
 
 
 

 

© 2016. The American Astronomical Society. All rights reserved. 

 
 

 

Tev Gamma-Ray Observations of the Galactic Center Ridge by 
Veritas 

 
 

M. Santander – University of Alabama 
et al. 

 
 

Deposited 06/17/2019 

 

 

 

Citation of published version: 

Archer, A., et al. (2016): Tev Gamma-Ray Observations of the Galactic Center Ridge by 
Veritas. The Astrophysical Journal, 821(2).  
DOI: http://dx.doi.org/10.3847/0004-637X/821/2/129 
 

 

 

THE UNIVERSITY OF 

ALABAMA University Libraries 

http://dx.doi.org/10.3847/0004-637X/821/2/129


TEV GAMMA-RAY OBSERVATIONS OF THE GALACTIC CENTER RIDGE BY VERITAS
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ABSTRACT

The Galactic Center ridge has been observed extensively in the past by both GeV and TeV gamma-ray instruments
revealing a wealth of structure, including a diffuse component and the point sources G0.9+0.1 (a composite
supernova remnant) and Sgr A* (believed to be associated with the supermassive black hole located at the center of
our Galaxy). Previous very high energy (VHE) gamma-ray observations with the H.E.S.S.experiment have also
detected an extended TeV gamma-ray component along the Galactic plane in the >300 GeV gamma-ray regime.
Here we report on observations of the Galactic Center ridge from 2010 to 2014 by the VERITAS telescope array in
the >2 TeV energy range. From these observations we (1) provide improved measurements of the differential
energy spectrum for Sgr A* in the >2 TeV gamma-ray regime, (2) provide a detection in the >2 TeV gamma-ray
emission from the composite SNR G0.9+0.1 and an improved determination of its multi-TeV gamma-ray energy
spectrum, and(3) report on the detection of VER J1746-289, a localized enhancement of >2 TeV gamma-ray
emission along the Galactic plane.

Key words: Galaxy: center – gamma rays: general – supernovae: individual (G0.9+0.1)

1. INTRODUCTION

The Galactic Center ridge region, defined here as the central
3°×1° (l, b) region of the Galactic plane, encompasses a large
number of nonthermal sources thatare known to accelerate
particles to relativistic energies. The Galactic Center ridge
includes structures such as the nonthermal filaments (NTFs)
seen in the radio band (Yusef-Zadeh 2003; Nord et al. 2004;

Yusef-Zadeh et al. 2004; LaRosa et al. 2005; Law et al. 2008),
multiple centers of hard X-ray emission (Yusef-Zadeh et al.
2002; Law & Yusef-Zadeh 2004; Goldwurm 2007; Muno et al.
2009), sources of MeV–GeV gamma-ray emission (Hartman
et al. 1999; Acero et al. 2015), and both point-like and diffuse
or extended structures seen in the TeV gamma-ray regime (van
Eldik 2015).
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The bright radio source Sgr A* located at the Galactic center
is associated with a supermassive (4×106 M ) black hole
(Ghez et al. 2005; Gillessen et al. 2009) and is known to be a
luminous (∼1033 erg s−1) hard X-ray source, with transient
outbursts up to >1035 erg s−1. Evidence for energetic flares
from the region have also been seen at GeV energies by Fermi
(Vasileiou et al. 2011); however, through a relatively long
timeline of TeV gamma-ray observations (from 1995 to 2015)
with imaging atmospheric Cherenkov telescopes (IACTs), the
source is observed to be constant at TeV gamma-ray energies
(Aharonian et al. 2004, 2009; Kosack et al. 2004; Tsuchiya
et al. 2004; Albert et al. 2006; Archer et al. 2014).

