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Figure 1. VERITAS TeV gamma-ray count map of the region around Tycho’s SNR. The color scale indicates the number of excess gamma-ray events from a region,
using a squared integration radius of 0.01 deg2 for the 2009/2010 data and 0.015 deg2 for the 2008/2009 data. The centroid of the emission is indicated with a thick
black cross. Overlaid on the image are X-ray contours from a Chandra ACIS exposure (thin black lines; Warren et al. 2005) and 12CO emission (J = 1–0) from the
high-resolution FCRAO Survey (magenta lines; Heyer et al. 1998). The CO velocity selection is discussed in the text. The VERITAS count map has been smoothed
with Gaussian kernel of size 0.◦06. The point-spread function of the instrument (see the text) is indicated by the white circle.
(A color version of this figure is available in the online journal.)

diameter of the radio remnant. A conservative a priori trials
factor was determined by tiling this area with square 0.◦04 bins
(Aharonian et al. 2006), and additionally accounting for the two
sets of applied cuts. This results in a 5.0σ post-trial significance.

3.1. Morphology

The morphology of the source was investigated by binning
the uncorrelated acceptance-corrected map of excess event
counts. Bins of size 0.◦05 were used to provide sufficient
statistics for fits to source models. The map is compatible
(χ2 = 508; ndf = 438; Prob. = 1.2%) with a point source
located at 00h25m27.s0, +64◦10′50′′ (J2000) and hence we
designate the object VER J0025+641. This position is derived
from a simple symmetric Gaussian fit with a width fixed at
the instrument point-spread function (i.e., the 68% containment
radius for photons, θ68% = 0.◦11). While other source functions
(e.g., an offset asymmetric Gaussian) may provide a marginally
better fit (perhaps hinting at a more complex underlying source
morphology), a likelihood ratio test shows that the extra degrees
of freedom are not statistically justified in this data set.

As shown in Figure 1, the center of the fit position is offset by
0.◦04 from the center of the remnant. The statistical uncertainty in
this location is 0.◦023, while the systematic uncertainty resulting
from telescope pointing accuracy is 0.◦014. We note that the
derived centroid position also depends on the source shape
assumed for the fit. Future observations will allow more detailed
study of the source morphology.

3.2. Spectrum

The differential photon spectrum between 1 and 10 TeV is
shown in Figure 2. This spectrum is generated from the complete

data set after quality selection. The shape is consistent with
a power law dN/dE = C(E/3.42 TeV)−Γ with Γ = 1.95 ±
0.51stat ± 0.30sys and C = (1.55 ± 0.43stat ± 0.47sys) × 10−14

cm−2 s−1 TeV−1, where the systematic error on the flux is
dominated by uncertainty in the energy scale. The χ2 of the
fit is 0.6 for one degree of freedom. The integrated flux above
1 TeV is (1.87 ± 0.51stat) × 10−13 cm−2 s−1, about 0.9% that of
the steady Crab Nebula flux above the same energy.

4. DISCUSSION

Figure 1 shows the TeV gamma-ray image of Tycho’s SNR.
The color scale indicates the number of excess gamma-ray
events in a region, using a squared integration radius of
0.015 deg2 for the 2008/2009 data and 0.01 deg2 for the 2009/
2010 data. The map has been smoothed with a Gaussian kernel
of radius 0.◦06. Overlaid on the image are X-ray contours from a
Chandra ACIS exposure (thin black lines; Warren et al. 2005).
A contour map of 115 GHz line emission associated with the
molecular 12CO (J = 1–0) transition, from the 14 m telescope
of the Five College Radio Astronomy Observatory (FCRAO),
is shown in magenta (Heyer et al. 1998; Taylor et al. 2003).
Following the analysis of Lee et al. (2004), we have integrated
over the velocity range −68 km s−1 to −50 km s−1, revealing
a cloud possibly interacting with the northeast quadrant of the
remnant.

As can be seen from Figure 1, the peak of the gamma-ray
emission is displaced somewhat to the northeast of the center of
the remnant, toward the CO cloud. While this is provocative
in the context of hadronically induced gamma-ray emission
(see, e.g., Aharonian et al. 1994), the statistical significance
of the displacement is weak. Nevertheless, this is the general
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VERITAS OVERVIEW
Very Energetic Radiation Imaging Telescope Array System (VERITAS) 
in southern Arizona

cameras: 
499 photomultiplier tubes (PMT), 
~3.5 deg field of view, 
~0.08 deg angular resolution 
@1TeV.

12-m mirrors,
~105 m2  effective area.

real-time analysis:
5-sigma detection on Crab 
with 1-minute exposure.

15-20% energy resolution;
~85GeV-30TeV energy range;
1% Crab detection in ~25 hr;
10% Crab detection in ~25 min;
~20% systematic uncertainty on flux;
~0.1 sys. unc. on spectral index. arXiv: 1510.01269



VERITAS SCIENCE PROGRAM

6

Starburst galaxiesTransients follow-up

Supernova remnants Pulsar wind nebulae

Galactic center

Supernova 
explosions

Galactic

Pulsars

TeV binaries

Blazars Radio Galaxies

Extragalactic
Radio-loud AGN

Dark matter 
candidate
- Dwarf spheroidal 
galaxies; 
- Galaxy clusters; 
- Galactic center; 
- DM subhalos. 

Astroparticle 
physics

- Primordial black holes; 
- Cosmic e+/e- spectrum;
- Lorentz invariance 
(violation). 

- Gamma-ray bursts; 
- IceCube neutrino events; 
- LIGO; 
- HAWC. 

The Astrophysical Journal Letters, 730:L20 (6pp), 2011 April 1 Acciari et al.

1.700

1.600

1.500

1.400

1.300

120.00120.20 08.91104.021

50403020100-10
Excess Counts

Galactic Longitude (deg)

G
al

ac
tic

 L
at

itu
de

 (d
eg

)

PSF

Figure 1. VERITAS TeV gamma-ray count map of the region around Tycho’s SNR. The color scale indicates the number of excess gamma-ray events from a region,
using a squared integration radius of 0.01 deg2 for the 2009/2010 data and 0.015 deg2 for the 2008/2009 data. The centroid of the emission is indicated with a thick
black cross. Overlaid on the image are X-ray contours from a Chandra ACIS exposure (thin black lines; Warren et al. 2005) and 12CO emission (J = 1–0) from the
high-resolution FCRAO Survey (magenta lines; Heyer et al. 1998). The CO velocity selection is discussed in the text. The VERITAS count map has been smoothed
with Gaussian kernel of size 0.◦06. The point-spread function of the instrument (see the text) is indicated by the white circle.
(A color version of this figure is available in the online journal.)

diameter of the radio remnant. A conservative a priori trials
factor was determined by tiling this area with square 0.◦04 bins
(Aharonian et al. 2006), and additionally accounting for the two
sets of applied cuts. This results in a 5.0σ post-trial significance.

3.1. Morphology

The morphology of the source was investigated by binning
the uncorrelated acceptance-corrected map of excess event
counts. Bins of size 0.◦05 were used to provide sufficient
statistics for fits to source models. The map is compatible
(χ2 = 508; ndf = 438; Prob. = 1.2%) with a point source
located at 00h25m27.s0, +64◦10′50′′ (J2000) and hence we
designate the object VER J0025+641. This position is derived
from a simple symmetric Gaussian fit with a width fixed at
the instrument point-spread function (i.e., the 68% containment
radius for photons, θ68% = 0.◦11). While other source functions
(e.g., an offset asymmetric Gaussian) may provide a marginally
better fit (perhaps hinting at a more complex underlying source
morphology), a likelihood ratio test shows that the extra degrees
of freedom are not statistically justified in this data set.

As shown in Figure 1, the center of the fit position is offset by
0.◦04 from the center of the remnant. The statistical uncertainty in
this location is 0.◦023, while the systematic uncertainty resulting
from telescope pointing accuracy is 0.◦014. We note that the
derived centroid position also depends on the source shape
assumed for the fit. Future observations will allow more detailed
study of the source morphology.

3.2. Spectrum

The differential photon spectrum between 1 and 10 TeV is
shown in Figure 2. This spectrum is generated from the complete

data set after quality selection. The shape is consistent with
a power law dN/dE = C(E/3.42 TeV)−Γ with Γ = 1.95 ±
0.51stat ± 0.30sys and C = (1.55 ± 0.43stat ± 0.47sys) × 10−14

cm−2 s−1 TeV−1, where the systematic error on the flux is
dominated by uncertainty in the energy scale. The χ2 of the
fit is 0.6 for one degree of freedom. The integrated flux above
1 TeV is (1.87 ± 0.51stat) × 10−13 cm−2 s−1, about 0.9% that of
the steady Crab Nebula flux above the same energy.

