, due to its proximity (only 25 kpc

from the Sun) and high Galactic latitude, as well as its high DM mass. The

Fermi -LAT collaboration has not yet presented DM limits from Segue 1, but

analyses based on flux limits from 9 months of data have been published by

subsets of collaboration members (Scott et al., 2009; Essig et al., 2010). Besides

including more dwarfs such as Segue 1, the results of Abdo et al. (2010b) will be

Acciari, V.A. et al. (for the VERITAS collaboration) ApJ, 720, 
1174 (2010)

Projected limits for 5 year exposure

Projected Sensitivity

• Limits fall several orders of magnitude from natural models.  Longer exposures will help 
but are limited by systematics

• For VERITAS, combining observations of several sources over 5 years will bring upper 
limits within one order of magnitude of the natural cross section

Detection σ ~ decoupling σ⇒ narrow spread

Thanks to DARKSUSY, Gondolo, Edsjo, Bergstrom, Ullio, Schelke, Baltz, Bringmann and Duda !
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Positrons and Antiprotons

• Positron excess but no antiprotons motivated leptophillic models to boost electron 
production, while suppressing hadronic channels.

• These typically require astrophysical or particle physics boosts, electrons produce IC 
photons - these models can already be constrained by gamma-ray measurements.
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Figure 1 (a) Cosmic-ray (CR) antiproton fraction and (b) positron fraction. The CR
measurements by various instruments are summarized in Adriani et al. (2010b) (antipro-
tons) and Adriani et al. (2009a) (positrons). For antiprotons, the curves correspond to
models with different assumptions for the treatment of CR propagation, uncertainties
in the assumed propagation model parameters, and cross section uncertainties for an-
tiproton production, annihilation, and scattering. Upper and lower dashed lines were
calculated for a homogeneous (leaky box) model by Simon, Molnar & Roesler (1998).
Upper and lower dotted lines were calculated assuming a diffusive reacceleration with
convection model by Donato et al. (2009). Solid line shows the calculation by Ptuskin
et al. (2006) for a plain diffusion model. For positrons, the solid curve shows the predic-
tion by Moskalenko & Strong (1998) using the GALPROP code for CR nuclei interacting
with the interstellar gas for a plain diffusion model without accounting for solar modula-
tion effects. Figures are adapted from original forms published in Adriani et al. (2010b)
and Adriani et al. (2009a).

earlier data (where there is overlap), which are consistent with expected non-
exotic astrophysical origins. However, the PAMELA positron fraction rises with
increasing energy, opposite to the expected behavior of secondaries produced in
the ISM (see Section 2.1). The PAMELA data apparently confirm the results
from the earlier HEAT balloon experiment and AMS test-flight (although the
results of both of those experiments have much larger uncertainties).

An essential question for these data is the likelihood that they are the re-
sult of an experimental artifact. (Recall, in Section 2.1 we discussed how reliable
proton-positron discrimination is essential for this measurement.) PAMELA uses
its magnetic spectrometer, time-of-flight system (at low energy), calorimeter, and
neutron detector for the separation of protons and antiprotons from positrons and
electrons (see Section 2.2.2). The spectrometer separates the electrons and an-
tiprotons from the positrons and protons (except at the highest energies, where
there is some spill-over; Adriani et al., 2010a). The calorimeter is able to sepa-
rate electromagnetic- and hadron-initiated (proton/antiproton) showers very well
using information on the longitudinal and lateral shower development. How-
ever, early neutral pion production at the top of the calorimeter by interacting
hadrons produces an electromagnetic shower in hadron-initiated events at about
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Building Leptonic Models

LEPTON

Text

e-

arXiv:1209.9383
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New scalar fields with appropriate mass can allow electron-production, but make
hadronic production kinematically forbidden. Sommerfeld enhancement by ex-
change of φ can result in a further boost in cross section

(e.g.,Arkani-Hamed, Finkbeiner, Slatyer, and Weiner, 2009, PRD 79, 015014)

Boosting Electrons
Annihilation into light leptons is helicity suppressed with respect to annihilation
into heavier fermions

Internal bremmstrahlung can circumvent helicity suppression, but electromag-
netic IB gives gamma-rays near kinematic maximum and W±, Z bremmstrahlung
can overproduce antiprotons

φ φ φ

R ∼
�

me

mf

�2

� �� �
spin flip penalty

�
m2

χ −m2
e

m2
χ −m2

f

�2
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phase space

(Bringmann, Bergström and Edsjö, 2009, JHEP, 01, 049)
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Internal/Final State Brems

• Internal Bremsstrahlung (or final-state bremss) would boost the signal in 
VHE gamma-ray experiments - for such scenarios ground-based 
instruments would be competitive with Fermi constraints down to lower 
energies (a few hundred GeV).