This apparent lack of variability from Sgr A* in the TeV
gamma-ray regime has led to questions about whether the TeV
source is actually associated with Sgr A* at all; alternative
sources such as the supernova remnant (SNR) Sgr A East have
been ruled out as being associated with TeV emission (Acero
et al. 2010), while others, such as the pulsar wind nebula
(PWN) G359.95-0.04 (Wang et al. 2006), are still possible
alternatives (Hinton & Aharonian 2007). It is also possible that,
unlike active galactic nuclei (AGN), the dominant source of
TeV gamma-ray emission comes from a wind termination or
accretion shock (Atoyan & Dermer 2004; Ballantyne
et al. 2007; Chernyakova et al. 2011) associated with Sgr A*,
but not directly with emission from a centrally located jet.
While the issue of a firm identification of the central TeV
source remains somewhat unclear, for the analysis presented in
this work we will assume that the central TeV source is
associated with Sgr A* and refer to it as such. We revisit this
question in the discussion (Section 6).

As well as providing measurements of the central TeV
gamma-ray source (associated with Sgr A*), previous H.E.S.S.
observations of the Galactic Center ridge have also revealed
significant TeV emission from the composite SNR G0.9+0.1
(Aharonian et al. 2005), as well as two extended sources of
TeV emission: H.E.S.S. J1745-303 (associated with an SNR/
molecular cloud interaction; Tibolla et al. 2008) and H.E.S.S.
J1741-302 (unidentified;Aharonian et al. 2006a). Additionally,
the observation of a diffuse band of >300 GeV gamma-ray
emission centered on the Galactic center by the H.E.S.S.
Collaboration (Aharonian et al. 2006b), which correlates well
with the projected density of molecular clouds in the region, is
strong evidence for the interaction between a population of
cosmic rays accelerated near the Galactic center and the
material in the molecular clouds (presumably from hadronic
interactions;see Abramowski et al. 2014). Under a cosmic-ray-
driven scenario, the H.E.S.S. results can be explained by a
density of comic rays 3–6 times higher near the Galactic center
than in the solar neighborhood; a reasonable conclusion is
therefore that a source within the Galactic center (possibly Sgr
A*) has acted in the past as a source of Galactic cosmic
rays,which can then escape the Galactic Center ridge and
diffuse throughout the Galaxy.

In addition to these astrophysical processes, the Galactic
center is expected to be the densest local region of particle dark
matter in our local universe. While difficult to disentangle from
conventional astrophysical processes, dark matter annihilation
could provide a measurable contribution to the radio through
gamma-ray emission in a region extending several degrees
from the Galactic center. One of the suggested possibilities for
particle dark matter is the lightest supersymmetric particle (the
neutralino, c0), which can, depending on the mass of the c0

particle, self-annihilate into gamma rays with energies in the
range of both GeV and TeV gamma-ray instruments. In-depth
searches for this annihilation signal in the TeV regime have
been performed by IACTs in the Galactic center region
(Aharonian et al. 2006c; Abramowski et al. 2011, 2015),
strongly constraining the allowed thermally averaged cross-
section for self-annihilation to values near the edge of the
parameter space allowed by cosmological measurements and
supersymmetry models. Within the past few years, evidence of
a Galactic center excess in the 1–3 GeV regime from Fermi
observations has led to claims that this dark matter self-
annihilation has already been detected from the Galactic center
(Hooper & Goodenough 2011; Abazajian & Kaplinghat 2012;
Daylan et al. 2014). While this prospect is tantalizing, it is of
crucial importance to understand the various conventional,
local sources thatcan contribute to both the GeV and TeV
gamma-ray emission from the region. For example, the Fermi-
LAT measured excess could perhaps be explained by a
population of millisecond pulsars nearthe Galactic center
(Bartels et al. 2015). As the spectral shape of the Fermi-LAT
excess includes a cutoff below 100 GeV, this excess would not
extend into the TeV gamma-ray regime; observations with
instruments such as VERITAS and H.E.S.S. offer the ability to
identify regions of the inner Galaxy thatare shining in gamma
rays from purely astrophysical (and not c0 self-annihilation)
processes. These regions can then be removed from future dark
matter analyses with Fermi-LAT.
In this work we present the VERITAS observations of the

Galactic Center ridge in the >2 TeV gamma-ray regime, taken
from 2010 to 2014. From these observations, we report the
measurement of the position and spectrum of the central source,
which is spatially coincident with Sgr A*, improving on the
earlier VERITAS measurements and H.E.S.S. measurement
above 2 TeV. We also report the detection by VERITAS of the
composite SNR G0.9+0.1 and the measurement of its spectrum
in the>2 TeV gamma-ray band, improving on previous H.E.S.S.
measurements in this energy range. Finally, we report the
detection of a new source of >2 TeV gamma-ray emission
nearthe Galactic center, VER J1746-289.

