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VERITAS

Monday: “Highlights of recent results from the VERITAS gamma-ray observatory”, Lucy Fortson

Observes Gamma Rays : 85 GeV - >30 TeV
Energy Resolution : 15-25%

PSF : Containment68% < 0.1 deg at 1 TeV
Sensitivity : 1% Crab in ~25 Hours



Detecting Gamma Rays

http://community.dur.ac.uk/~dph0www4/images/detection.jpg



Galactic Center
• Huge J-Factor (2 Orders of Magnitude Higher Than Dwarf Galaxies)
• Many non-DM sources

Λ"90cm T. N. LaRosa et al. 2000 The Astronomical Journal 119 207

~0.5°: Moon Ø



Galactic Center

A. W. Smith, ICRC 2015

VERITAS Galactic Center Observations

G0.9+0.1
Sagittarius A*

>85 hr observation 2010-2014

-2 point sources w/in FOV: 
-SgrA* ( >25σ)

-Composite SNR G0.9+0.1 
(>7σ) 

-Diffuse TeV band also 
apparent

VERITAS > 2 TeV
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ICRC 2015 : >85 Hrs VERITAS Data



Galactic Center

A. W. Smith, ICRC 2015

Sgr A*

-Position consistent with H.E.S.S., radio
-Combined (HESS + VERITAS) spectral fit favor PL + exp cutoff:

Γ = 2.1 (+/-0.04), Ecut = 12.8 (+/-1.9) TeV
-No signs of variability > 2 TeV

VERITAS > 2 TeV

2 TeV - 50 TeV

A. W. Smith, ICRC 2015
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-No signs of variability > 2 TeV
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Galactic Center

A. W. Smith - ICRC 2015

A. W. Smith, ICRC 2015

Residual Maps

-Remove excess w/in PSF 
from Sgr A*, G0.9+0.1 to 
rescale residual emission

-New VERITAS source 
VER J1746-289 detected 

adjacent to Sgr A*
@7.8σ significance

VERITAS > 2 TeV

See also Lemiere (H.E.S.S.), Fruck  (MAGIC) ICRC 2015

New source: 
7.8σ significance! 

Subtract Sgr A* Excess within PSF…



Detecting Gamma Rays
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VERITAS Galactic Center Observations

GC transits at <30dg elevation for VERITAS, use special “DISP” 
analysis method to provide excellent sensitivity, angular 

resolution with high energy threshold (2 TeV) 

DISP + Large Zenith Angle

• DISP

• Better Angular 
Resolution

• Low Zenith Angle

• Shifts energy threshold 
to 2 TeV

• Both Great for Galactic 
Center at Zenith > 60°

A. W. Smith, ICRC 2015

VERITAS Galactic Center Observations

GC transits at <30dg elevation for VERITAS, use special “DISP” 
analysis method to provide excellent sensitivity, angular 

resolution with high energy threshold (2 TeV) 
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Li and Ma

Great  
For Point Sources  
With Clean Off Regions 

Not So Great  
- If Too Many Gamma-Ray Sources 
Crowding The Off Regions 
- If Background Has Diffuse Sources

On
Off Off



GC with HESS
4

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

Abramowski, 2011, arxiv:1103.3266

HESS paper 2011:

• Excluded Large Areas 
(source crowding)

• Complex Off Regions
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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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to the cosmic-ray power-law spectrum measured on Earth.
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Starting from the measured counts in the signal and
background regions, we evaluate the Bayesian posterior
probability density function (PDF),

pðhσvi; J;bÞ ∝ Lðhσvi; J;bjn;mÞPðhσviÞPðJÞPðbÞ:
(15)

Herewe indicatewithn ¼ fnjg andm ¼ fmjg the counts in
the signal and background regions and with b ¼ fbjg the
expected counts in the background regions. The likelihood
Lðhσvi; J;bjn;mÞ is the product of Poisson probabilities
across all energybins,whilePðhσviÞ,PðJÞ, andPðbÞ are the
prior PDFs for the cross section, J-factor, and background
counts, respectively. Prior PDFs for the cross section and
background counts are assumed to be uniform, while the
prior PDF for the J-factor is assumed to be log-normal with
mean and variance taken from Table I. The posterior PDF
on hσvi is evaluated from Eq. (15), marginalizing the joint
PDF over the nuisance parameters b and J. Upper limits
on hσvi are calculated by integrating the posterior PDF.
We perform a combined analysis of the 15 dwarf galaxies
in Sec. III using a similar technique, weighting the data
associated with each source by its J-factor [Eq. (15)].
We validate the performance of the Bayesian analysis by