5

In the last part of this section, let us briefly describe
how we implemented IB from the various possible final
states of neutralino annihilations in DarkSUSY. The total
gamma-ray spectrum is given by

dNγ,tot

dx
=

∑

f

Bf

(
dNγ,sec

f

dx
+

dNγ,IB
f

dx
+

dNγ,line
f

dx

)

,

(10)
where Bf denotes the branching ratio into the annihi-
lation channel f . The last term in the above equation
gives the contribution from the direct annihilation into
photons, γγ or Zγ, which result in a sharp line feature
[27]. The first term encodes the contribution from sec-
ondary photons, produced in the further decay and frag-
mentation of the annihilation products, mainly through
the decay of neutral pions. This “standard” part of the
total gamma-ray yield from dark matter annihilations
shows a feature-less spectrum with a rather soft cutoff
at Eγ = mχ. In DarkSUSY, these contributions are in-
cluded by using the Monte Carlo code PYTHIA [28] to
simulate the decay of a hypothetical particle with mass
2mχ and user-specified branching ratios Bf . In this way,
also FSR associated to this decay is automatically in-
cluded (the main contribution here comes from photons
directly radiated off the external legs, but also photons
radiated from other particles in the decay cascade are
taken into account). On the other hand, IB from the
decay of such a hypothetical particle cannot in general
be expected to show the same characteristics as IB from
the actual annihilation of two neutralinos. In particular,
and as discussed in length at the beginning of this Sec-
tion, we expect important VIB contributions in the latter
case – while in the first case there are simply no virtual
particles that could radiate photons. We therefore calcu-
late analytically the IB associated to the decay (i.e. FSR
from the final legs) and subtract it from dNγ,sec

f /dx as

obtained with PYTHIA; for dNγ,IB
f /dx, we then take the

full IB contribution from the actual annihilation process
as described before. Hence, this procedure leaves us with
corrected PYTHIA results without FSR on the external
legs and our analytical calculation of IB (including FSR
and VIB) that we add to this. 1

Let us conclude this section by showing in Fig. 2 four

1 We would like to stress that this prescription is fully consistent
since both the original and the corrected IB versions are gauge-
invariant separately. Strictly speaking, however, we have only
corrected for photons originating directly from the external states
and not for those radiated from particles that appear later in the
decay cascade. On the other hand, one would of course expect
that modifying the energy distribution of the charged particles
corresponding to these external legs also affects the further de-
cay cascade. Note, however, that the resulting change in the
photon spectrum is a second order effect; more important, for
kinematical reasons it does not affect photons at energies close
to mχ – which, as we shall see, are the most relevant. Finally, we
observe that our subtraction procedure has only a minor effect
on the photon spectrum obtained by PYTHIA and no practical

PSfrag

x = Eγ/mχ

x
2
dN

γ
,t

o
t
/d

x

Total
Secondary gammas
Internal Bremsstrahlung

0.4 0.6 0.8 1

1

0.001

0.01

0.1

0.2

BM1

.

0.01

x = Eγ/mχ

x
2
dN

γ
,t

o
t
/d

x

Total
Secondary gammas
Internal Bremsstrahlung

0.4 0.6 0.8 1

1

0.1

0.2

BM2

.

0.01

0.1

x = Eγ/mχ

x
2
dN

γ
,t

o
t
/d

x

Total
Secondary gammas
Internal Bremsstrahlung

0.4 0.6 0.8 1

0.001

1

10

0.2

BM3

.

0.01

0.1

x = Eγ/mχ

x
2
dN

γ
,t

o
t
/d

x

Total
Secondary gammas
Internal Bremsstrahlung

0.4 0.6 0.8 1

0.001

1

0.2

BM4

.

FIG. 2: From top to bottom, the gamma-ray spectra for the
benchmark models defined in Tab. I is shown. The contribu-
tions from IB and secondary photons is indicated separately
(in these figures, the line signal is not included).
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Sommerfeld Enhancement  

• At high mass, expect Sommerfeld enhancement from W, Z exchange for standard neutralinos can give large 
enhancement in cross section, larger at small velocities in smaller halo substructure (e.g., Dwarfs)

the indices i, j run over the possible initial two-particle
states. Let us consider for definiteness the case of the
winolike neutralino: the possible initial states are
f!0!0;!þ!"g. The neutralino and the chargino are as-
sumed to be quasidegenerate, since they are all members
of the same triplet. What we will say can anyway be easily
generalized to the case of the Higgsinolike neutralino. Let
us also focus on two particular annihilation channels: the
WþW" channel and the eþe" channel. It can be assumed
that, close to a resonance, d1 # d2. This can be inferred, for
example, using the square well approximation as in
Ref. [11], where it is found that, in the limit of small
velocity, d1 ’

ffiffiffi
2

p
ðcos

ffiffiffi
2

p
pcÞ"1 "

ffiffiffi
2

p
ðcoshpcÞ"1 and d2 ’

ðcos
ffiffiffi
2

p
pcÞ"1 þ 2ðcoshpcÞ"1, where pc &

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2"2m=mW

p
.