4. DISCUSSION

Figure 1 shows the TeV gamma-ray image of Tycho’s SNR.
The color scale indicates the number of excess gamma-ray
events in a region, using a squared integration radius of
0.015 deg2 for the 2008/2009 data and 0.01 deg2 for the 2009/
2010 data. The map has been smoothed with a Gaussian kernel
of radius 0.◦06. Overlaid on the image are X-ray contours from a
Chandra ACIS exposure (thin black lines; Warren et al. 2005).
A contour map of 115 GHz line emission associated with the
molecular 12CO (J = 1–0) transition, from the 14 m telescope
of the Five College Radio Astronomy Observatory (FCRAO),
is shown in magenta (Heyer et al. 1998; Taylor et al. 2003).
Following the analysis of Lee et al. (2004), we have integrated
over the velocity range −68 km s−1 to −50 km s−1, revealing
a cloud possibly interacting with the northeast quadrant of the
remnant.

As can be seen from Figure 1, the peak of the gamma-ray
emission is displaced somewhat to the northeast of the center of
the remnant, toward the CO cloud. While this is provocative
in the context of hadronically induced gamma-ray emission
(see, e.g., Aharonian et al. 1994), the statistical significance
of the displacement is weak. Nevertheless, this is the general

3

54 sources detected 



SUPERNOVA REMNANTS

Potential accelerators of 
Galactic cosmic ray particles

Shock structure (e.g. X-ray)

Young SNRs 

e.g. Tycho (~444 yr) & Cas A

Both leptonic and hadronic 
models can describe the 
gamma-ray SED

Photon index: 2.92±0.42±0.20

7

6 The VERITAS Collaboration

Energy (TeV)
1−10 1 10

)
-1

 T
e
V

-1
 s

-2
d
N

/d
E

 (
m

13−10

12−10

11−10

10−10

9−10

8−10

7−10
Acciari et al. (2011)

VERITAS - this work

Fig. 4.— VERITAS spectra. The previous result is plotted as
black empty circles and the result of the present study is shown
with filled red circles. Flux errors were calculated from error prop-
agation of the fitting function and drawn as a 1� error band around
the data points.

The updated spectrum using all data is consistent447

with a power-law dN/dE = N0(E/1 TeV)�� with a448

normalization factor N0 = (2.2 ± 0.5stat ± 0.6sys) �449

10�13 cm�2 s�1 TeV�1 and a spectral index � = 2.92±450

0.42stat ± 0.20sys. The reduced chi-square of the fit is451

1.34 (4.01/3). Above 7.5 TeV, the gamma-ray excess has452

a significance of ⇥ 1�, and a 99% confidence level upper453

limit of 2.5 � 10�15 cm�2 s�1 TeV�1 was obtained by454

Rolke’s method (Rolke et al. 2005) calculated with an455

index of 2.9. The reduced significance of the data point456

at 10 TeV compared to the previous result is likely due457

to a statistical fluctuation. Figure 4 shows the spectral458

analysis from this study in comparison with the previous459

result.460

Previous results reported a spectrum consistent with461

a power-law distribution with a spectral index of 1.95±462

0.51stat±0.30sys for energies higher than 1 TeV. The up-463

dated result extends the measurement to lower energies,464

which was enabled by the camera upgrades of the VER-465

ITAS telescope. Flux measurements of the wider energy466

range extending from 400 GeV to 10 TeV reveal a softer467

index than previously reported.468

4. DISCUSSION469

Figure 5 shows the updated gamma-ray SEDs overlaid470

with the existing theoretical models. Morlino & Capri-471

oli (2012) took a semi-analytical approach to explain the472

morphology and flux of the multi-wavelength spectrum473

of Tycho from radio up to TeV energies, assuming that474

Tycho exploded in a homogeneous circumstellar medium.475

They postulate a distribution of high-velocity scattering476

centers throughout the cosmic-ray precursor and no mo-477

tion in the downstream region, leading to a significant478

reduction in the compression ratio experienced by ener-479

getic particles and consequently to a soft power-law spec-480

trum with a spectral index of 2.2. Berezhko et al. (2013)481

explained the GeV-TeV flux by hadronic emission from482

a two-component medium, comprising a warm di⇥usive483

ISM and cold dense cloud clumps. Gamma-ray emission484

from these two media with di⇥erent densities was used485

to obtain a gamma-ray spectral index of 2.0 in both the486

GeV and TeV range. Zhang et al. (2013) suggested that487
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Fig. 5.— Fermi and VERITAS SEDs with theoretical models.
Filled red squares show the Fermi results and filled red circles show
the VERITAS results from this study. The models discussed in
the text appear as the solid red line (prefered model A from Slane
et al. (2014)), the magenta short broken dashed line (Berezhko
et al. 2013), the blue large broken dashed line (Zhang et al. 2013),
the green dashed line (Morlino & Caprioli 2012), the cyan dotted
line (the leptonic model from Atoyan & Dermer (2012)), and the
brown double-broken dashed line (Morlino & Blasi (2016) with a
neutral fraction of 0.6).

the gamma-ray emission arises from cosmic-ray interac-488

tions with a cloud of density of 4–12 cm�3, with an ex-489

plosion energy conversion e⇤ciency of 1%. While these490

models explained the gamma-ray emission via hadronic491

processes, Atoyan & Dermer (2012) attempted to explain492

it with a pure leptonic model by introducing two emission493

zones with di⇥erent properties. They argued that a real-494

istic description of the non-thermal emission from a rem-495

nant with a spatially non-uniform magnetic field should496

at least consider two di⇥erent emission zones with dif-497

ferent magnetic fields and densities. Slane et al. (2014)498

provided the most detailed study, with a full hydrody-499

namic simulation including non-linear di⇥usive shock ac-500

celeration, to estimate both the thermal and non-thermal501

emission components from Tycho. Their simulation al-502

lowed electrons and hadrons to radiate in di⇥erent en-503

vironments and to be shocked at di⇥erent times. Their504

best-fit model suggested that the GeV-TeV gamma-ray505

emission is dominated by a hadronic component.506

All of the models described above were developed to507

explain the previously published GeV-TeV gamma-ray508

emission. The updated fluxes of TeV gamma-ray emis-509

sion found in this paper for energies higher than 400 GeV510

are inconsistent with all these models. The models may511

need to be re-calculated to fit the updated gamma-ray512

spectra.513

The spectral index of 2.9 measured in the energy range514

of VERITAS (E>400 GeV) is somewhat softer than515

that measured in Fermi ’s energy range (E<500 GeV).516

This may indicate a cut-o⇥ of the gamma-ray spectrum517

around a few TeV or lower. To test a possible spec-518

tral index change in the GeV-TeV gamma-ray range,519

we performed a goodness of fit test of the combined520

dataset of Fermi and VERITAS with a single power-521

law dN/dE = N0(E/1 TeV)�� and a power-law with an522

exponential cut-o⇥ dN/dE = N0(E/1 TeV)��e�E/Ecut .523

Figure 6 and Table 1 show the results. Both spectral524

forms are consistent within 2�, although we note that525
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Gamma-ray observations of Tycho’s SNR with VERITAS and Fermi 5