applying it to random blank fields in the high-latitude data
chosen in a manner similar to that described in Sec. VI.
Similar to the maximum likelihood analysis, we find that
the observed cross section limits for low dark matter masses
are slightly higher than the median expected from random
fields, but are consistent within statistical fluctuations.
The Bayesian analysis presented here is significantly
more sensitive to high-mass dark matter models than that
presented in Mazziotta et al. [23] due to the utilization

of all energy bins when testing putative dark matter signal
spectra. However, the upper limits derived from the
Bayesian analysis are slightly less constraining than those
derived from maximum likelihood analysis. The differing
results may be ascribed to alternative models of the signal
(i.e., finite aperture vs spatial profile) and of the background
(i.e., local annulus vs global template). Additionally,
differences between the delta-log-likelihood method and
the Bayesian method for setting upper limits will lead to
more conservative Bayesian limits in the low-counts regime.
Despite differences in background modeling, the treatment
of the LAT instrument performance, and the methodology
for setting upper limits, the Bayesian and maximum like-
lihood analyses yield comparable results (Fig. 7).

VIII. CONCLUSIONS

We have reported on 4-year γ-ray observations of
25 dwarf spheroidal satellite galaxies of the Milky Way.
No significant γ-ray excess was found coincident with any
of the dwarf galaxies for any of the spectral models tested.
We performed a combined analysis of 15 dwarf galaxies
under the assumption that the characteristics of the dark
matter particle are shared between the dwarfs. Again, no
globally significant excess was found for any of the spectral
models tested. We set 95% CL limits on the thermally
averaged dark matter annihilation cross section incorpo-
rating statistical uncertainties in the J-factors derived from
fits to stellar kinematic data. These limits constrain the dark

FIG. 8 (color online). Comparison of constraints on the dark
matter annihilation cross section (bb̄ channel) derived from the
LAT combined analysis of 15 dwarf galaxies (assuming a NFW
profile), 48-hour observations of Segue 1 by VERITAS (assum-
ing an Einasto profile) [85], and 112-hour observations of the
Galactic center by H.E.S.S. (assuming an Einasto profile) [86].
In the interest of a direct comparison, we also show the LAT
constraints derived for Segue 1 alone assuming an Einasto dark
matter profile consistent with that used by VERITAS [85].
For this rescaling, the J-factor of Segue 1 is calculated over
the LAT solid angle of ΔΩ ∼ 2.4 × 10−4 sr and yields a rescaled
value of 1.7 × 1019 GeV2 cm−5 sr (uncertainties on the J-factor
are neglected for comparison with VERITAS).

FIG. 7 (color online). Comparison of constraints on the dark
matter annihilation cross section (τþτ− channel) derived from the
combined maximum likelihood and the combined Bayesian
analyses of 15 dwarf spheroidal galaxies. The expected sensi-
tivity for the maximum likelihood analysis is represented sim-
ilarly to Fig. 5. The observed Bayesian limits are consistent with
the expected Bayesian sensitivity bands (not shown), which are
likewise higher than those of the maximum likelihood analysis.

DARK MATTER CONSTRAINTS FROM OBSERVATIONS OF … PHYSICAL REVIEW D 89, 042001 (2014)

042001-19

Ackerman, 2014, PHYSICAL REVIEW D 89, 042001

Lower WIMP masses 
further excluded

Higher masses still viable

GC with Fermi

Starting from the measured counts in the signal and
background regions, we evaluate the Bayesian posterior
probability density function (PDF),

pðhσvi; J;bÞ ∝ Lðhσvi; J;bjn;mÞPðhσviÞPðJÞPðbÞ:
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expected counts in the background regions. The likelihood
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across all energybins,whilePðhσviÞ,PðJÞ, andPðbÞ are the
prior PDFs for the cross section, J-factor, and background
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background counts are assumed to be uniform, while the
prior PDF for the J-factor is assumed to be log-normal with
mean and variance taken from Table I. The posterior PDF
on hσvi is evaluated from Eq. (15), marginalizing the joint
PDF over the nuisance parameters b and J. Upper limits
on hσvi are calculated by integrating the posterior PDF.
We perform a combined analysis of the 15 dwarf galaxies
in Sec. III using a similar technique, weighting the data
associated with each source by its J-factor [Eq. (15)].
We validate the performance of the Bayesian analysis by