The elements of the ! matrix for the annihilation into a
pair of W bosons are #"2

2=m
2
!, so that we can write the

following order of magnitude estimate:

#vð!0!0 ! WþW"Þ # jd1j2
"2
2

m2
!
: (9)

On the other hand, the nonenhanced neutralino annihila-
tion cross section to an electron-positron pair !22 #
"2
2m

2
e=m

4
!, so that it is suppressed by a factor ðme=m!Þ2

with respect to the gauge boson channel. This is a well-
known general feature of neutralino annihilations to fer-
mion pairs and is due to the Majorana nature of the
neutralino. The result is that all low-velocity neutralino
annihilation diagrams to fermion pairs have amplitudes
proportional to the final state fermion mass. The chargino
annihilation cross section to fermions, however, does not
suffer from such an helicity suppression, so that it is again
!11 # "2

2=m
2
! ' !22. Then:

#vð!0!0 ! eþe"Þ # jd1j2
"2
2

m2
!
: (10)

Then we have that, after the Sommerfeld correction, the
neutralino annihilates to W bosons and to eþe" pairs (and
indeed to all fermion pairs) with similar rates, apart from
Oð1Þ factors. This means that while the W channel is
enhanced by a factor jd1j2, the electron channel is en-
hanced by a factor jd1j2m2

!=m
2
e. The reason is that the

annihilation can proceed through a ladder diagram like

the one shown in Fig. 4, in which basically the electron-
positron pair is produced by annihilation of a chargino pair
close to an on shell state. This mechanism can be similarly
extended to annihilations to other charged leptons, neutri-
nos, or quarks.

IV. CDM SUBSTRUCTURE: ENHANCING THE
SOMMERFELD BOOST

There is a vast reservoir of clumps in the outer halo
where they spend most of their time. Clumps should sur-
vive perigalacticon passage over a fraction (say $) of an
orbital time scale, td ¼ r=vr, where vr is the orbital ve-
locity (given by v2

r ¼ GM=rÞ. It is reasonable to assume
that the survival probability is a function of the ratio
between td and the age of the halo tH, and that it vanishes
for td ! 0. Thus, at linear order in the (small) ratio td=tH, a
first guess at the clump mass fraction as a function of
galactic radius would be fclump / td. We conservatively
adopt the clump mass fraction %cl ¼ $rv"1

r t"1
H with $ ¼

0:1–1. This gives a crude but adequate fit to the highest
resolution simulations, which find that the outermost halo
has a high clump survival fraction, but that near the Sun
only 0.1%–1% survive [17]. In the innermost galaxy, es-
sentially all clumps are destroyed.
Suppose the clump survival fraction SðrÞ / fclump / r3=2

to zeroth order. The annihilation flux is proportional to
&2 ) Volume) SðrÞ / SðrÞ=r. This suggests we should
expect to find an appreciable gamma-ray flux from the
outer galactic halo. It should be quasi-isotropic with a
#10% offset from the center of the distribution. The flux
from the Galactic center would be superimposed on this.
High resolution simulations demonstrate that clumps ac-
count for as much luminosity as the uniform halo [18,19].
However much of the soft lepton excess from the inner halo
will be suppressed due to the clumpiness being much less
in the inner galaxy.
We see from the numerical simulations of our halo,

performed at a mass resolution of 1000M* that the subhalo
contribution to the annihilation luminosity scales as
M"0:226

min [19]. For Mmin ¼ 105M*, this roughly equates
the contribution of the smooth halo at r ¼ 200 kpc from
the center. This should continue down to the minimum
subhalo mass. We take the latter to be 10"6M* clumps,
corresponding the damping scale of a binolike neutralino
[20,21]. We consider this as representative of the damping
scale of neutralino dark matter, although it should be noted
that the values of this cutoff for a general weakly interact-
ing massive particle (WIMP) candidate can span several
orders of magnitude, depending on the details of the under-
lying particle physics model [22,23]. It should also be
taken into account that the substructure is a strong function
of the galactic radius. Since the dark matter density drops
precipitously outside the solar circle (as r"2), the clump
contribution to boost is important in the solar neighbor-
hood. However absent any Sommerfeld boost, it amounts

FIG. 4. Diagram describing the annihilation of two neutralinos
into a charged lepton pair, circumventing helicity suppression.