2. VERITAS OBSERVATIONS

The Very Energetic Radiation Imaging Telescope Array
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 m IACTs.
Since the commissioning of the array in 2007, VERITAS has
provided excellent angular resolution and sensitivity to TeV
gamma-ray sources (Holder et al. 2008). In normal operation
(i.e., high-elevation observations), VERITAS is sensitive in the
energy range from 85 GeV to >30 TeV and is capable of
detecting a 1% Crab Nebula flux in approximately 25 hr 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 hr live

time of quality-selected observations of the Sgr A* region.
Owingto the Northern Hemisphere location of VERITAS, the
Sgr A* region never transits above 30° elevation. Therefore,
this work has been performed using 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 location of the shower position within the camera
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plane. This method compensates for the degradation in angular
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 observations 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 observations detailed
in this work. Owingto the Cherenkov light from incident
gamma rays having to traverse a much larger atmospheric
depth during large zenith angle observations, the light from
lower-energy showers is insufficient 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 employed. Both
background estimation techniques were performed with
masked regions corresponding to all known TeV sources
within 4° of the Galactic center: H.E.S.S. J1747-281 (G0.9
+0.1), H.E.S.S. J1745-290 (Sgr A*), the extended sources
H.E.S.S. J1741-302 and H.E.S.S. J1745-303, and the central
diffuse 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 sky map 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 emission from a region corresponding to
the composite SNR G0.9+0.1, as well as an extended
component of emission along the Galactic plane. In Sections 3–
5 we examine these detections and provide sky maps 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 component 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
(18σ) in approximately 46 hr of observations between 2010 and
2012. In the total of 85 hr of observations reported in this work,
VERITAS detected a total of 735 excess gamma-ray events
from VER J1745-290, resulting in a detection significance of
>25σ. The resulting >2 TeV gamma-ray excess map is shown

Figure 1. VERITAS >2 TeV gamma-ray significance map (smoothed with a point-spread function [PSF]) of the Galactic Center ridge showing significant emission
from Sgr A*, G0.9+0.1, and a diffuse emission region between these two point sources. The emission from the central region is saturated owingto the color scale.

Figure 2. VERITAS >2 TeV gamma-ray excess map of Sgr A* showing the VERITAS source location compared to the H.E.S.S. and radio locations (left). The black
dashed circle represents the total error on the VERITAS fit. On the right is shown the differential energy spectrum using both VERITAS and H.E.S.S. points along
with the model fits described in the text.
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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°.002stat ± 0°.013sys, b=−0°.053±
0°.002stat ± 0°.013sys, in good agreement with both the radio
and H.E.S.S. positions.

The VERITAS differential energy spectrum of Sgr A* from
2 to 30 TeV (derived from an integration region of 0°.13
centered on VER J1745-290) is shown, along with the H.E.S.S.
spectral points (Aharonian et al. 2009) in Figure 2 (right).
While the H.E.S.S. observations allow for very rich statistics at
lower energies, the large effective area for large zenith angle
VERITAS observations of Sgr A* provides a significant
improvement in statistics at multi-TeV energies. By providing
a joint fit to both the H.E.S.S. and VERITAS points from 0.2 to
50 TeV, more refined spectral model parameters can be
obtained. Following the analysis of Aharonian et al. (2009),
we investigated spectra following the shape of (1) a pure power
law, (2) a power law with an exponential cutoff, and (3) a
smoothly broken power law. These functions have forms of
(respectively)
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The fitting results (shown in Table 1, and in Figure 2, right)
clearly disfavor a pure power-law fit, while the exponential-
cutoff power-law and smoothly broken power-law models both
provide adequate fits (reduced c2 values close to 1.0) with
similar values for cutoff/break energies. In the case of a power
law with an exponential cutoff, the spectral parameters are in
good agreement with Aharonian et al. (2009) and refine the
location of the spectral cutoff (Ecutoff) to 12.1±1.6 TeV. It is
important to note that the measured spectrum includes
contributions from any sources that may fall within 0°.13 of
Sgr A* (such as a diffuse component). Here we conservatively
estimate the systematic error to be approximately 40% on the
energy scale and 40% on the flux normalization (N0) (see
Archer et al. 2014 for a description of how this error is
derived). Taken in quadrature with the associated H.E.S.S.
systematic errors reported in Aharonian et al. (2009), the
VERITAS systematic errors dominate, resulting in a total
estimated systematic error for the above fits of ∼40% on energy
scaleand ∼40% on flux normalization.

