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scope Array System (VERITAS), are uniquely suited to resolve the detailed morphology of
extended regions of gamma-ray emission. However, standard VERITAS data analysis techniques
have insufficient sensitivity to gamma-ray sources spanning the VERITAS field of view (3.5°),
due to difficulties with background estimation. For analysis of such spatially extended sources
with 0.5° to greater than 2° radius, we developed the Matched Runs Method. This method derives
background estimations for observations of extended sources using matched separate observations
of known point sources taken under similar observing conditions. Our technique has been vali-
dated by application to archival VERITAS data. Here we present a summary of the Matched Runs
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1. Introduction

The Very Energetic Radiation Imaging Telescope Array System (VERITAS) is an array of 4
Imaging Atmospheric Cherenkov Telescopes (IACTs) located at an altitude 1268 m in southern
Arizona [8]. Each telescope consists of 345 hexagonal facets and 499 high quantum efficiency
photomultiplier tubes [9] covering a 3.5° field of view. It is sensitive to gamma rays in the energy
range of 100 GeV to > 30 TeV and can detect gamma rays from a 10 mCrab point-source at a
significance of 5f in less than 25 hours of observation. However, the sensitivity of VERITAS’s
standard point source analysis techniques significantly decreases as the angular extension of the
source increases. Therefore, the observation of extended regions of gamma-ray emission with
VERITAS is limited and there has been no conclusive detection of the gamma-ray sources with
large angular extent such as Geminga PWN [3], Cygnus Cocoon [4], and 2HWC J2006+341 [2] etc.

TheMatched RunsMethod (MRM) is developed as a background analysis technique to increase
VERITAS sensitivity to extended sources [7]. This method estimates background using archived
observations on the known point sources after carefully matching the observing conditions such
as elevation, azimuth angle, weather quality, date of the observation and cosmic-ray rate with the
region of interest. We performed a series of validation tests ofMRMusing the Eventdisplay package
[10]. The method has been successfully validated on Segue 1, Ursa Minor [1] and weak blazars
like 1ES 0229+200. Here, we present the results of the validation tests on the highly variable bright
blazar Mrk 421 and the mildly extended source IC 443.

2. Background Estimation with MRM Method

There are two methods used for background calculations in the VERITAS standard analysis.
They are known as the Ring Background (RB) and the Reflected Region (RE) methods [5]. In the
RB method, the background is estimated from a ring around the gamma-ray emission or ON region
[6]. In the Reflected Region method, the background is estimated from a number of regions, of the
same size as the ON region, placed in a ring arrangement offset from the camera center [6]. Both of
these background estimation techniques require large regions in the camera’s field of view with no
source emission. Hence, when the angular extent of the source becomes close to or greater than the
field of view, there is not sufficient area remaining to use for the background calculation. Hence,
both RB and RE methods are not sensitive to extended regions (>0.5°spatial extent) of gamma-ray
emission.

An alternative technique could be applying ON/OFF method in which the observation on a
region of interest is ON observation and away from the region of interest is OFF observation. This
way, the camera can utilize the entire field of view for the background observation. The OFF
observations are taken on the same day in a blank sky patch with no known gamma-ray sources
under similar observing parameters such as elevation and azimuth. The classical ON/OFF technique
has been successfully used by gamma-ray observatories to observe sources with a spatial extent
comparable to the field of view of the camera. However, this technique requires twice as much
observation time compared to the standard VERITAS background estimation methods (RB and
RE).
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As a better alternative to the classical ON/OFFmethod, the matched run method was developed
[1]. Instead of observing a dedicated OFF run for each ON run, it utilizes archived observations
taken on a known point source under similar observing conditions and with similar background
rates. The run from the archived data which matches the background rate of an ON run is called a
"matched run" [1]. Since the matched runs are observations taken on a known source, we then have
to apply the standard background techniques (RB or RE) to estimate the background. Hence, the
MRM is a combination of the classical ON/OFF method and the VERITAS standard background
estimation technique.