CAN THE WIMP ANNIHILATION BOOST FACTOR . . . PHYSICAL REVIEW D 79, 083523 (2009)

083523-5

Lattanzi and Silk, PRD 79, 083523 
(2009), Profumo (2005)

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

(Matthieu Vivier et al. for the VERITAS Collaboration, 2011, ICRC proceedings)

At sufficiently high neutralino masses, the W and Z 
can act as carriers of a long-range (Yukawa-like) force, 
resulting in a velocity dependent enhancement in 
cross section ( 1/v or even 1/v2 enhancement near 
resonance) 
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Galactic Center Revisited

• Even though bright source at GC, can still get better limits from region 
around GC (Aharonian et al. for the HESS collaboration, PRL 106, 1301)
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FIG. 3. Top panel: Reconstructed differential flux FSrc/Bg,
weighted with E2.7 for better visibility, obtained for the source
and background regions as defined in the text. The units are
TeV1.7 m−2 s−1 sr−1. Due to an energy-dependent selection
efficiency and the use of effective areas obtained from γ-ray
simulations, the reconstructed spectra are modified compared
to the cosmic-ray power-law spectrum measured on Earth.
Bottom panel: Flux residua Fres/∆Fres, where Fres = FSrc −
FBg and ∆Fres is the statistical error on Fres. The residual
flux is compatible with a null measurement. Comparable null
residuals are obtained when varying the radius of the source
region, subdividing the data set into different time periods
or observation positions, or analyzing each half of the source
region separately.

the latter case, apart from a displacement with regard to
the DM particle mass scale, the limits shift up (down) if
the γ-ray energy is overall under(over)estimated.

SUMMARY

A search for a VHE γ-ray signal from DM annihilations
was conducted using H.E.S.S. data from the GC region.
A circular region of radius 1◦ centered at the GC was cho-
sen for the search, and contamination by astrophysical
γ-ray sources along the Galactic plane was excluded. An
optimized background subtraction technique was devel-
oped and applied to extract the γ-ray spectrum from the
source region. The analysis resulted in the determination
of stringent upper limits on the velocity-weighted DM an-
nihilation cross-section 〈σv〉, being among the best so far
at very high energies. At the same time, the limits do not
differ strongly between NFW and Einasto parametriza-
tions of the DM density profile of the Milky-Way.
The support of the Namibian authorities and of the

University of Namibia in facilitating the construction and
operation of H.E.S.S. is gratefully acknowledged, as is the
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FIG. 4. Upper limits (at 95% CL) on the velocity-weighted
annihilation cross-section 〈σv〉 as a function of the DM par-
ticle mass mχ for the Einasto and NFW density profiles.
The best sensitivity is achieved at mχ ∼ 1 TeV. For com-
parison, the best limits derived from observations of dwarf
galaxies at very high energies, i.e. Sgr Dwarf [10], Will-
man 1, Ursa Minor [15] and Draco [9], using in all cases
NFW shaped DM profiles, are shown. Similar to source re-
gion of the current analysis, dwarf galaxies are objects free
of astrophysical background sources. The green points rep-
resent DarkSUSY models [32], which are in agreement with
WMAP and collider constraints and were obtained with a
random scan of the mSUGRA parameter space using the
following parameter ranges: 10 GeV < M0 < 1000 GeV,
10 GeV < M1/2 < 1000 GeV, A0 = 0, 0 < tanβ < 60,
sgn(µ) = ±1.
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gions in the FoV of the observation. Fig. 2 visualizes
details of the method, which is an evolution of the stan-
dard reflected background technique [28] adjusted for this
particular analysis. By construction, background regions
are located further away from the GC than the source
region. This is an important aspect, since, unavoidably,
a certain amount of DM annihilation events would be
recorded in the background regions, too, reducing a po-
tential excess signal obtained in the source region. For
the NFW and Einasto profiles, the expected DM annihi-
lation flux is thus smaller in the background regions than
in the source region (cf. Fig. 1), making the measurement
of a residual annihilation flux possible. Note, however,
that for an isothermal halo profile, the signal would be
completely subtracted. As far as the background from
Galactic diffuse emission is concerned, its predicted flux
[29] is significantly below the current analysis sensitivity,
thus its contribution is not further considered in the anal-
ysis. In any case, since its intensity is believed to drop
as a function of Galactic latitude, γ-rays from Galactic
diffuse emission would be part of a potential signal, and
therefore lead to more conservative results for the upper
limits derived in this analysis.