Assuming that either an exponential-cutoff power law or
broken power law provides the best model of the spectrum
from the source, the determination of the cutoff/break energy
in the TeV gamma-ray spectrum provides an important
mechanism to study particle acceleration in the region. We
note that the overlap between multiple components of TeV
gamma-ray emission in the area (Sgr A*, diffuse, and possibly
others) makes a simple extraction of the diffuse component
from the Sgr A* spectrum problematic. As such, we take the
approach of only using the observed TeV gamma-ray spectrum
from the direction of Sgr A* to compare to emission models in
the discussion section at the end of this work. We note that
even with this analysis choice, our current result is consistent
with the results of Viana & Moulin(2013), in which the
authors perform a subtraction of a modeled diffuse component
from the Sgr A* TeV gamma-ray spectrum and find a spectral
cutoff of 10.7±2.0stat TeV.

4. VER J1747-281 (G0.9+0.1)

The composite SNR G0.9+0.1 consists of a bright, compact
radio PWN core surrounded by an extended radio shell
(Helfand & Becker 1987) and is estimated to have an age of
a few thousand years (Beckert et al. 1996; Aharonian et al.
2005). G0.9+0.1 was first announced as a TeV gamma-ray
source by the H.E.S.S. Collaboration (Aharonian et al. 2005),
detecting >200 GeV gamma-ray emission at the level of
approximately 2% of the Crab Nebula flux. The H.E.S.S.
source is attributed to the core of the remnant owingto the
observed morphology, as well as the apparent lack of strong
hard X-ray emission in the shell remnant. The H.E.S.S.
spectrum of the source from 0.2 to 7 TeV is well fit by a simple
power law with a spectral index of 2.4±0.11stat.
VERITAS observations of the Galactic Center ridge taken

during 2010–2014 also allow for a statistically significant
detection of G0.9+0.1 in the >2 TeV gamma-ray regime. In
the 85 hr of observations reported in this work, VERITAS
detected a total of 134 excess events from G0.9+0.1,
corresponding to a statistically significant detection at the 7σ
level. The VERITAS source position (Figure 3, left) is centered
at l = 0°.86 ± 0°.015stat ± 0°.013sys, b=0°.067±0°.02stat ±
0°.013sys and is given the VERITAS source name VER J1747-
281. The VERITAS position is coincident with both H.E.S.S.
position and the radio core location. The joint VERITAS and
H.E.S.S. spectra of G0.9+0.1 (Figure 3, right) from 0.2 to
30 TeV are well fit (reduced c2 of 3.1/9) by a pure power law
(Equation (1)) with normalization (at 1 TeV) of
(7.07±0.66stat) ×10−13 photons TeV−1 cm−2 s−1 and index
of 2.51±0.07stat, consistent with the H.E.S.S. measurement
alone. Adding the systematic errors for both the H.E.S.S. and
VERITAS measurements in quadrature, we arrive at an error of

Table 1
Results of the Fitting of the VERITAS and H.E.S.S. Spectral Point of Sgr A* Described in the Text

Model N0 (cm
−2 s−1 TeV−1) G1 G2 Ebreak or Ecut (TeV)

c
n d f. . .

