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Fermi LAT 3-years 
sky map > 10 GeV

>2500 sources @ MeV-GeV 
>500 sources >   10 GeV 
>150 sources > 100 GeV

The high-energy gamma-ray sky
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What are the sources of cosmic rays?
What are the conditions for particle 

acceleration in astrophysical objects?
Cosmology? Dark Matter? 
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Detection technique for very-high energy photons
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Cherenkov light from

 air showers:  

weak (~10 ph/m
2), short (~ns),  

blue (300-550nm
) flash of light

Imaging atmospheric Cherenkov 
Astronomy: sensitive energy 
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> array of four 12 m Imaging 
Atmospheric Cherenkov Telescopes 
located in southern Arizona  

> stereoscopic observations 
> energy range: 85 GeV to >30 TeV 
> PMT cameras with field of view of 

3.5
> Fully operational since 2007 
>Major camera upgrade in 2012

Very Energetic Radiation Imaging Telescope Array System

http://veritas.sao.arizona.edu
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VERITAS operates from mid-September through early-July 
about 1000 hours of observations / year
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VERITAS Performance & Sensitivity
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Differential sensitivity for  
soft, moderate, hard cuts 

(50 h of observations) 
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Angular resolution
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> efficient cosmic-ray acceleration 
observed in many supernova 
remnants 

> gamma-ray observations can: 

§probe the distributions of high-
energy particles in the acceleration 
region 

§study the evolution of SNRs as 
cosmic-ray accelerators 

§study the importance of progenitor, 
SNR type, age, target material, 
magnetic fields, … 

§study the propagation of cosmic 
rays away from the acceleration site

Particle Acceleration in Supernova Remnants
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Tycho Cas A

VERITAS + Fermi LAT
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Tycho - a historical type Ia SNR Acciari et al 2011

Models: 
- Emission  mainly from 

hadronic particles: 

- interaction with interstellar 
medium (smooth+clumped 
ISM) 

- interaction with nearby 
molecular cloud 

- multi-zone leptonic model

> exploded in a relatively clean environment 

> GeV-TeV emission provides solid case for 
hadronic emission 

> >100 h of VERITAS observations 
§ part of the long-term observation plan: exposure x2

Park et al  
(VERITAS 2014)
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Pulsars and Pulsar Wind Nebulae
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Crab Pulsar detected 
at hundreds of GeV

>40 TeV pulsar wind 
nebulae known
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Pulsars and Pulsar Wind Nebulae - Geminga
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Crab Pulsar detected 
at hundreds of GeV

>40 TeV pulsar wind 
nebulae known

72 h of VERITAS observations

Aliu et al (VERITAS, ApJ 2015)
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Pulsars and Pulsar Wind Nebulae - Geminga
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Crab Pulsar detected 
at hundreds of GeV

>40 TeV pulsar wind 
nebulae known

72 h of VERITAS observations

Aliu et al (VERITAS, ApJ 2015)

VERITAS limits at 0.3% Crab Nebula 
level (>135 GeV)

Fermi LAT  
(phase average)

VERITAS 
P1 / P2

Crab pulsar

Geminga
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Pulsars and Pulsar Wind Nebulae - MGRO J2019+37
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Crab Pulsar detected 
at hundreds of GeVVERITAS (2014)

Milagro (2012)

>1 TeV

<1 TeV

VERITAS (2014)

> MGRO J2019+37 detected by 
MILAGRO 

> VERITAS resolves two sources: 
> CTB 87 (PWN) 
> 2nd source unclear (coincident 

with pulsar PSR J2021+3651)



Gernot Maier   
VERITAS: Recent Highlights 
June 2015 

Gamma-ray binaries: laboratories for 
pulsar wind nebulae?
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Figure 2. Radial velocity curve of LS I +61 303. Periastron corresponds to
φ(TG) = 0.275 and is marked as a dotted line in this plot. The points plotted
as open diamonds are from Grundstrom et al. (2007), crosses are from Casares
et al. (2005a), and filled circles are from this work.