proving the background rejection power in the low energy358

range (Park et al. 2015a).359

3.1. Observation360

VERITAS has observed Tycho since 2008, collecting361

a total of 147 hours of data over five observing seasons,362

spanning both major upgrades of the array. The discov-363

ery of gamma-ray emission from Tycho was reported by364

VERITAS based on 67 hours of observation during 2008-365

2010. VERITAS has accumulated a total of 80 more366

hours since the detection paper, 74 hours of which were367

collected following the 2012 upgrade, with enhanced sen-368

sitivity at energies lower than a few TeV.369

Data were collected as close as possible to Tycho’s cul-370

mination, resulting in an average elevation of 55� over all371

observations. Observations were performed in “wobble”372

mode, in which the telescope is pointed 0.5� away from373

the target in the four cardinal directions (Fomin et al.374

1994).375

3.2. Analysis376

A standard Hillas moment analysis has been used for377

this study (Hillas 1985). A detailed description of378

the VERITAS data analysis procedure can be379

found in Daniel et al. (2007), and a description380

of the analysis tools can be found in Cogan et al.381

(2007). Cuts for the analysis were selected a priori to382

provide good sensitivity for a point source with 0.9% of383

the gamma-ray flux of the Crab Nebula. Cuts were opti-384

mized, using Crab Nebula data, separately for the 2009–385

2011 dataset and for the 2012–2015 dataset to account386

for instrumental changes due to the hardware upgrade.387

The optimized cuts for 2009–2011 were also used for the388

2008–2009 data after verifying their sensitivity on Crab389

Nebula data from this earlier period. Cuts were opti-390

mized to achieve a good compromise between broadband391

di�erential sensitivity and a low threshold energy. As392

a result, cuts for the 2009–2011 dataset have an energy393

threshold value at an elevation angle corresponding to394

the observations of Tycho of 800 GeV, similar to the395

analysis presented in the discovery paper, while cuts for396

the 2012–2015 set have a lower energy threshold value of397

400 GeV with similar sensitivity. A cut on the angular398

distance from the test position to the reconstructed ar-399

rival direction of the shower was set to be 0.1� for both400

sets of cuts. Results were verified with an independent401

secondary analysis (Maier 2016).402

3.3. Results403

The analysis of the combined set of VERITAS data404

detected gamma-ray emission from Tycho with a signifi-405

cance of 6.9⇥. Figure 3 shows the gamma-ray count map406

with the previously published centroid position and the407

updated centroid position. The map was smoothed with408

a Gaussian kernel with a radius of 0.06�.409

The centroid position is estimated by maximizing the410

likelihood value of the data for a given background model411

and a source model. The background model was con-412

structed from the data by estimating the spatial distri-413

bution of events outside of the source region, which was414

defined as a circle with a radius of 0.3� around the cen-415

ter of Tycho. For the source model, it is assumed that416

the gamma-ray distribution is produced by an unresolved417

Fig. 3.— Smoothed VERITAS gamma-ray count map of the re-
gion around Tycho’s SNR. The 1� statistical error on the centroid
position obtained by Acciari et al. (2011) is drawn with a blue
dashed circle. The updated centroid position is marked with a red
cross and 68 and 95% confidence levels of the position is shown with
red contours. Each contour was determined from a fit with two de-
grees of freedom. Chandra’s measurement of the X-ray emission
with energies larger than 4.1 keV is shown by the magenta con-
tours. Black contours are the 12CO (J=1-0) emission integrated
over the velocity range -68 km s�1 to -50 km s�1 using the mea-
surements from the Five College Radio Astronomy Observatory
Survey (Heyer et al. 1998). NuSTAR’s measurements of X-rays in
the energy range between 20 keV and 40 keV (Lopez et al. 2015)
after smoothing are shown by the cyan contours. The best-fit po-
sition and 68% confidence level of the updated Fermi analysis are
shown as a green x mark and circle.

point source. In this case, the source model can be de-418

scribed as an instrumental PSF. The PSF is described419

by a two-dimensional King function,420

K(r) = N0(1 + (r/r0)
2)��

where N0 is a normalization factor, r is an angular dis-421

tance from the centroid, r0 is a radius, and � is an index.422

Two parameters, the radius and index, which define423

the shape of the PSF, are fixed to the best-fit values424

from a fit to simulated data. The simulated data were425

weighted to match the observational elevation and az-426

imuth and measured spectral index of Tycho. This427

method assumes that measured event counts follow a428

Poisson distribution instead of a normal distribution,429

providing more robust estimations of centroid positions430

compared to the method used for the previous paper (Ac-431

ciari et al. 2011).432

The centroid position reported was estimated only with433

the 2012–2015 dataset because it has the highest statis-434

tics and the best angular resolution. The estimated435

centroid is RA 0h25m21s.60 ± 7s.20stat and declination436

64�704800±101200stat. Statistical error contours of the 68%437

and 95% confidence levels are shown in Figure 3 with438

the centroid. The updated centroid matches well with439

the center of the remnant. The uncertainty of VERITAS440

telescope pointing is 0.007� as measured with stars after441

optical pointing o�set correction (Gri⇥ths 2015). We es-442

timate 0.006� of combined systematic uncertainty on the443

centroid position from the shower reconstruction method444

and from the influence of the bin size of the count map445

used for the study.446

>400GeV
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FIGURE 5. VERITAS and Fermi-LAT skymaps of IC 443, showing resolved emission over the full extent of the supernova
remnant.

1ES 1959+650
1ES 1959+650 was among the first TeV blazars to be detected [26] and holds particular interest as the clearest example
of a TeV source which has exhibited “orphan” flaring - a prominent gamma-ray flare with no X-ray counterpart [27].
The source has been in an extended active state since summer 2015, and VERITAS observed flares at the level of
the Crab Nebula flux in fall 2015 [28]. Further flaring activity in 2016 triggered additional VERITAS monitoring,
revealing the source to be in an unprecedented high state, with flares exceeding 2.5 Crab (Figure 8). Cooperation and
communication between the northern hemisphere gamma-ray instruments, Fermi-LAT and Swift places this among
the best-sampled extreme blazar flaring events, with observations often conducted multiple times within a 24-hour
period.

OTHER TOPICS

Gamma-ray astronomy is an important and growing field, but imaging atmospheric Cherenkov telescopes (IACTs)
provide the means to study more than gamma-ray emission from specific astrophysical objects. We summarize some
recent updates from VERITAS below.

Dark Matter Searches
The most recent update on the search for gamma rays from WIMP annihilation in dwarf spheroidal galaxies with
VERITAS was presented at the 2015 ICRC [29]. As the exposure for targets with the highest estimated luminosity
due to dark matter annihilation approaches � 100 hours, further deep observations of individual targets provide dimin-
ishing returns, and are prone to systematic biases. An alternative approach, which o�ers considerable improvements,
is to combine the data from multiple sources, weighting individual events according to their energies, locations, and
the properties of the instrumental and astrophysical backgrounds [30]. Using this method, the combination of over
200 hours of observations, spread over 4 dwarf spheroidal galaxies, has been used to provide improved limits to the
annihilation cross-section.

Cosmic-Ray Electrons
The cosmic-ray electron/positron spectrum provides a direct measurement of cosmic-ray acceleration and di�usion
in our local Galactic neighbourhood. Interest in this area has grown with the observation, by multiple instruments, of
a positron component which increases up to an energy of � 200 GeV. While they are unable to easily discriminate
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the properties of the instrumental and astrophysical backgrounds [30]. Using this method, the combination of over
200 hours of observations, spread over 4 dwarf spheroidal galaxies, has been used to provide improved limits to the
annihilation cross-section.

Cosmic-Ray Electrons
The cosmic-ray electron/positron spectrum provides a direct measurement of cosmic-ray acceleration and di�usion
in our local Galactic neighbourhood. Interest in this area has grown with the observation, by multiple instruments, of
a positron component which increases up to an energy of � 200 GeV. While they are unable to easily discriminate
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parsecs outside the shock front and interacting with a population of diffusing CRs.

Figure 3: (left) Fermi-LAT counts map, with VERITAS significance contours overlaid. (right)
Gamma-ray SED for the entire remnant.

Figures 4 and 5 compare the distributions of GeV and TeV emission to several tracers of the
gas in the region within and surrounding IC 443. Figure 4 (left) overlays the TeV contours on a
multi-band image of IC 443 in the IR [19], revealing a strong correlation with dust emission in
the region, particularly in the 4.6 µm and 12 µm ranges. Figure 4 (right) shows that the TeV
emission is anticorrelated with the thermal X-ray emission as seen by XMM. This is most likely
due to absorption of the X-rays by intervening dense gas along the lines of sight to the western and
southern parts of the remnant.

Figure 4: (left) WISE image of IC 443 in 22 µm (red), 12 µm (green), and 4.6 µm (blue) channels,
with VERITAS significance contours (3, 6, 9 ⇥ ) overlaid. (right) XMM-Newton image of IC 443
in the 0.3�1.4 keV band, with the same VERITAS contours overlaid.

Figure 5 (left) and (right) overlay contours of shocked gas traced by HCO+ (red) and 12CO
(yellow, |vLSR| < 10 km/s) on the VERITAS and Fermi-LAT excess maps, respectively [20]. In

5
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both cases, the gamma-ray emission correlates strongly with the shocked gas, again arguing that
the GeV and TeV emission arise from the same population of CRs. In that case, the emission
is likely dominated by CRs interacting with gas close to the shock front, rather than an escaping
population of CRs.

Figure 5: (left) VERITAS excess map with contours of two tracers of shocked gas, HCO+ (red)
and 12CO (yellow) overlaid. (right) The Fermi-LAT counts map, with the same contours overlaid.

4. Conclusions

Deep VERITAS observations of the supernova remnant IC 443 have established that its VHE
gamma-ray emission is extended over the entire surface of the remnant and traces out the shell,
thus adding IC 443 to the small but growing list of VHE shell-type SNRs. The morphology is
strongly correlated with the GeV morphology, suggesting that the emission is dominated by a
single population of CRs across a wide range of energies. IC 443 is the first VHE shell-type SNR
to clearly have significant SNR/MC interactions, and is likely the oldest and most evolved of the
VHE shell-type SNRs. As such, it remains an extremely interesting laboratory in which to study
the acceleration, escape, and diffusion of cosmic rays.
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during the anticipated periastron in early 2018. Of these
systems, only the compact objects of PSR B1259–63 and TeV
2032+413 have been firmly identified as pulsars. There is still
a large degree of ambiguity concerning the nature of the
compact object within the other systems. Consequently, the
fundamental mechanism responsible for the TeV emission
remains uncertain.

The orbital periods of TeV-emitting HMXBs vary from
several days (LS 5039) to many years (TeV 2032+413). As the
TeV emission varies strongly as a function of the orbital phase,
the various sources may only have short windows during which
they can be detected in the TeV regime. LSI+61°303 is a
northern hemisphere source with a short enough orbital period
to allow for regular study over multiple orbits with TeV
instruments.