The MRM match finding algorithm takes into account four parameters: elevation angle,
azimuth angle, MJD of the run and number of non-gamma or cosmic ray events #�'. A user
supplies the maximum difference allowed for these four parameters between an ON run and an OFF
run along with a list of ON observation runs and a list OFF observation runs. Based on the list of
OFF observation runs provided, the match finding algorithm compiles a list of matched runs with
minimum difference in #�', Δ, where

Δ =

=∑
8=0

#�'8$# − #�'8"0C2ℎ43 . (1)

#�'
8$#

is the #�' of the 8Cℎ ON run, #�'
8"0C2ℎ43

is the #�' of its matched run, and = is the number
of ON runs.

The algorithm will continue to provide a list of matched runs until the number of OFF obser-
vation runs is less than the number of ON observation runs. For each matched list the algorithm
also calculates the parameter " , where

" =

∑=
8=1 #

�'
8$#
− #�'

8"0C2ℎ43√∑=
8=1 #

�'
8$#
+#�'

8"0C2ℎ43

=

. (2)

" determines how well the ON run list matches with the matched run list. The matched run
list with minimum " is selected as the best set of matched runs.

3. Validation Tests

We performed a series of tests on archival VERITAS observations using MRM with the
EventDisplay package. These validation tests include analysing the various source types detected
by VERITAS using the standard background estimation technique and comparing their detection
significance with the results obtained with the MRM background calculation. The data collected
from 2009 through summer 2012 are categorized as V5 epoch and the data collected after 2012 are
categorized as V6 epoch [9]. An energy threshold of 450 GeV is used.

Fig. 1 shows the validation test on 2 hr V6 epoch Crab data. Using the standard RE method for
the background estimation, the Crab is detected at a significance of 35.1 f and using MRM for the
background estimation, the source is detected at a significance of 34.5 f. From our studies on the
Crab nebula, there is about 10 % systematic uncertainty between the two background estimation
methods. Fig. 2 shows the results for the blazar MRK 421 in a bright state using 2.5 hr V6 epoch
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Figure 1: Left: Significance map of Crab nebula using standard analysis. Right: Significance map of Crab
nebula using MRM analysis.
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Figure 2: Left: Significance map of MRK 421 flaring state using standard analysis. Right: Significance
map of MRK 421 flaring state using MRM analysis.

data. Using the standard RE method, MRK 421 is detected at a significance of 46.9 f and using
the MRM background estimation, the source is detected at a significance of 45.6 f. Fig. 3 shows
the results for MRK 421 at quiescent state using 2 hr of V6 epoch data. Using standard background
estimation, the blazar was detected at a significance of 18.5 f and using MRM, it is detected at
a significance of 17.9 f. These results validate that the MRM is sensitive to the highly variable
blazar. Fig. 4 shows the results for a slightly extended source IC 443 with 0.16°spatial extent, using
22 hr V5 epoch data. It is detected at a significance of 3.0 f using standard analysis and using
MRM, it is detected at a significance of 2.8 f.
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Figure 3: Left: Significance map of MRK 421 quiescent state using standard analysis. Right: Significance
map of MRK 421 quiescent state using MRM analysis.

]σ
si

g
n

if
ic

an
ce

 [

5−

4−

3−

2−

1−

0

1

2

3

4

5

 [
d

eg
]

J2
00

0
d

ec
lin

at
io

n

21

22

23

24

 [hours]
J2000

right ascension
m10h06m15h06m20h06m25h06

]σ
si

g
n

if
ic

an
ce

 [

5−

4−

3−

2−

1−

0

1

2

3

4

5

 [
d

eg
]

J2
00

0
d

ec
lin

at
io

n

21

22

23

24

 [hours]
J2000

right ascension
m10h06m15h06m20h06m25h06

Figure 4: Left: Significance map of IC 443 using standard analysis. Right: Significance map of IC 443
using MRM analysis.

4. Summary

In all the validation tests, the MRM is able to recover the significances obtained with the
VERITAS standard analysis. For IC 443, while the two methods agree, using 22 hr of data, the
detection was only about 3f. We are in the process of analyzing both V5 and V6 epoch data thereby
increasing our data set to increase the detection significance. We will also repeat the validation
studies at an energy threshold of 250-270 GeV. Once the validation tests are completed, the MRM
will be applied to analyze the Geminga [3] and Cygnus Cocoon [4] region data.
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