RESULTS

Using zenith angle-, energy- and offset-dependent ef-
fective collection areas from γ-ray simulations, flux spec-
tra shown in Fig. 3 are calculated from the number of
events recorded in the source and background regions2. It
should be stressed that these spectra consist of γ-ray-like
cosmic-ray background events. Both source and back-
ground spectra agree well within the errors, resulting in
a null measurement for a potential DM annihilation sig-
nal, from which upper limits on 〈σv〉 can be determined.
The mean astrophysical factors J̄src and J̄bg are calcu-

lated for the source and background regions, respectively.
The density profiles are normalized to the local DM den-
sity ρ0 = 0.39 GeV/cm3 [26]. Assuming an Einasto pro-
file, J̄src = 3142×ρ2E×dE and J̄bg = 1535×ρ2E×dE, where
ρE = 0.3 GeV/cm3 is the conventional value for the local
DM density and dE = 8.5 kpc the distance of Earth to
the GC. For a NFW profile, J̄src = 1604× ρ2E × dE and
J̄bg = 697×ρ2E×dE are obtained. This means that for an
assumed Einasto (NFW) profile, background subtraction
reduces the excess DM annihilation flux in the source re-
gion by 49 % (43 %), which is taken into account in the
upper limit calculation.
Under the assumption that DM particles annihi-

late into quark-antiquark pairs and using a generic

2 The background spectrum is rescaled by the ratio of the areas
covered by source and background regions (cf. also [28]).
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FIG. 2. Illustration of the cosmic ray background subtrac-
tion technique for a single telescope pointing position (de-
picted by the star). Note that this position is only one of the
several different pointing positions of the dataset. The DM
source region is the green area inside the black contours, cen-
tered on the GC (black triangle). Yellow regions are excluded
from the analysis because of contamination by astrophysical
sources. Corresponding areas for background estimation (red
regions) are constructed by rotating individual pixels of size
0.02◦ × 0.02◦ of the source region around the pointing posi-
tion by 90◦, 180◦, and 270◦. This choice guarantees similar
γ-ray detection efficiency in both the source and background
regions. As an example, pixels labeled 1 and 2 serve as back-
ground control regions for pixel 0. Pixel 3 is not considered
for background estimation because it is located in an excluded
region. Pixels in the source region, for which no background
pixels can be constructed, are not considered in the analysis
for this particular pointing position and are left blank.

parametrization for a continuum spectrum of γ-rays cre-
ated during the subsequent hadronization [30, 31], limits
on 〈σv〉 as a function of the DM particle mass are cal-
culated for both density profiles (see Fig. 4). These
limits are among the most sensitive so far at very high
energies, and in particular are the best for the Einasto
density profile, for which at ∼ 1 TeV values for 〈σv〉
above 3×10−25 cm3 s−1 are excluded. As expected from
the astrophysical factors, the limits for the Einasto pro-
file are better by a factor of two compared to those for
the NFW profile. Still, the current limits are one order
of magnitude above the region of the parameter space
where supersymmetric models provide a viable DM can-
didate (see Fig. 4). Apart from the assumed density
parametrizations and the shape of the γ-ray annihilation
spectrum, the limits can shift by 30% due to both the
uncertainty on the absolute flux measurement [27] and
the uncertainty of 15% on the absolute energy scale. For
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VERITAS Galactic Center

Galactic Center appears to have a 
strong Astrophysical source, but can 
still cut out a region around center

For 12σ  VERITAS detection, optimum 
region is between 0.34 and beyond the 
edge of the FoV (around 3 deg)

Beilicke, M. for VERITAS Collaboration, Fermi Symposium, May 2011
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Projected VERITAS Sensitivity

• Estimated upper limits for 5 years of VERITAS LZA data  based on probability 
observed number of counts given NFW halo convolved with angular 
resolution, mass-dependent fits to Pythia spectra convolved with energy 
resolution.
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GC DM Prospects

CTA (5yr, 0.05◦-0.14◦)

• For CTA (a future large ground-based array) lower threshold, improved angular 
resolution and larger field of view could result in spectral measurements for generic 
cross-section with no boost.
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Direct and Indirect Detection

• Scientific complementarity

• Technical complementarity 

[hep-ph] arXiv:1011.4514 L. Bergstrom et al.

Proposed CTA SC 
camera module with 
25 2” MAPMTs

Xenon100 Detector

accessible to direct

accessible to γ‘s
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Origin of Cosmic Rays
Do SNR blast shocks really provide the sites for CR

acceleration?
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Predicted SNR Signal

• Drury, Aharonian and Volk predicted 
gamma-ray signal from pion 
production in cosmic ray sources

• Looked with Whipple, and saw 
nothing!

• One of the original motivations for 
VERITAS was that we should either 
detect SNR or produce difficulties for 
an SNR origin of GCRs.

VERITAS VERITAS

VERITAS VERITAS

VERITAS VERITAS

VERITAS VERITAS

VERITAS VERITAS

VERITAS VERITAS

VERITAS VERITAS

VERITAS VERITAS

VERITAS VERITAS
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HESS SNR Images

• HESS observations of SNR resulted in the first resolved images in TeV energies.