Located at a distance of ∼2 kpc (Frail & Hjellming 1991),
LSI+61°303 is composed of a B0 Ve star and a compact
object (Hutchings & Crampton 1981; Casares et al. 2005). The
observed multiwavelength emission is variable at all energies
and modulated with a period of P≈26.5 days, believed to be
associated with the orbital motion of the binary system (Taylor
& Gregory 1982; Paredes et al. 1994, 1997; Albert et al. 2006;
Esposito et al. 2007; Acciari et al. 2008; Abdo et al. 2009).
Shorter timescale variability has also been detected in X-rays
(Smith et al. 2009; Torres et al. 2012) and hinted at in the TeV
range (Aliu et al. 2013). Additionally, the source exhibits a
periodic superorbital modulation with a period of Psup≈4.5
years in Hα emission (Zamanov & Martí 2000) and in radio
(Gregory 2002), X-ray (Li et al. 2012), and GeV (Ackermann
et al. 2013) bands. This modulation could be attributed to
precessing relativistic jets if the compact object is a black hole
or to cyclic variations of the B0 Ve star envelope if the compact
object is a neutron star.

Radial velocity measurements show the orbit to be elliptical
with eccentricity e=0.537±0.034, with periastron occurring
around phase f=0.275, apastron at f=0.775, superior
conjunction at f=0.081 and inferior conjunction at
f=0.313 (Aragona et al. 2009). The periastron distance
between the star and the compact object is estimated to be
2.84×1012 cm (0.19 AU) and the apastron distance to be
9.57×1012 cm (0.64 AU) (Dubus 2013). The inclination of
the system is not precisely known but is expected to lie in the
range 10°–60° according to Casares et al. (2005), leading to
some uncertainty in the orbital parameters.

In this work, we present the results of the VERITAS
campaign on LSI+61°303 in 2014 October–December.
During this time, VERITAS observed historically bright flares
from LSI+61°303, with the source exhibiting flux levels a
factor of 2–3 times higher than ever observed.

2. OBSERVATIONS

The VERITAS IACT array, located in southern Arizona
(1.3 km a.s.l., 31°40′N, 110°57′W) consists of four 12 m
diameter Davies–Cotton design optical telescopes. VERITAS
is sensitive to photons with energies from 85 GeV to 30 TeV
and can detect a 1% Crab Nebula source in approximately 25 hr
(Park 2015).30 For a full description of the hardware
components and analysis methods utilized by VERITAS, see
Acciari et al. (2008), Holder et al. (2008), Kieda (2013), and
references therein.

In the 2014 season, VERITAS observations of
LSI+61°303 were taken from October 16 (MJD 56946) to
December 12 (MJD 57003), comprising a total of 23.3 hr of
quality-selected livetime. These observations sampled three
separate orbital periods, covering the orbital phase interval
f=0.5–0.2 (see Figure 1 and Table 1). Over the entire set of
observations, a total of 443 excess events (Non=705,
Noff=2883, α=0.0909) above an energy threshold of
300 GeV were detected above background. This is equivalent
to a statistical significance of 21 standard deviations (21σ,
calculated using Equation (17) of Li & Ma 1983). The 300 GeV
energy threshold applies to all fluxes and upper limits presented
hereinafter.
During the first orbit observed (in October), the source

presented the largest of its flares (hereinafter “F1”), beginning on
2014 October 17 (MJD 56947, f=0.55). The source is not
significantly detected before the onset of this flare: the flux is
constrained to be less than 0.15×10−11 cm−2 s−1 at a 99%
confidence level (Rolke et al. 2005) on October 16 (MJD 56946,
f=0.52). The emission during F1 reached a peak flux of
(3.20±0.34)×10−11 cm−2 s−1 on October 18 (MJD 56948,
f=0.60), equivalent to approximately 30% of the Crab Nebula
flux above the same energy threshold of 300 GeV. This
represents the largest flux ever detected from the source.
Unfortunately, observations were limited by poor weather
conditions the following two nights and only recommenced on
October 20 (MJD 56950), by which time the flux from the source
had already decreased. During the second orbital passage in
November, VERITAS detected another period of elevated flux
(“F2”) from the source at similar orbital phases (f=0.55–0.65)
with peak emission of (2.02±0.22)×10−11 cm−2 s−1 on
November 14 (MJD 56975, f=0.61).
As an initial test to show that the TeV flux is not stable, the

light curves of each orbit were fitted with a constant flux model.
Both F1 and F2 were found to be inconsistent with this model
at the 10σ level using a simple χ2 test. A test for variability on
a nightly timescale was then performed over the complete time
range of these observations. For each pair of nightly separated

Figure 1. Light curve of LSI+61°303 during the 2014 observation season
shown as a function of orbital phase in nightly bins. The phase range is shown
from 0.45 to 0.45 as the VERITAS observations commenced around a phase of
f=0.5 in each orbit. The data for the first orbit (October) are shown with
orange circles, while the second orbit (November) is represented by purple
diamonds, and the third (December) by blue squares. Flux upper limits at the
99% confidence level (using the unbounded approach of Rolke et al. 2005) are
shown for points with significance <3σ and are represented by arrows.

30 http://veritas.sao.arizona.edu/specifications

2

The Astrophysical Journal Letters, 817:L7 (6pp), 2016 January 20 Archambault et al.

arXiv:1601.01812

periastron



GALACTIC CENTER

Large zenith angle 
observations (large effective 
area at high energies)
Point sources: Sgr A* and 
G0.9+0.1 (composite SNR)
Residual diffuse emission: 
VER J1746-289
l = 0.86°±0.015°±0.013°
b = 0.067°±0.02°±0.013°
(Sgr B2 not detected at 4.1 sigma)

Dark matter search

10

Archer+ 2016, arXiv: 1602.08522

3

Fig. 1.— VERITAS >2 TeV gamma-ray significance map (smoothed with PSF) of the Galactic Center Ridge showing significant emission
from Sgr A*, G0.9+0.1, and a di�use emission region between these two point sources. The emission from the central region is saturated
due to the color scale.

J1746-289.

2. VERITAS OBSERVATIONS

The Very Energetic Radiation Imaging Telescope Ar-
ray System (VERITAS), located at the Fred Lawrence
Whipple Observatory (FLWO) in southern Arizona (31�

40⇥ N, 110� 57⇥ W, 1.3 km above sea level) is an array
of four 12-meter IACTs. Since the commissioning of the
array in 2007, VERITAS has provided excellent angu-
lar resolution and sensitivity to TeV gamma-ray sources
(Holder et al. 2008). In normal operation (i.e. high ele-
vation observations), VERITAS is sensitive in the energy
range from 85 GeV to >30 TeV and is capable of detect-
ing a 1% Crab nebula flux in approximately 25 hours of
observation time. VERITAS has an energy resolution of
15% at 1 TeV and a typical angular resolution of <0.1�.
Between 2010 and 2014, VERITAS accumulated ⇥85

hours live time of quality-selected observations of the Sgr
A* region. Due to the Northern Hemisphere location of
VERITAS, the Sgr A* region never transits above 30�

elevation. Therefore, this work has been performed us-
ing the “Displacement” analysis method for TeV gamma-
ray astronomy (Kosack et al. 2004; Archer et al. 2014),
which utilizes the displacement between the center of
gravity of a parameterized Hillas ellipse and the loca-
tion of the shower position within the camera plane.
This method compensates for the degradation in angu-
lar resolution (caused by small parallactic displacements
between shower images) usually caused by observations
taken by IACTs at small elevation angles. Through the
use of the Displacement method, the VERITAS observa-
tions of Sgr A* have a point spread function of 0.12� (68%
containment radius). Through Monte Carlo simulations
we estimate an energy resolution of ⇥25-30% for the ob-
servations detailed in this work. Due to the Cherenkov
light from incident gamma rays having to traverse a much
larger atmospheric depth during large zenith angle ob-
servations, the light from lower energy showers is insu⌅-
cient to trigger the array, resulting in an increased energy
threshold of 2 TeV for the observations detailed in this
work (>60� zenith angle).
For the imaging analysis and significance calculations

included in this work, the ring background model (Berge

et al. 2007) was used; for the spectral analysis the
reflected-region model (Aharonian et al. 2001) was em-
ployed. Both background estimation techniques were
performed with masked regions corresponding to all
known TeV sources within 4� of the Galactic Center:
HESS J1747-281 (G0.9+0.1), HESS J1745-290 (Sgr A*),
the extended sources HESS J1741-302 and HESS J1745-
303, and the central di�use TeV component lying along
the Galactic plane.
These observations result in a significant detection of

several distinct regions of >2 TeV gamma-ray emission
in the Galactic Center Ridge (significance skymap shown
in Figure 1). The brightest source within the field is the
central source coincident with Sgr A*. These data also
provide a strong detection of >2 TeV gamma-ray emis-
sion from a region corresponding to the composite super-
nova remnant G0.9+0.1, as well as an extended compo-
nent of emission along the Galactic plane. In sections 3-5
we examine these detections and provide skymaps and
spectra for both Sgr A* and G0.9+0.1, and we present
the detection of VER J1746-289: a new VERITAS source
of TeV gamma rays embedded within the extended com-
ponent along the plane.