2

Power law 2.36 (±0.05)× 10−12 2.37±0.02 N/A N/A 148/32

Exp. cutoff 2.82 (±0.08)× 10−12 2.05±0.04 N/A 12.1±1.6 35/31
power law

Smoothly broken 2.55 (±0.07)× 10−12 2.14±0.04 4.39±0.39 12.1±1.7 32/30
power law
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41% on the spectral index and 45% on the flux normalization.
We find no strong indications of a spectral break up to
∼20 TeV.

5. VER J1746-289

In Aharonian et al. (2006b), the H.E.S.S. Collaboration
presented residual maps (i.e., after subtracting known point
sources within the field of view) of the >300 GeV gamma-ray
emission from the Galactic plane. These residual maps revealed
a complicated network of diffuse gamma-ray emission within
the central 3° of the plane. When plotted along with the CS
emission contours (Tsuboi et al. 1999), the H.E.S.S. emission
appears correlated with dense molecular cloud regions (bright
in CS line emission). However, given the complicated nature of
the region, this measurement was unable to rule out the
possibility of a significant contribution to the TeV gamma-ray
flux coming from unresolved point sources.

To investigate whether the H.E.S.S. residual component is
present in the >2 TeV gamma-ray VERITAS sky maps, we
effectively masked the two point sources (Sgr A* and G0.9
+0.1) by removing the excess counts from a 0°.12 region
surrounding their best-fit locations. The resulting significance
skymap is shown in Figure 4 with radio (middle panel)and
Fermi-LAT/H.E.S.S. intensity contours (bottom panel) over-
laid. A band of >2 TeV gamma-ray emission reaches ∼1° to
the east of Sgr A*. This morphology is consistent with the
result of Aharonian et al. (2006b) for emission above 300 GeV,
with two main enhancements: the first co-located with the giant
molecular cloud complex Sgr B2 (see Figure 3, left panel;
Figure 4), and a second region directly adjacent to Sgr A*. With
respect to the enhancement seen near Sgr B2, the VERITAS
data indicatea >2 TeV gamma-ray excess at a statistical
significance of 5.3σ. After an appropriate trials factor to
account for analysis cuts (signal versus noise selection criteria)
and a PSF-sized search region are applied, this significance
decreases to 4.1σ, bringing the excess below the threshold for a
claim of an individual source detection (5σ) by VERITAS.

Figure 3. Left:VERITAS >2 TeV gamma-ray significance map (smoothed with aPSF) of the composite SNR G0.9+0.1, along with VLA 20 cm radio contours
(Yusef-Zadeh et al. 2004). The VERITAS location is consistent with the core of the composite SNR. Excess TeV gamma-ray emission from the Sgr B2 region can also
be seen adjacent to G0.9+0.1. Right:differential energy spectrum of G0.9+0.1 using both VERITAS and H.E.S.S. (Aharonian et al. 2005) data points. The spectrum
is well fit by a simple power law with no indication of a cutoff up to ∼20 TeV.

Figure 4. VERITAS >2 TeV gamma-ray significance maps (smoothed with
aPSF) of the Galactic Center ridge after subtracting 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 20 cm 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.
2006b) and Fermi-LAT 3FGL (Acero et al. 2015) sources shown in the bottom
panel.
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In this work we choose to focus on the localized excess of
>2 TeV gamma-ray emission within this diffuse component,
directly adjacent to Sgr A*. The center of this excess is located
at l=0°.055±0°.01stat ± 0°.013sys, b=−0°.148±0°.01stat