• Morphology similar to X-ray emission, subsequent constraints point to leptonic 
emission.
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IC443 SNR
Chandra image of IC443 and Pulsar wind nebula

• IC443 SNR, radio/x-ray bright remnant with maser emission indicating interaction 
with molecular cloud.  

• VERITAS/MAGIC discovery in 2007, Fermi detection of extended emission

• VERITAS detection 37h, 8.2σ, 3.2% Crab with extended emission

• Spectral index: Γ = 2.99 ± 0.38stat ± 0.30sys

• Clear extension, overlap with CO (molecular cloud), PWN tail pointing in wrong 
direction ⇒π0 emission?

Fermi 1σ

(Analysis by Humenski and Bugaev)
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G106.3 +2.7 SNR

• Energetic pulsar PSR J2229+6114 
and SNR/PWN with  E-dot ~ 2 x 
1037 erg/s, age ~ 10 kyr. 

• Fermi-LAT source J2229.0+6114 
consistent with PWN

• VERITAS detection in SNR region, away 
from PWN (V. A. Acciari et al., ApJ, 2009)

• 33 hr data in 2008, 6.0σ , ~5% Crab.

• Clearly extended emission, peak overlaps 
CO.

• Γ = 2.3 ± 0.3stat ± 0.3sys, consistent with 
power law to 35 TeV.

• Milagro reports > 10 TeV emission from 
region (Abdo et al., 2009).

• With IC443, and W28 (HESS detection) 
several sources show  correlation with 
molecular clouds => π⁰	 emission and 
build the case for SNR as acceleration sights 
of cosmic ray nuclei!

(Scott Wakely)
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Tycho SNR

(Acciari et al. for VERITAS, ??? )



γ γ

1

γ γ γ γ

TeVPA11                                               Results with ACTs                                                 James Buckley 

Leptonic Fit
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Magnetic Field : B = 70µG

Electron energy density : η = ue/uB = 0.9

Total electron energy : Ee = 5.7× 1047 erg

Magnetic turbulence : ζ ≡ λmfp/rg = 4

Ee,max = meγmax,coolc
2 = 9.7 TeV

Maximum electron energy (cooling limit)

Shock velocity : us = 2150 km/sec

ζ = 1 (Bohm limit), us = 1075 km/sec

For the same parameters, the maximum proton energy is limited by the
finite age of the remnant, and is given by

Ep,max = 16.4 TeV
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Starburst Galaxy: M82

• VERITAS Detection (2007-09):

•  ~137 h live time, point-like excess of 91 γ; 5.0σ excess,F
(>700 GeV)=(3.7 ± 0.8stat ± 0.7syst) x 10-13 cm-2 s-1 (V. 
Acciari et al., Nature, 2009)

• 0.9% Crab Nebula, 0.7 gammas/hour  above 700 GeV.

• Flux and spectrum consistent with expectations from CR 
interactions

M82 

• M82 - classic starburst galaxy

• high star formation rate: 
~10x Milky Way

• SNR rate: ~0.1-0.3/year,

• CR density: 100x MW 
(from radio-synchrotron)

• gas density >150 cm-3

Γ= 2.5 ± 0.6



γ γ

1

γ γ γ γ

TeVPA11                                               Results with ACTs                                                 James Buckley 

Pulsar Emission
Solutions for the magnetosphere around a misaligned magnetized
neutron-star require charge to be stripped from the surface of
the star, and a steady state charge density given by the
Goldreich-Julian charge density:

The light cylinder is the point that field lines
can no longer corotate without Ω r > c

EEE · BBB = 0⇒

Solutions allow for formation of a charge depletion
region or gap, where a potential accelerates electrons
and positrons resulting in high energy
γ-rays by curvature radiation and inverse Compton

ρGJ ≡ −
ΩΩΩ · BBB
2πcΩΩΩ · BBB = 0

e−

Pair absorption γTeV + γB → e+e−

strongly attenuates VHE electrons
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Crab Pulsar

• VERITAS sees narrow pulse profile with spectrum extending up to >100 GeV

• This implies a small emission region, well away from the polar cap or typical outer 
gap radius where pair-attenuation would result in a strong cutoff of the high energy 
emission

PRELIMINARY PRELIMINARY



Extragalactic Particle 
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AGN Central Engine

Spinning blackhole or accretion disk in external magnetic field - 1020 V Generator!
(Blandford and Znajek, Blandford and Lovelace)
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AGNs

1998 May 15-29

1997 April 16

1997 April 9-15

1997 April 9

1997 April 7

1996 March 25-28

Archival

(Adapted from Buckley, Science, 1998)