Figure 3. Orbital geometry of LS I +61 303, looking down on the orbital plane,
showing the relative orbits (r/a) of the optical star (12.5 M⊙; Casares et al.
2005a) and its compact companion of unknown mass. The relative orbit of the
compact object is shown as a solid line, while the Be star’s relative orbit depends
greatly on the mass of the companion. The dashed line indicates the Be star’s
orbit assuming a 4 M⊙ black hole, while the dotted line assumes a 1.4 M⊙
neutron star. The relevant phases of periastron, apastron, and conjunctions
are marked along the orbit of the compact companion. The center of mass
is indicated with a cross, and the thin solid line is the orbital major axis.

our Vr measurements provide excellent coverage of the orbit
with no large gaps in orbital phase, and the errors in our fit
are slightly lower than those of Grundstrom et al. (2007) and
significantly lower than those of Casares et al. (2005a). We also
emphasize that our final orbital solution relies upon the fixed
P from Gregory (2002), but we found very similar values for
each orbital element when we allowed P to vary. We found
P = 26.4982 ± .0076 d using the fitting program of Morbey &
Brosterhus (1974) with the combined Vr data, which is not an
improvement over Gregory (2002).

3. OBSERVATIONS AND RADIAL VELOCITY
MEASUREMENTS OF LS 5039

Spectra of LS 5039 were taken at the CTIO 1.5 m telescope
between 2007 August and 2008 April in service mode. We used
grating 47 in the second order, a 200 µm slit, the BG39 filter, and
the Loral 1K CCD detector. Spectra were wavelength-calibrated
using He–Ar comparison lamp spectra generally taken before
and after each exposure. The observed wavelength region was
therefore about 4050–4700 Å, with 2500 < R < 3150 across
the chip.

For each night that we had service time available in fall
2007, we obtained four to six spectra, each with an exposure
time of 30 minutes. During the spring of 2008, we obtained
two spectra each night of observations, each of 22 minutes
duration. Thus we obtained a total of 98 blue spectra of LS 5039.
The images were zero-corrected, flat-fielded, and wavelength-
calibrated onto a log wavelength scale using standard procedures
in IRAF, and all spectra were interpolated onto a common
heliocentric wavelength grid. The spectra were rectified to a
unit continuum using line-free regions.

Since the signal-to-noise ratio was somewhat low, we chose
to coadd pairs of consecutive spectra from each night. The total
elapsed time during two consecutive observations is only one
hour, about 1% of the orbital period, so coadding the spectra
does not significantly affect the measured Vr. On two nights we
collected an odd number of spectra, and in these cases the last
spectrum of each set was examined individually. Therefore, we
had 50 new spectra from which to obtain Vr measurements and
improve the orbital elements.

The spectra from 2007 August 29, were taken near the time
of inferior conjunction and thus showed the least variation in Vr,
so we chose to average these six spectra to produce a reference
spectrum. This reference spectrum is plotted in Figure 4. Five
lines were examined in each spectrum: Hγ , Hδ, He ii λλ4200,
4542, and He i λ4471. The spectra also recorded the strong
He ii λ4686 line, but a bad column on the chip interfered with
measuring reliable Vr from this line. We performed a cross-
correlation between each spectrum and the reference spectrum
to obtain its relative Vr, and then we used the mean Vr from a
parabolic fit of the line cores in the reference spectrum to find
its absolute Vr.

The period of the system was obtained using the dis-
crete Fourier transform and CLEAN deconvolution program of
Roberts et al. (1987) (written in IDL7 by A. W. Fullerton). The
Vr from our observations were combined with the mean values
from all lines measured by McSwain et al. (2001), McSwain
et al. (2004), and Casares et al. (2005b). The Vr measurements
of Casares et al. (2005b) indicate a value of γ that is sys-
tematically higher than our data sets by 7.0 km s−1, so we
subtracted this value from their measurements. No significant
difference was found between the Vr data presented here and
past measurements obtained by our group. We used all of the
available Vr with the CLEAN algorithm, which found a strong
peak at P = 3.9060263 d (which was improved slightly with the
later orbital fit), nearly identical to the period found by Casares
et al. (2005b). Our group has previously found P = 4.1 d (Mc-
Swain et al. 2001) and P = 4.4 d (McSwain et al. 2004) for
LS 5039, due to the very high scatter in its Vr curve, which
has lead to considerable confusion about the correct orbital pe-
riod of this system. We note that our period search also resulted
in P = 3.906 d when we excluded the data of Casares et al.