3. VER J1745-290 (SGR A*)

In an analysis of earlier VERITAS observations
(Archer et al. 2014), VER J1745-290 (coincident with
Sgr A*) was detected at a statistical significance of 18
standard deviations (18 �) in approximately 46 hours
of observations between 2010 and 2012. In the total of
85 hours of observations reported in this work, VERI-
TAS detected a total of 735 excess gamma-ray events
from VER J1745-290, resulting in a detection signifi-
cance of >25�. The resulting >2 TeV gamma-ray ex-
cess map is shown in Figure 2 (left) along with both
the H.E.S.S. (>300 GeV) (Acero et al. 2010) and radio
locations (Petrov et al. 2011) of Sgr A*. The refined
VERITAS position of VER J1745-290 is l = 359.94� ±
0.002�stat ± 0.013�sys, b = -0.053� ± 0.002�stat ± 0.013�sys,
in good agreement with both the radio and H.E.S.S. po-
sitions.
The VERITAS di�erential energy spectrum of Sgr A*
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Fig. 4.— The VERITAS >2 TeV gamma-ray significance maps
(smoothed with PSF) of the Galactic Center Ridge after subtract-
ing excess emission from Sgr A* and G0.9+0.1. The top panel
shows the locations of the subtracted point sources as well as the
VERITAS source VER J1746-289. VLA 20cm radio contours from
Yusef-Zadeh et al. (2004) are shown in the middle panel, with
H.E.S.S. 275, 300, 325, and 350 excess event contours (Aharonian
et al. 2006a) and Fermi-LAT 3FGL (Acero et al. 2015) sources
shown in the bottom panel.

reduces to 6.7�. The proximity of VER J 1746-289 to the
bright excess of Sgr A* might naturally cause a concern
that VER J1746-289 might be an artifact of the source
subtraction procedure utilized in this work. To address
this concern, the size of the subtraction region used for
the residual maps was modified by ± 20% with no sig-
nificant di�erence caused in the resulting morphology of
VER J1746-289. Additionally, we note that the same
source subtraction procedure was used for G0.9+0.1 with
no residual features created (see (Figure 4, top panel)).

6. DISCUSSION

6.1. Point Sources in the Galactic Center Ridge

In this work we have presented the observations made
by VERITAS revealing the complex morphology of the
Galactic Center Ridge region at multi-TeV gamma-ray
energies. Using large zenith angle observations, we ob-
tain excellent sensitivity above 2 TeV, complementing
the lower energy threshold measurements made by the
H.E.S.S. collaboration. The VERITAS detections of
both Sgr A* and G0.9+0.1 above 2 TeV, in conjunction

with the previous H.E.S.S. observations of these regions
allow for more statistically rich spectral measurements
of these sources, providing better constraints on model-
ing the emission processes at work in both Sgr A* and
G0.9+0.1.
In the case of G0.9+0.1, the lack of a break in the

spectrum up to ⇥20 TeV as well as the lack of emission
seen by Fermi -LAT), in conjunction with X-ray measure-
ments, can be used to help constrain models of emission
in this PWN.
The TeV gamma-ray emission from Sgr A* still lacks

definitive explanation. The measurement of the spec-
trum of Sgr A* by both VERITAS and H.E.S.S. at ⇥10
TeV implies a primary spectrum of particles with ener-
gies beyond 100 TeV (Aharonian et al. 2009), the gen-
eration of which can be accommodated within a range
of both hadronic (Ballantyne et al. 2007; Chernyakova
et al. 2011) and leptonic (Atoyan & Dermer 2004) sce-
narios (see Archer et al. (2014) for further examination
of these models as compared to the observed broadband
spectral energy distribution).
It is clear that Sgr A* is not as simply modeled as

other point sources of TeV gamma-ray emission within
the Galaxy. For instance, it is estimated that Sgr A*
is relatively underluminous for its estimated mass (⇥8
orders of magnitude below its Eddington luminosity).
This has led many to question whether this present (rel-
atively quiescent) state has been punctuated in the past
by outbursts from the central engine. Observations of
the Fermi-LAT GeV haze symmetrically mirrored above
and below Sgr A* (the so-called “Fermi bubbles”, see Su
et al. (2010) and Ackermann et al. (2014)) are the most
direct evidence for previous increased activity from Sgr
A*. Additional evidence for previous transient outbursts
from Sgr A* includes X-ray observations which indicate
that the nearby (⇥100 pc from Sgr A*) giant molecu-
lar cloud complex Sgr B2 is the echo site of a previous
flare event from Sgr A* around 300 years ago (Murakami
et al. 2000, 2001), suggesting that Sgr A* may recently
have been more luminous than its current level by four
orders of magnitude. More recently (and closer to Sgr
A*), XMM-Newton observations indicate that molecu-
lar clouds nearby to Sgr A* have been irradiated by a
transient event sometime within the last 100 years (Ponti
et al. 2010). Along these lines, it is natural to continue to
utilize VHE observations to search for variability in the
gamma-ray band: a detection of TeV variability by itself
or correlated with X-ray flares can help to discriminate
among di�erent emission models (Archer et al. 2014), as
well as provide crucial links to this poorly understood
transient behavior in other wavelengths.

6.2. Residual Emission

We have also presented source subtracted residual maps
of the Galactic Center Ridge, removing emission com-
ponents from both G0.9+0.1 and Sgr A* in order to
reveal less prominent TeV features along the Galactic
plane (Figures 4 and 5). This has revealed structure
above several TeV extending along the plane to the east
of Sgr A*, thus confirming and extending in energy the
H.E.S.S. result. One of the local enhancements within
this extended structure, VER J1746-289, is significantly
detected by VERITAS and is most likely associated with
known non-thermal structures (radio, X-ray, GeV, TeV)

>2TeV
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Fig. 4.— The VERITAS >2 TeV gamma-ray significance maps
(smoothed with PSF) of the Galactic Center Ridge after subtract-
ing excess emission from Sgr A* and G0.9+0.1. The top panel
shows the locations of the subtracted point sources as well as the
VERITAS source VER J1746-289. VLA 20cm radio contours from
Yusef-Zadeh et al. (2004) are shown in the middle panel, with
H.E.S.S. 275, 300, 325, and 350 excess event contours (Aharonian
et al. 2006a) and Fermi-LAT 3FGL (Acero et al. 2015) sources
shown in the bottom panel.

reduces to 6.7�. The proximity of VER J 1746-289 to the
bright excess of Sgr A* might naturally cause a concern
that VER J1746-289 might be an artifact of the source
subtraction procedure utilized in this work. To address
this concern, the size of the subtraction region used for
the residual maps was modified by ± 20% with no sig-
nificant di�erence caused in the resulting morphology of
VER J1746-289. Additionally, we note that the same
source subtraction procedure was used for G0.9+0.1 with
no residual features created (see (Figure 4, top panel)).

6. DISCUSSION

6.1. Point Sources in the Galactic Center Ridge

In this work we have presented the observations made
by VERITAS revealing the complex morphology of the
Galactic Center Ridge region at multi-TeV gamma-ray
energies. Using large zenith angle observations, we ob-
tain excellent sensitivity above 2 TeV, complementing
the lower energy threshold measurements made by the
H.E.S.S. collaboration. The VERITAS detections of
both Sgr A* and G0.9+0.1 above 2 TeV, in conjunction

with the previous H.E.S.S. observations of these regions
allow for more statistically rich spectral measurements
of these sources, providing better constraints on model-
ing the emission processes at work in both Sgr A* and
G0.9+0.1.
In the case of G0.9+0.1, the lack of a break in the

spectrum up to ⇥20 TeV as well as the lack of emission
seen by Fermi -LAT), in conjunction with X-ray measure-
ments, can be used to help constrain models of emission
in this PWN.
The TeV gamma-ray emission from Sgr A* still lacks

definitive explanation. The measurement of the spec-
trum of Sgr A* by both VERITAS and H.E.S.S. at ⇥10
TeV implies a primary spectrum of particles with ener-
gies beyond 100 TeV (Aharonian et al. 2009), the gen-
eration of which can be accommodated within a range
of both hadronic (Ballantyne et al. 2007; Chernyakova
et al. 2011) and leptonic (Atoyan & Dermer 2004) sce-
narios (see Archer et al. (2014) for further examination
of these models as compared to the observed broadband
spectral energy distribution).
It is clear that Sgr A* is not as simply modeled as

other point sources of TeV gamma-ray emission within
the Galaxy. For instance, it is estimated that Sgr A*
is relatively underluminous for its estimated mass (⇥8
orders of magnitude below its Eddington luminosity).
This has led many to question whether this present (rel-
atively quiescent) state has been punctuated in the past
by outbursts from the central engine. Observations of
the Fermi-LAT GeV haze symmetrically mirrored above
and below Sgr A* (the so-called “Fermi bubbles”, see Su
et al. (2010) and Ackermann et al. (2014)) are the most
direct evidence for previous increased activity from Sgr
A*. Additional evidence for previous transient outbursts
from Sgr A* includes X-ray observations which indicate
that the nearby (⇥100 pc from Sgr A*) giant molecu-
lar cloud complex Sgr B2 is the echo site of a previous
flare event from Sgr A* around 300 years ago (Murakami
et al. 2000, 2001), suggesting that Sgr A* may recently
have been more luminous than its current level by four
orders of magnitude. More recently (and closer to Sgr
A*), XMM-Newton observations indicate that molecu-
lar clouds nearby to Sgr A* have been irradiated by a
transient event sometime within the last 100 years (Ponti
et al. 2010). Along these lines, it is natural to continue to
utilize VHE observations to search for variability in the
gamma-ray band: a detection of TeV variability by itself
or correlated with X-ray flares can help to discriminate
among di�erent emission models (Archer et al. 2014), as
well as provide crucial links to this poorly understood
transient behavior in other wavelengths.