1998 May 15-29

1997 April 16

1997 April 9-15

1997 April 9

1997 April 7

1996 March 25-28

Archival

Markarian 501 SED
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M87: Radio Galaxy
M87 (R/O/X):

Walker, Lee, Junor & Hardee, 2007 43GHz  VLBA 
data (1 Rs=0.37 mas, 1mas=0.078 pc)

M87 (VERITAS)

• VERITAS, HESS and MAGIC have 
detected flares from M87 - correlations 
with Radio reveal clues about the inner-
most emission region

• M87 one of the nearest active galaxies.  
VLBI reveals the innermost jet, but the 
central engine is still obscured due to 
synchrotron self-absorption, resolution 
limits
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AGN W Comae

• z=0.102 Intermediate-Peaked BL Lac (IBL) detected by EGRET as a very hard-
spectrum gamma-ray source

• Discovery by VERITAS on March 2008 (Acciari et al., 2008, 684, L73) at ~8σ, soft 
spectrum Γ=3.81 ± 0.35 (stat) ± 0.34 (sys). 

•  Mixed SSC+External Compton give more natural parameters (equipartition, etc. ).  
With Fermi, can discriminate proton cascade models 

Two extragalactic sources in the same FOV!
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W Comae

• With hard-Xray/INTEGRAL+Fermi, can discriminate leptonic models (left) from 
proton cascade models (right) (e.g., Boettcher and Reimer.)

Leptonic Models Hadronic Models

(from Boettcher and Reimer)
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W Com  SSC+EIC fit
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δjet = 30
B = 0.3 G
dL = 457 Mpc

λbb = 1.5 µm
γmin = 30 (input param.)

γmax =
vshock

c

�
9eB

80(umag + uph)σT ζ

�1/2

= 3.4× 104

ζ ≡ lmfp

rg
= 3000

γbreak =
3mc2

4(umag + uph)σT R
= 750

R ≈ 400 Rgrav

ue

uB
= 1.0 (i.e., equipartition)

τcool =
3mc/δ

4(umag + uphot)σT γ

τaccel =
20ζγmc3/δ

3eBv2
shock

τcool, min = τaccel(γmax) = 7.2 min

τlight crossing =
R

cδ
= 330 min

dNe

dE
∼ E−2e−γ/γmax(1− e−γ/γmin)

1 + γ/γbreak
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AGN Spectral Evolution

• IACTs provide the very large effective area required to form spectra on 
sufficiently small timescales to resolve the rapid flaring activity

VERITAS Mrk 421 spectral evolution over 
a period of 7 hours 
(M. Beilicke)



AGN as probes of 
Fundamental Physics and 

Cosmology
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Extragalactic Background Light

April 16, 2004VERITAS ESAC Meeting, Amado

Cosmic Infrared Background

e-
g
IR

g
Te

V

AGN

Jet

The DIRBE team has reported detection

of EBL at 140 and 240 mm, and has set
only

upper limits to its brightness at eight
other wavelengths-

1.25, 2.2, 3.5, 4.9, 12, 25, 60 and 100

mm.

Hauser et al., 1998, ApJ, 508, 25

GLAST+VERITAS will measure the

line of sight integral of EBL
absorption

γ TeV

γ IR

e−

e+

• Intergalactic space is filled with redshifted primordial starlight (UV to IR) imprinted with the integral with all radiative processes 
that occurred after decoupling - a cousin of the CMB.  

• Pair-production in intergalactic space causes absorption and spectral cutoffs that move to lower energy as the redshift 
increases.

• If one knows something about the source spectrum, can constrain, even measure, the spectrum of the EBL.

• Can do cosmology by constraining star formation history and any new particle physics scenarios that yield a contribution to the 
EBL - the ultimate calorimeter of all eV-scale physics!

Survival probability for gamma-rays

(Primack, Dominguez, Gilmore and Somerville, 2011, arXiv:1107.2566)

EBL Constraints
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Lorentz invariance violation in VHE data

• Limits on Lorentz invariance violation can be derived from astrophysical observations when 
a fast feature in the light curve can be detected.

• The deviation of the speed of light as a function of energy is usually parametrized by a 
linear and a quadratic term:

• Given a light curve feature with characteristic time !t detected up to energies !E from a 
source at distance dL can be estimated by:

Lorentz Invariance Violation
• GUTs produce effects that are often only observable at the 

Planck scale, well beyond the reach of terrestrial accelerators.

• In the electromagnetic sector, these effects can show up as a 
vacuum dispersion relation for the propagation of light - e.g., a 
speed of light that depends on photon energy and polarization.

• To best constrain these effects, one should look for the shortest 
transients at the highest energies from the most distant sources.