7 IDL is a registered trademark of Research Systems, Inc.

+Periastron 
0.1 AU

Apastron 
0.7 AU

Aragona et al  
(ApJ 2009)

LS I +61 303 
Observations Oct - Dec 2014 
Astronomer’s Telegram #6785

Orbit of LS I +61 303
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Observations of Active Galactic Nuclei

1ES 0229+200 
(VERITAS 2014)

synchrotron 
emission

Inverse 
Compton / 
 π0 decay 

> AGN are among the most energetic phenomena 
in the Universe (possibly the sources of ultra-high 
energy cosmic rays  with energies > 1019 eV) 

> VERITAS detected more than 35 AGN 

> newest detections: 
§ May 2015:   

S3 1227+25 
(see ATel #7516) 

§ April 2015:  
PKS1441+25 
(see ATel #7433) 

§ Dec 2014:  
RGB J2243+20 
(see ATel #6849)
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Probing the Extragalactic Background Light (EBL)
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Cosmic infrared 
background

EBL optical depth to gamma rays γHEγEBL → e+e-

expect a unique redshift-
dependent imprint on γ-ray 

spectra

> Most blazars at z < 0.25 

> a handful are very distant: 
§3C 279: z = 0.536 

§PKS 1424+240: z > 0.60 

§S3 0218+357: z = 0.944 

§PKS 1441+25: z = 0.939
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PG 1553+113
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Fermi LAT

VER
ITAS

Observed

Deabsorbed

High-frequency-peaked BL Lac 
(HBL) at z > 0.395 

VERITAS data from May 2010 
to June 2012

Place limits on EBL / redshift 
assuming intrinsic (i.e. 

deabsorbed) spectrum cannot 
have an exponential rise 

z < 0.62

Aliu et al (VERITAS, ApJ 2015)
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> flat spectrum radium quasar 
§ only 5th FSRQ detected by ground-based  

gamma-ray observatories 

> second most distant TeV blazar:  
z = 0.939 (light travel time 7.5 Gyr) 

> ~8 σ detection with VERITAS in  
80-200 GeV range in April 2015 
§ no significant excess detected in May 2015 

> coverage from radio to TeV gamma rays  
§ ASSAS-SN, SPOL, Swift, NuSTAR, Fermi-LAT, and VERITAS 

> allow us to put constraints on the EBL in the optical domain obtained 
from one set of observations

16

VERITAS (preliminary)
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Indirect Dark Matter Search
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gamma-ray flux from DM annihilation

particle physics 
(mass, cross section, 
annihilation modes 
branching ratios) 

astrophysical factor 
(DM morphology at emission region) 

Search for gamma-ray emission in 
dark-matter dominated region with 

little astrophysical background: 
dwarf spheroidal galaxies

γ -ray from dark matter annihilation in dSphs 3

γ -ray observatories can be assessed. We present our conclusions in
Section 6.1

This paper includes detailed analyses from both high-energy as-
trophysics and stellar dynamical modelling. To assist readers from
these different fields in navigating the key sections, we suggest that
those who are primarily interested in the high-energy calculations
may wish to focus their attention on Sections 2, 3 and 5 before
moving to the conclusions. Readers from the dynamics community
may instead prefer to read Sections 2, 4 and 5. Finally, those who
are willing to trust the underlying modelling should proceed to Sec-
tion 5 where our main results regarding the detectability of dSphs
are presented in Figs 12, 15, 16 and 17 (shown later).

2 TH E DA R K M AT T E R A N N I H I L AT I O N
SIG NA L: KEY PAR AMETERS

2.1 The γ -ray flux

The γ -ray flux "γ (photons cm−2 s−1 GeV−1) from DM annihilation
in a dSph, as seen within a solid angle #$, is given by (see Appendix
A for definitions and conventions used in the literature)

d"γ

dEγ

(Eγ ,#$) = "pp(Eγ ) × J (#$) . (1)

The first factor encodes the (unknown) particle physics of DM
annihilation which we wish to measure. The second factor encodes
the astrophysics viz. the line-of-sight (l.o.s.) integral of the DM
density squared over solid angle #$ in the dSph – this is called the
‘J-factor’. We now discuss each factor in turn.

2.1.1 The particle physics factor

The particle physics factor ("pp) is given by

"pp(Eγ ) ≡ d"γ

dEγ

= 1
4π

⟨σannv⟩
2m2

χ

× dNγ

dEγ

, (2)

where mχ is the mass of the DM particle, σ ann is its self-annihilation
cross-section and ⟨σ annv⟩ is the average over its velocity distribu-
tion, and dNγ /dEγ is the differential photon yield per annihilation.
A benchmark value is ⟨σ annv⟩ ∼ 3 × 10−26 cm3 s−1 (Jungman,
Kamionkowski & Griest 1996), which would result in a present-
day DM abundance satisfying cosmological constraints.

Unlike the annihilation cross-section and particle mass, the dif-
ferential annihilation spectrum [dNγ /dEγ (Eγ )] requires us to adopt
a specific DM particle model. We focus on a well-motivated class
of models that are within reach of upcoming direct and indirect ex-
periments: the Minimal Supersymmetric Standard Model (MSSM).