6.2. Residual Emission

We have also presented source subtracted residual maps
of the Galactic Center Ridge, removing emission com-
ponents from both G0.9+0.1 and Sgr A* in order to
reveal less prominent TeV features along the Galactic
plane (Figures 4 and 5). This has revealed structure
above several TeV extending along the plane to the east
of Sgr A*, thus confirming and extending in energy the
H.E.S.S. result. One of the local enhancements within
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Fig. 2.— Multiwavelength emission of PKS 1441+25. Side panels show the X-ray (top) and gamma-ray emission (bottom) in April 2015
(MJD 57133-57140). The various exposures and the model are discussed in Sec. 2 and 3, respectively.

36.2± 0.1% between MJD 57133 and MJD 57140.
The OVRO 40-m telescope (Richards et al. 2011) has

monitored PKS 1441+25 at 15GHz since late 2009. A
15GHz VLBA image obtained by the MOJAVE program
(Lister et al. 2009) on 2014 March 30 (MJD 56381) shows
a compact core and a bright, linearly polarized jet fea-
ture located 1.2milliarcsec downstream, at position angle
�68 ⇤. Both features have relatively high fractional po-
larization (⇤ 10%), and electric vectors aligned with the
jet direction, at an angle of 102 ⇤ similar to that measured
by SPOL, indicating a well-ordered transverse magnetic
field. The fractional polarization level of the core fea-
ture is among the highest seen in the MOJAVE program
(Lister et al. 2011).
The 2008-2015 observations of PKS 1441+25 shown in

Fig. 1 reveal a brightening of the source in the radio,
optical, and HE bands starting around MJD 56900. A
simple Pearson test (see caveats in Max-Moerbeck et al.
2014a) applied to the radio and HE long-term lightcurves
shows a correlation coe⇤cient r = 0.75 ± 0.02, di⇥ering
from zero by 5.4⇤ based on the r-distribution of shu⌅ed
lightcurve points. Similarly, the analysis of the optical
and HE lightcurves yields r = 0.89± 0.02, di⇥ering from
zero by 4.8⇤. The discrete correlation functions display
broad, zero-centered peaks with widths of ⇤ 100 days, in-
dicating no significant time lags beyond this time scale.
During the period marked by gray dashed lines in Fig. 1,
observations on daily timescales from optical wavelengths
to X-rays reveal fractional flux variations smaller than
25%, compatible with the upper limits set by Fermi-LAT
and VERITAS (30% and 110% at the 95% confidence
level, respectively). Such flux variations are small with
respect to the four orders of magnitude spanned in ⇥F� ,
enabling the construction of a quasi-contemporaneous
spectral energy distribution in Sec. 3.

3. EMISSION SCENARIO

The spectral energy distribution, with the X-ray-to-
VHE data averaged over the active phase in April 2015

(MJD 57133-57140), is shown in Fig 2. The optical-to-
X-ray spectrum is well described by a power law with
photon index � = 2.29 ± 0.01 from 2 eV to 30 keV, in-
cluding a 10% intrinsic scatter in the fit procedure that
accounts for the small-amplitude optical-to-UV variabil-
ity. This spectrum suggests a single synchrotron compo-
nent peaking below 2 eV ⇤ 5 ⇥ 1014 Hz, created by an
electron population of index p = 2� � 1 ⇤ 3.58 ± 0.02.
As expected in FSRQs (Fossati et al. 1998), the emission
of PKS 1441+25 is dominated by the gamma-ray com-
ponent, well-described by a single component peaking at
3.3+1.8

�1.1 GeV.
The detection of gamma rays up to 200GeV, about

400GeV in the galaxy’s frame, suggests that the emit-
ting region is located beyond the BLR, or else pair pro-
duction would suppress any VHE flux even for a flat
BLR geometry (Tavecchio & Ghisellini 2012). The el-
evated radio state, correlated with the optical and HE
brightening, also suggests synchrotron emission outside
of the BLR where synchrotron self-absorption is smaller.
The hypothesis of large-scale emission is strengthened by
the week-long duration of the optical-to-gamma-ray flare.
This behavior contrasts with other observations of bright
FSRQs, displaying di⇥erent flux variations at di⇥erent
wavelengths (e.g. Abdo et al. 2010), more in line with
multi-component scenarios. The flare of PKS 1441+25
appears to be one of the few events whose detailed tem-
poral and spectral multiwavelength features are consis-
tent with the emission of a single component beyond the
BLR.
The BLR size can be derived using the estimated black-

hole mass, MBH = 107.83±0.13M⇥ (Shaw et al. 2012),

assuming rBLR ⌅ 1017 cm ⇥
�
Ldisk/1045 erg s�1 (Kaspi

et al. 2007) and an accretion disk luminosity that is a
fraction � = 10% of the Eddington luminosity. Alterna-
tively, Ldisk can be estimated from the BLR luminosity as
Ldisk ⌅ 10 ⇥ LBLR, with LBLR = 1044.3 erg s�1 (Xiong
& Zhang 2014). Both estimates yield rBLR ⌅ 0.03 pc,
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Fig. 2.— Multiwavelength emission of PKS 1441+25. Side panels show the X-ray (top) and gamma-ray emission (bottom) in April 2015
(MJD 57133-57140). The various exposures and the model are discussed in Sec. 2 and 3, respectively.

36.2± 0.1% between MJD 57133 and MJD 57140.
The OVRO 40-m telescope (Richards et al. 2011) has

monitored PKS 1441+25 at 15GHz since late 2009. A
15GHz VLBA image obtained by the MOJAVE program
(Lister et al. 2009) on 2014 March 30 (MJD 56381) shows
a compact core and a bright, linearly polarized jet fea-
ture located 1.2milliarcsec downstream, at position angle
�68 ⇤. Both features have relatively high fractional po-
larization (⇤ 10%), and electric vectors aligned with the
jet direction, at an angle of 102 ⇤ similar to that measured
by SPOL, indicating a well-ordered transverse magnetic
field. The fractional polarization level of the core fea-
ture is among the highest seen in the MOJAVE program
(Lister et al. 2011).
The 2008-2015 observations of PKS 1441+25 shown in

Fig. 1 reveal a brightening of the source in the radio,
optical, and HE bands starting around MJD 56900. A
simple Pearson test (see caveats in Max-Moerbeck et al.
2014a) applied to the radio and HE long-term lightcurves
shows a correlation coe⇤cient r = 0.75 ± 0.02, di⇥ering
from zero by 5.4⇤ based on the r-distribution of shu⌅ed
lightcurve points. Similarly, the analysis of the optical
and HE lightcurves yields r = 0.89± 0.02, di⇥ering from
zero by 4.8⇤. The discrete correlation functions display
broad, zero-centered peaks with widths of ⇤ 100 days, in-
dicating no significant time lags beyond this time scale.
During the period marked by gray dashed lines in Fig. 1,
observations on daily timescales from optical wavelengths
to X-rays reveal fractional flux variations smaller than
25%, compatible with the upper limits set by Fermi-LAT
and VERITAS (30% and 110% at the 95% confidence
level, respectively). Such flux variations are small with
respect to the four orders of magnitude spanned in ⇥F� ,
enabling the construction of a quasi-contemporaneous
spectral energy distribution in Sec. 3.

3. EMISSION SCENARIO

The spectral energy distribution, with the X-ray-to-
VHE data averaged over the active phase in April 2015

(MJD 57133-57140), is shown in Fig 2. The optical-to-
X-ray spectrum is well described by a power law with
photon index � = 2.29 ± 0.01 from 2 eV to 30 keV, in-
cluding a 10% intrinsic scatter in the fit procedure that
accounts for the small-amplitude optical-to-UV variabil-
ity. This spectrum suggests a single synchrotron compo-
nent peaking below 2 eV ⇤ 5 ⇥ 1014 Hz, created by an
electron population of index p = 2� � 1 ⇤ 3.58 ± 0.02.
As expected in FSRQs (Fossati et al. 1998), the emission
of PKS 1441+25 is dominated by the gamma-ray com-
ponent, well-described by a single component peaking at
3.3+1.8