Recent Blazar Results: Mrk 421Recent Blazar Results: Mrk 421
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• Prompt
• Sec Pt Source
• Halo

Intergalactic Magnetic Fields

(from Tim Arlen, UCLA)

z = 0.032, B = 10−14 G,
dN

dE
∼ E−2, Γ = 10

Simulated angular distribution and spectrum for pair halo



Future Ground-based 
Gamma-ray Experiments
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Future Experiments

!

• CTA baseline design consists of 

• 4 x 24m Large Size Telescopes (LSTs) for the lowest energies

• 23 x 12m Mid-Size Telescopes (MSTs) for medium energies (100 
GeV - 10 TeV)

• 50 x 6m Small-Size Telescopes (SSTs) for high energies (>10 TeV)

• CTA-US will supplement this with 36 more MST telescopes

• HAWC will consist of 300 water tanks at 4100m a.s.l toprovide all-sky 
survey observations above TeV energies

• As MILAGRO guided HESS, MAGIC and VERITAS HAWC will guide CTA

CTA HAWC
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CTA Performance
60 7 Monte Carlo Simulations and Layout Studies
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Figure 21: Three events as seen by the 59-telescope candidate array E. The gamma-ray
energy and number of images seen are shown in each instance. The left-hand plots show the
telescopes on the ground (the three sizes of circles for the telescopes of diameters 7 m, 12 m
and 24 m, respectively), with projected Hillas ellipses drawn relative to each telescope position
for each triggered telescope. Higher amplitude images are filled with darker grey. The point
of intersection of the primary trajectory with the ground is marked with a star. It is found
in a simultaneous fit of both core and direction. The truncation of images at large impact
distances is clearly visible. The right-hand plots shows the same ellipses in the camera plane,
with the gamma-ray source position marked with a star. (In the most rudimentary analysis one
can reconstruct the impact point on ground by the intersection of the directions from image
centroids to each of their telescope positions (dotted lines on the left), and the gamma-ray
direction in the sky from the intersection of the image axes (right).)
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Figure 18: Top: 275 telescope super-configuration for the MC mass production. 5 telescope
types are simulated (red: 24 m diameter telescopes, black and green: 12 m, pink: 10 m, blue:
7 m), with the circle size proportional to the mirror area. Bottom: Three example candidate
configurations (B, C & E) which are subsets of the 275 telescope array and would all have an
approximate construction cost of 80 Me.
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Figure 22: Angular resolution (68% containment) for array configuration E, as a function of
the number of telescopes with good shower images.
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Figure 23: Integral sensitivity (multiplied by E) for the candidate configurations B, C and E,
for point sources observed for 50 hours at a zenith angle of 20◦. The goal curve for CTA (dashed
line) is shown for comparison.

Possible CTA array configuration
Events for 260 GeV to 62 TeV gamma-rays

Differential Sensitivity for 50 hrs
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CTA-US Technology R&D
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• Add 36 telescopes to existing 24-scope mid-sized telescope 
array.

• Collective effects in combining experiments - in large array, 
higher percentage of showers fall between scopes than 
beyond edge - lower energy threshold, better angular 
resolution, better sensitivity

• CTA-US group exploring Schwarzschild-Coulder for plate-
scale reduction (MAPMTs), angular resolution, large 
corrected FOV (8 degree) 

• Modular camera with SCA ASIC giving 16000 0.056 deg 
pixels with Gsps waveform sampling  for ~$1M 

Modular MAPMT 
camera

Switched-Capacitor-Array ASIC
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CTA Prospects

Simulated Sky Map with Improved Angular Resolution, FoV, Sensitivity Digel, Funk and Hinton

CTA FOV

Dark Matter

(JB 2011)

Wider field of view, better sensitivity, better angular resolution for Astrophysics and DM searches

Fermi

Gamma-Ray Bursts
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Conclusions
• Gamma-ray measurements are providing important new probes of particle acceleration 

providing quantitative constraints, and beginning to discriminate between hadronic and 
leptonic scenarios.

• VHE gamma-ray sources also serve as probes of the diffuse infrared radiation fields 
(imprinted with star formation history) as well as LIV effects at TeV to Planck scales.

• For DM searches, gamma-rays provide good calorimetry for all annihilation channels -
the detection cross-section is closely linked to the total annihilation cross-section in the 
early universe.  Dwarf Galaxy halos sufficiently constrained to make robust predictions.

• The universal DM annihilation spectrum is imprinted with the particle mass and 
annihilation channels.  Gamma-rays could also provide a measurement of the halo 
distribution linking a new DM particle to structure formation. 

• Gamma-ray experiments are still more than an order of magnitude away from natural 
cross-section, but CTA (with long exposures dedicated to DM studies) will be sensitive to 
the natural cross-section.

• Gamma-ray astronomy is a rich field, providing new data on astrophysical sources, 
cosmology and particle physics.
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