applying it to random blank fields in the high-latitude data
chosen in a manner similar to that described in Sec. VI.
Similar to the maximum likelihood analysis, we find that
the observed cross section limits for low dark matter masses
are slightly higher than the median expected from random
fields, but are consistent within statistical fluctuations.
The Bayesian analysis presented here is significantly
more sensitive to high-mass dark matter models than that
presented in Mazziotta et al. [23] due to the utilization

of all energy bins when testing putative dark matter signal
spectra. However, the upper limits derived from the
Bayesian analysis are slightly less constraining than those
derived from maximum likelihood analysis. The differing
results may be ascribed to alternative models of the signal
(i.e., finite aperture vs spatial profile) and of the background
(i.e., local annulus vs global template). Additionally,
differences between the delta-log-likelihood method and
the Bayesian method for setting upper limits will lead to
more conservative Bayesian limits in the low-counts regime.
Despite differences in background modeling, the treatment
of the LAT instrument performance, and the methodology
for setting upper limits, the Bayesian and maximum like-
lihood analyses yield comparable results (Fig. 7).

VIII. CONCLUSIONS

We have reported on 4-year γ-ray observations of
25 dwarf spheroidal satellite galaxies of the Milky Way.
No significant γ-ray excess was found coincident with any
of the dwarf galaxies for any of the spectral models tested.
We performed a combined analysis of 15 dwarf galaxies
under the assumption that the characteristics of the dark
matter particle are shared between the dwarfs. Again, no
globally significant excess was found for any of the spectral
models tested. We set 95% CL limits on the thermally
averaged dark matter annihilation cross section incorpo-
rating statistical uncertainties in the J-factors derived from
fits to stellar kinematic data. These limits constrain the dark

FIG. 8 (color online). Comparison of constraints on the dark
matter annihilation cross section (bb̄ channel) derived from the
LAT combined analysis of 15 dwarf galaxies (assuming a NFW
profile), 48-hour observations of Segue 1 by VERITAS (assum-
ing an Einasto profile) [85], and 112-hour observations of the
Galactic center by H.E.S.S. (assuming an Einasto profile) [86].
In the interest of a direct comparison, we also show the LAT
constraints derived for Segue 1 alone assuming an Einasto dark
matter profile consistent with that used by VERITAS [85].
For this rescaling, the J-factor of Segue 1 is calculated over
the LAT solid angle of ΔΩ ∼ 2.4 × 10−4 sr and yields a rescaled
value of 1.7 × 1019 GeV2 cm−5 sr (uncertainties on the J-factor
are neglected for comparison with VERITAS).

FIG. 7 (color online). Comparison of constraints on the dark
matter annihilation cross section (τþτ− channel) derived from the
combined maximum likelihood and the combined Bayesian
analyses of 15 dwarf spheroidal galaxies. The expected sensi-
tivity for the maximum likelihood analysis is represented sim-
ilarly to Fig. 5. The observed Bayesian limits are consistent with
the expected Bayesian sensitivity bands (not shown), which are
likewise higher than those of the maximum likelihood analysis.
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Likelihood
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• Maximize Likelihoods
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Modelling the Backgrounds
Proton Backgrounds, Pulsar Wind Nebulae,  
Supermassive Black Hole, Diffuse Emission, 
Supernova Remnants, Dark Matter? (Ein/NFW/Isotherm)
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Gammalib and CTOOLS
• Likelihood Toolbox for Gamma-Ray Data

• Binned & Unbinned

• Multiple Spatial/Spectral Models

• Gaussian Point Source, Shell, Power Law, Broken Power 
Law, etc

• Currently in Testing by VERITAS, MAGIC and HESS

http://cta.irap.omp.eu/ctools/



http://cta.irap.omp.eu/ctools/

Models 

Other Gamma-Ray Sources
Diffuse Emission 

Supernova Remnants

Molecular Clouds

Pulsar Wind Nebula

Gammalib

Ctools Analyses
Likelihood Tests

Skymaps
Spectra

Light Curves

Dark Matter
Halo Profile

Spectrum

Mass/Cross-section

Data 

Fermi Data

CTA Data

VERITAS Data

HESS/MAGIC

Gammalib and CTOOLS

http://cta.irap.omp.eu/gammalib/



Conclusions
• New source near GC at 7.8σ above 2 TeV

• Likelihood Modelling of the Galactic Center with 
VERITAS can probe higher WIMP masses due to 
the Large Zenith Angle

• Checking Likelihood Results (spectra/significance) 
With Standard Analysis (Li&Ma) Results

• Next steps: DM and Non-DM Source Modelling
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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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