�1.1 GeV.
The detection of gamma rays up to 200GeV, about

400GeV in the galaxy’s frame, suggests that the emit-
ting region is located beyond the BLR, or else pair pro-
duction would suppress any VHE flux even for a flat
BLR geometry (Tavecchio & Ghisellini 2012). The el-
evated radio state, correlated with the optical and HE
brightening, also suggests synchrotron emission outside
of the BLR where synchrotron self-absorption is smaller.
The hypothesis of large-scale emission is strengthened by
the week-long duration of the optical-to-gamma-ray flare.
This behavior contrasts with other observations of bright
FSRQs, displaying di⇥erent flux variations at di⇥erent
wavelengths (e.g. Abdo et al. 2010), more in line with
multi-component scenarios. The flare of PKS 1441+25
appears to be one of the few events whose detailed tem-
poral and spectral multiwavelength features are consis-
tent with the emission of a single component beyond the
BLR.
The BLR size can be derived using the estimated black-

hole mass, MBH = 107.83±0.13M⇥ (Shaw et al. 2012),

assuming rBLR ⌅ 1017 cm ⇥
�
Ldisk/1045 erg s�1 (Kaspi

et al. 2007) and an accretion disk luminosity that is a
fraction � = 10% of the Eddington luminosity. Alterna-
tively, Ldisk can be estimated from the BLR luminosity as
Ldisk ⌅ 10 ⇥ LBLR, with LBLR = 1044.3 erg s�1 (Xiong
& Zhang 2014). Both estimates yield rBLR ⌅ 0.03 pc,

Abeysekara+ 2015, arXiv: 1512.04434
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ACTIVE GALACTIC NUCLEI

Flaring blazars: 
constraints on size and 
emitting models
1ES 1959+650 flare in 
2016 June (Atel #9148)
>2.5 Crab peak flux
BL Lacertae flare on 
2016 Oct 5 (Atel #9599)
>1 Crab peak flux, sub-
hour variability
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COSMIC-RAY ELECTRONS

Probes local e+/e- (cool fast)

Isotropic: challenge on 
background estimation; use 
BDT

296 hrs of data after quality cuts

Spectral break at 710±40 GeV, 
spectral index -3.2 -> -4.1, 
statistical uncertainty ~0.1, 
systematic uncertainty ~20%.
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Figure 1: BDT response for proton MC (gray filled area) and the full dataset (blue points) for the energy
range 630 GeV to 1 TeV. The insert shows the ratio, data/MC, over the same range. The agreement is very
good except close to the limits of the distribution. As we approach the side dominated by background-like
events, -1.0, we find an excess in the data over the proton MC. We expect an excess here from helium and
higher-Z primaries, particularly since helium makes up ∼ 20% of the cosmic-ray flux. Likewise, as we
approach the side dominated by signal-like events, 1.0, we find an excess in the data over the protonMC that
arises from the CREs measured in this study.

struct within the inner 1◦ of the camera (the VERITAS field of view is 3.5◦). A strict cut is placed
on the distance between the array center and the reconstructed array core, coreR < 200 m. Only
extragalactic fields are considered in order to reduce the contamination from the Galactic Plane
diffuse gamma-ray flux. Additionally, all detected or candidate gamma-ray sources within each
field of view are excluded. To reduce the number of detector configurations in our simulations,
we selected only data collected between September, 2009 and July, 2012, which are the dates of
the two major VERITAS hardware upgrades (telescope relocation and PMT replacement, respec-
tively). We also restrict the mean zenith angle of the data to be between 65◦ − 75◦, where we
exclude data runs with mean values outside of this range (a data run is typically ∼20 minutes). To
accumulate sufficient Monte Carlo statistics, we generated simulations at a single zenith angle, 70◦.
This restricted data zenith range ensures the level of data/MC agreement necessary in this analysis.
296 hours of live-time remain after all these cuts.

We rely heavily on our Monte Carlo for interpretation and signal extraction. To simulate
the electromagnetic and hadronic showers, we used Corsika 6.970[16], with the QGSJetII.3 and
URQMD 1.3cr underlying event generators, and GrISUDet 5.0.0[17] for the VERITAS detector
response. We generated electrons, protons, and helium showers with a 4◦ radius on the sky to
approximate the isotropic and diffuse cosmic-ray flux. Larger simulation radii were tested and
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Figure 3: VERITAS preliminary cosmic-ray electron spectrum as a function of energy (GeV) in solid blue
circles. The best fit to the data is represented as a dashed line and is found to be two power-laws with a break
energy 710 ± 40 GeV and spectral indices of −3.1 ± 0.1stat (−4.1 ± 0.1stat) below (above) the break. The
!2/dof of the fit is 0.9. Shown for comparison are data from other experiments in the same energy range.
The gray band represents the systematical uncertainty on the VERITAS measurement.

source). We urge caution in over-interpretation of the uptick in the final VERITAS data point since
this is within 2" of the best fit line.
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DARK MATTER

Dwarf spheroidal galaxies (dSphs): 
high M/L ratio, low astrophysical background
Combined ~216-hr data on 4 dSphs, no detection
Constraints on DM annihilation cross section derived
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Figure 3: Preliminary observed cross section exclusion limits as a function of DM particle mass with 95%
confidence for annihilation channels bb̄ (top left), ⇤+⇤� (top right) and directly to �� (bottom). The blue
bands indicate the 1⇥ systematic uncertainty in the dark matter profile. In the cases of bb̄ and ⇤+⇤�, the
cross section limits for the previously published 48 hour exposure VERITAS observations of Segue 1 are
also shown [27]. The Gray band represents a range of generic values for the annihilation cross-section in the
case of thermally produced dark matter.

uses a 100% branching fraction into various Standard Model final states. The shaded band for the
limits represents the 1⇥ systematic uncertainty that exists because of imperfect knowledge of the
dSph density profiles. Figure 4 shows the median observed DM limit for the ⇤+⇤� channel with
1⇥ and 2⇥ statistical uncertainties (the limit has a 68% and 95% chance to be within the red and
green bands, respectively). Note that the observed limit does not exceed ±2⇥ of the expectation
limit for any value of the DM mass.

5. Conclusions

Presented here for the first time are the results of using the event weighting method for IACT
analysis, using information from several objects to perform a combined search and compute cross
section limits. No evidence of DM is found in 216 hours of combined dSph data, and limits of the
annihilation cross section have been computed. The event weighting method has the added benefit
of using the VERITAS PSF and individual event reconstruction position in addition to using the
individual energies of each event, leading to more accurate cross section limits. The combination
of softer cuts used for the analysis, roughly twice the exposure for Segue and the event weighting
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bands indicate the 1⇥ systematic uncertainty in the dark matter profile. In the cases of bb̄ and ⇤+⇤�, the
cross section limits for the previously published 48 hour exposure VERITAS observations of Segue 1 are
also shown [27]. The Gray band represents a range of generic values for the annihilation cross-section in the
case of thermally produced dark matter.

uses a 100% branching fraction into various Standard Model final states. The shaded band for the
limits represents the 1⇥ systematic uncertainty that exists because of imperfect knowledge of the
dSph density profiles. Figure 4 shows the median observed DM limit for the ⇤+⇤� channel with
1⇥ and 2⇥ statistical uncertainties (the limit has a 68% and 95% chance to be within the red and
green bands, respectively). Note that the observed limit does not exceed ±2⇥ of the expectation
limit for any value of the DM mass.

5. Conclusions

Presented here for the first time are the results of using the event weighting method for IACT
analysis, using information from several objects to perform a combined search and compute cross
section limits. No evidence of DM is found in 216 hours of combined dSph data, and limits of the
annihilation cross section have been computed. The event weighting method has the added benefit
of using the VERITAS PSF and individual event reconstruction position in addition to using the
individual energies of each event, leading to more accurate cross section limits. The combination
of softer cuts used for the analysis, roughly twice the exposure for Segue and the event weighting
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Figure 3: Preliminary observed cross section exclusion limits as a function of DM particle mass with 95%
confidence for annihilation channels bb̄ (top left), ⇤+⇤� (top right) and directly to �� (bottom). The blue
bands indicate the 1⇥ systematic uncertainty in the dark matter profile. In the cases of bb̄ and ⇤+⇤�, the
cross section limits for the previously published 48 hour exposure VERITAS observations of Segue 1 are
also shown [27]. The Gray band represents a range of generic values for the annihilation cross-section in the
case of thermally produced dark matter.

uses a 100% branching fraction into various Standard Model final states. The shaded band for the
limits represents the 1⇥ systematic uncertainty that exists because of imperfect knowledge of the
dSph density profiles. Figure 4 shows the median observed DM limit for the ⇤+⇤� channel with
1⇥ and 2⇥ statistical uncertainties (the limit has a 68% and 95% chance to be within the red and
green bands, respectively). Note that the observed limit does not exceed ±2⇥ of the expectation
limit for any value of the DM mass.

5. Conclusions

Presented here for the first time are the results of using the event weighting method for IACT
analysis, using information from several objects to perform a combined search and compute cross
section limits. No evidence of DM is found in 216 hours of combined dSph data, and limits of the
annihilation cross section have been computed. The event weighting method has the added benefit
of using the VERITAS PSF and individual event reconstruction position in addition to using the
individual energies of each event, leading to more accurate cross section limits. The combination
of softer cuts used for the analysis, roughly twice the exposure for Segue and the event weighting
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HAWC FOLLOW-UP

HAWC: ground-based gamma-ray survey 
instrument.
VERITAS is searching the archival data for 
previously unidentified HAWC sources.  
VERITAS can also trigger ToO on HAWC alerts. 
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Figure 1. HAWC skymap of statistical significances above background, in celestial coordinates.
The declination coverage is approximately �30� < ⇥ < +70�. The emission band at the first
Galactic quadrant is clearly visible on the left. The three outstanding point sources from left
to right, Mrk 501, Mrk 421 and the Crab Nebula. Next to the Crab, with lower significance, is
Geminga.

number of Galactic sources found in the HESS Galactic Plane survey, the distribution of source
types in TeVCat departs from the one derived from the 2FHL, highlighting the bias of (deep)
pointed observations and highlighting the relevance of TeV wide field of view and high duty
cycle observatories.