1 Technical details are deferred to appendices. In Appendix A, we comment
on the various notations used in similar studies and provide conversion
factors to help compare results. In Appendix B, we provide a toy model
for quick estimates of the J-factor. In Appendix D, we calculate in a more
systematic fashion the range of the possible ‘boost factor’ (due to DM
clumps within the dSphs) for generic dSphs. In Appendix E, we show that
convolving the signal by the point spread function (PSF) of the instrument
is equivalent to a cruder quadrature sum approximation. In Appendix F, we
discuss some technical issues related to confidence level (CL) determination
from the MCMC analysis. In Appendix G, the reconstruction method is
validated on simulated dSphs. In Appendix H, we discuss the impact of the
choice of the binning of the stars and of the shape of the light profile on the
J-factor determination.

In this framework, the neutralino is typically the lightest stable par-
ticle and therefore one of the most favoured DM candidates (see
e.g. Bertone, Hooper & Silk 2005). A γ -ray continuum is pro-
duced from the decay of hadrons (e.g. π 0 → γ γ ) resulting from
the DM annihilation. Neutralino annihilation can also directly pro-
duce mono-energetic γ -ray lines through loop processes, with the
formation of either a pair of γ -rays (χχ → γ γ ; Bergström & Ullio
1997), or a Z0 boson and a γ -ray (χχ → γ Z0; Ullio & Bergström
1998). We do not take into account such line-production processes
since they are usually subdominant and very model-dependent
(Bringmann, Bergström & Edsjö 2008). The differential photon
spectrum we use is restricted to the continuum contribution and is
written as

dNγ

dEγ

(Eγ ) =
∑

i

bi

dNi
γ

dEγ

(Eγ , mχ ) , (3)

where the different annihilation final states i are characterized by a
branching ratio bi.

Using the parameters in Fornengo, Pieri & Scopel (2004), we
plot the continuum spectra calculated for a 1-TeV mass neutralino
in Fig. 1.

Apart from the τ+τ− channel (dot–dashed line), all the annihi-
lation channels in the continuum result in very similar spectra of
γ -rays (dashed lines). For charged annihilation products, internal
bremsstrahlung (IB) has recently been investigated and found to en-
hance the spectrum close to the kinematic cut-off (e.g. Bringmann
et al. 2008). As an illustration, the long-dashed line in Fig. 1 cor-
responds to the benchmark configuration for a wino-like neutralino
taken from Bringmann et al. (2008). However, the shape and am-
plitude of this spectrum are strongly model-dependent (Bringmann
et al. 2009) and, as argued in Cannoni et al. (2010), this contri-
bution is relevant only for models (and at energies) where the line
contribution is dominant over the secondary photons.

We wish to be as model-independent as possible, and so do not
consider IB. In the remainder of this paper, all our results will
be based on an average spectrum taken from the parametrization

Figure 1. Differential spectra (multiplied by x2) of γ -rays from the frag-
mentation of neutrino annihilation products (here for a DM particle mass of
mχ = 1 TeV). Several different channels are shown, taken from Fornengo
et al. (2004), and an average parametrization (Bergström et al. 1998) is
marked by the black solid line; this is what we adopt throughout this paper.
The black dashed line is the benchmark model BM4 (Bringmann et al. 2008)
which includes IB and serves to illustrate that very different spectra are pos-
sible. However, the example shown here is dominated by line emission and
therefore highly model-dependent; for this reason, we do not consider such
effects in this paper.

C⃝ 2011 The Authors
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS

Charbonnier et 
al 2011
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> 48 h of VERITAS 
observations of Segue I 

> <σv> ~ O(10-23) cm-3s-1

Dwarf Spheroidal Galaxies - Segue I

18
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Phys. Rev. D. 85, 062001 (2012) 
Erratum June 2015 (to be published)

thermally produced dark matter

WIMP mass

WIMP mass

<σ
v>

<σ
v>

VERITAS 2015

VERITAS 2015

Geringer-Sameth, Koushiappas & Walker (2014)

thermally produced dark matter

ICRC 2015 combined analysis from all 
dwarf fields using energy and spatial 

information of events
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> VERITAS is a stable instrument, running smoothly after several major 
upgrades - more sensitive than ever 

> deep studies & sophisticated modelling: long-term observing plan 

> large synergies with Fermi LAT, HAWC and other observatories 

> lots of new results will be presented in August at the ICRC in The Hague 

Conclusions

19