Extensive air shower (EAS) arrays can perform continuous survey and monitoring
observations complementary to the deeper pointed ACT exposures. EAS arrays have been
employed as cosmic-ray detectors for decades; the cosmic-ray experiment installed at Haverah
Park in the 1960s is one of the earliest examples of water Cherenkov detectors [8]. EAS with the
capability of separating photons and hadrons have been developed in United States (MILAGRO),
Mexico (HAWC) and China (Tibet AS-� and ARGO). In particular MILAGRO proved the
feasibility of astronomical observations with the water Cherenkov technique by performing a
successful multi-steradian survey of the �-ray TeV sky. It detected photons of median energy
40 TeV from Galactic objects, in particular extended di�use sources associated to GeV pulsars.
At the Galactic anti-center MILAGRO detected the Crab Nebula and an extended source at
the location of Geminga; the first Galactic quadrant showed prominent emission at the Cygnus
region and the previously unreported source MGRO J1908+06. The BL Lac object Mrk 421
was also detected and sampled in timescales of months during the lifetime of the observatory [9].

2. The High Altitude Water Cherenkov �-ray observatory
The success of MILAGRO prompted for the development of a water Cherenkov observatory of
improved design located at higher altitude. The HAWC �-ray observatory has been installed at
the Northern base of Volcán Sierra Negra1, in the Mexican state of Puebla, by a collaboration
of about thirty institutions of Mexico and the United States formed in 2007. The site has
an altitude of 4100m and a somewhat equatorial latitude of 19�N, which allows to cover the
declination band �26� <⇥ ⇥ <⇥ +64�, or roughly two thirds of the sky for an instantaneous
aperture of 45�. The site selected for HAWC is one kilometer North of the Large Millimeter

1 named Tliltepetl, in Nahuatl.

arXiv:1609.01768



ICECUBE FOLLOW-UP
VERITAS followed up 28 northern 
muon track events, no detections so 
far
Multi-PeV muon neutrino detected on 
2014 Jun 11, ~1.8 hr VERITAS data 
on 2016 Mar 27, UL at 0.1% all-sky 
astrophysical neutrino flux.  
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OBSERVATION AND CHARACTERIZATION OF A COSMIC MUON NEUTRINO FLUX 11

Figure 7. Event view of the PeV track-like event recorded by IceCube on June 11, 2014. Left: Top and two side views. Right: Perspective view.
Shown are the IceCube DOMs as black dots. The colors indicate the photon arrival time from red (early) to green (late) and the size of the
sphere the amount of measured charge. Note that the scaling is non-linear and a doubling in sphere size corresponds to one hundred times the
measured charge. The blue line shows the reconstructed particle track. The reconstructed equatorial coordinates of this event are dec = 11.42�

and ra = 110.63�. This event deposited an energy of 2.6± 0.3PeV within the detection volume.

The two-dimensional contours of the profile likelihood as a
function of the signal parameters are shown in Fig. 6. While
the fitted astrophysical flux normalization is strongly corre-
lated with the astrophysical spectral index, these astrophysi-
cal signal parameters are found to be largely independent of
the prompt flux normalization.

The model assumes an unbroken power-law for the astro-
physical signal. We estimate that neutrinos in the experimen-
tal data sample with energies mainly between 191TeV and
8.3PeV contribute to this observation. This energy range is
shown in Fig. 5. It defines the central range of neutrino ener-
gies that contribute 90% to the total observed likelihood ratio
between the best-fit and the conventional atmospheric-only
hypothesis. Note that this definition is different from Aartsen
et al. (2015c,b).

4.3. Multi-PeV track-like event
The selected data include one exceptionally high-energy

muon event that is shown in Fig. 7 (Schoenen & Raedel
2015). The deposited energy has been measured to (2.6 ±
0.3) PeV of equivalent electromagnetic energy Aartsen et al.
(2014a). Assuming the best-fit atmospheric energy spectrum
from this analysis (see Fig. 5) the p-value of this event be-
ing of atmospheric origin has been estimated to be less than
0.005%, strongly suggesting an astrophysical origin.

The segmented energy loss reconstruction described in
Aartsen et al. (2014a) can be used to reconstruct the direc-
tion of through-going muons. This includes the timing of not

only the first photon but all photons as well as the total num-
ber of photons. The reconstructed direction of the event is
given in Tab. 4 and discussed in Sec. 5.1.

In order to estimate the angular uncertainty and the most
likely muon and neutrino energy we have simulated events
with energies according to our best-fit energy spectrum with
directions varying by 1⇥ around the best-fit direction. Addi-
tionally, the position where the muon enters the instrumented
volume has been varied within 10m. Systematic uncertain-
ties due to the lack of knowledge about the optical ice prop-
erties are taken into account by varying the ice model param-
eters within their uncertainties during the simulation.

Based on these simulations we evaluate the muon energy
at the point of entrance into the instrumented volume, that
results in the observed deposited energy. The obtained me-
dian muon energy is (4.5 ± 1.2)PeV where the error range
corresponds to 68% C.L.

For the estimation of the median expected neutrino energy
we have taken into account that high energy muons arise
not only from �µ charged current interactions but also from
muonic decay of charged current �⇥ interactions and muonic
W� decays in �̄e + e� ⇥ W� interactions. Here, we as-
sume the best-fit astrophysical spectrum and an equal flux of
all flavors but include the effects of the Earth’s absorption for
the specific declination of the event. Under these assump-
tions, we find 87.7% probability of a primary �µ, 10.9% for
a primary �⇥ and 1.4% for a primary �̄e. The respective prob-

2.6 ± 0.3 PeV (arXiv:1607.08006)

M. Santander - Multimessenger studies with the VERITAS Cherenkov Telescopes — ICHEP 2016, Chicago

VERITAS observation of the PeV muon location

11

• 4 runs (1.83 hr of live-time) taken on 03/27/2016 under dark conditions. Analysis 
optimized for soft-spectrum sources. 

• No gamma emission detected within the neutrino error circle. ULs at the level of a 
few percent of the Crab. 

• Upper limits at the level of 0.1% of the all-sky astrophysical neutrino flux 
(depends on spectral extrapolation and source redshift).

50%

99%

PRELIMINARY 

z = 0

z = 0.1z = 1

10% Crab

1% Crab

IceCube flux / 1000 IC_NU20

PRELIMINARY 

M. Santander - Multimessenger studies with the VERITAS Cherenkov Telescopes — ICHEP 2016, Chicago

VERITAS observation of the PeV muon location

11

• 4 runs (1.83 hr of live-time) taken on 03/27/2016 under dark conditions. Analysis 
optimized for soft-spectrum sources. 

• No gamma emission detected within the neutrino error circle. ULs at the level of a 
few percent of the Crab. 

• Upper limits at the level of 0.1% of the all-sky astrophysical neutrino flux 
(depends on spectral extrapolation and source redshift).
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ICECUBE FOLLOW-UP

High-energy starting event (HESE); 14 track events 
in 4-year IceCube data

Fast: VERITAS followed up IceCube event 160427A 
within ~3 minutes of its detection (http://
gcn.gsfc.nasa.gov/gcn3/19377.gcn3)

Angular error: 90% of the time 8.9 deg (50% of the 
time 1.6 deg)
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http://gcn.gsfc.nasa.gov/gcn3/19377.gcn3


LIGO 
FOLLOW-UP

GW150914:
BH-BH merger:        

no strong gamma-ray 
emission predicted.

NS-NS/NS-BH merger: 
possible short GRB, 
GBM event 0.4 s after.
~30 VERITAS 
pointings to follow up. 

18

– 20 –

Fig. 8.— The LIGO localization map (top left) can be combined with the GBM localization map for

GW150914-GBM (top right) assuming GW150914-GBM is associated with GW event GW150914.

The combined map is shown (bottom left) with the sky region that is occulted to Fermi removed in

the bottom right plot. The constraint from Fermi shrinks the 90% confidence region for the LIGO

localization from 601 to 199 square degrees.
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Gravitational wave follow-up
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• LIGO O2 run to start in a few months, Virgo joining in 2017 will improve the 
event localization to O(10 deg2). 

• Localization map for the GW alert is available a few minutes after detection, goes 
out to follow-up instruments after data quality checks are performed. 

• VERITAS system is being tested in preparation for O2. GW alert will be processed 
and observations will start automatically.

VERITAS FoV

29 pointings to cover the 50% CI of GW150914Event localization probability map

arXiv: 1602.03920



SUMMARY AND OUTLOOK

VERITAS continues to run smoothly and contribute 
actively to a wide range of scientific topics

Existing and new multi-wavelengths and multi-
messenger partnerships are emphasized

Funding secure until 2019

A mid-size CTA prototype is being built on site
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