± 0°.013sys and is given the name VER J1746-289. VER
J1746-289 is well fit (reduced c2 of 216/172) by an
asymmetric two-dimensional Gaussian of sl=0°.08,
sb=0°.03 (rotation angle of −15°.4 with respect to Galactic
latitude);therefore, the source is only marginally extended in
Galactic longitude. VER J1746-289 is detected at a statistical
significance of 7.6σ before applying a trials factor. Using an
appropriate search region (and accounting for analysis cuts),
this significance reduces to 6.7σ. The proximity of VER J1746-
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 significant difference
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 obtain 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
modeling 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 measurements, 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 spectrum of Sgr
A* by both VERITAS and H.E.S.S. at ∼10 TeV implies a
primary spectrum of particles with energies beyond 100 TeV
(Aharonian et al. 2009), the generation of which can be
accommodated within a range of both hadronic (Ballantyne
et al. 2007; Chernyakova et al. 2011) and leptonic (Atoyan &
Dermer 2004) scenarios (see Archer et al. 2014for 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 (relatively 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;
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 thatindicate that the nearby (∼100 pc from Sgr
A*) giant molecular cloud complex Sgr B2 is the echo site of a
previous flare event from Sgr A* around 300 yrago (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 molecular clouds nearSgr A* have
been irradiated by a transient event sometime within the past
100 yr(Ponti et al. 2010). Along these lines, it is natural to
continue to utilize very high energy (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 different 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 components 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 nonthermal structures (radio, X-ray, GeV, TeV) in the
region.
VER J1746-289 is coincident with multiple regions of radio

—TeV emission, including the well-studied Galactic radio arc
(Figure 4, middle panel), as well as the Fermi-LAT 3FGL
source (Figure 4, bottom panel) 3FGL J1746.3-2851c. The
morphology of VER J1746-289 is also consistent with the
H.E.S.S. excess in the region (Figure 4, bottom panel; Figure 5).
However, we note that the peak significance of VER J1746-289
appears to be offset from the H.E.S.S. peak excess. As the
VERITAS and H.E.S.S. excesses are derived from differing

Figure 5. XMM-Newton hard X-ray (2–7.2 keV) map of the region adjacent to
Sgr A*. The H.E.S.S. excess event contours (cyan) are shown along with the
VERITAS 5σ, 6σ, and7σ significance contours (white) for the source-
subtracted maps shown in Figure 4. Also shown (green ellipses) are regions
identified by Fe K emission to be particularly dense molecular cloud regions lit
up by a superluminal shock.
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energy regimes (>2 TeV versus >300 GeV), it is possible that
some variation in morphology might appear when comparing
the two maps. In Lemiere et al. (2015), the H.E.S.S.
Collaboration presented a 2D likelihood analysis of over
250 hr of observations,which indicates that the peak excess
seen in their maps is due to a single point source (possibly
correlated with a PWN), and not due to the structure of the
diffuse emission surrounding the Galactic center. In light of this
new result, it is likely that the structure of VER J1746-289 is
due to a superposition of emission from this new H.E.S.S. point
source and a local enhancement in the diffuse emission near the
Galactic center.

The similarity in morphology of the >300 GeV (Aharonian
et al. 2006b) and >2 TeV gamma-ray sky maps is consistent
with the previous interpretation of the H.E.S.S. emission as
coming from p0 emission from a hard spectrum cosmic-ray
population. To argue for this hypothesis, an analysis of the
H.E.S.S. Galactic plane survey data (Abramowski et al. 2014)
shows that the diffuse TeV gamma-ray emission along the
plane can be well explained by cosmic-ray protons interacting
with H I and H II regions, resulting in gamma rays through
neutral pion decay. In the analysis of Abramowski et al. (2014)
there is only a small secondary contribution from unresolved
point sources and inverse-Compton scattering by leptonic
cosmic rays.

In addition to protons accelerated at or near Sgr A*, another
possibility to explain the origin of the nonthermal emission in
the Galactic Center ridge is the interaction of synchrotron-
emitting electrons with molecular gas (Pohl 1997; Yusef-Zadeh
et al. 2013). As opposed to the hadronic scenario, ample
evidence for the presence of relativistic electrons already exists:
There is a strong source of diffuse synchrotron emission from
the central few hundred parsecs of the Galaxy (Pohl et al. 1992;
LaRosa et al. 2005), as well as a population of nonthermal
radio filaments (Yusef-Zadeh et al. 2004, 2013). There is also a
vast amount of diffuse +H3 distributed in the Galactic center
region, implying cosmic-ray ionization rate one to two orders
of magnitude higher in the Galactic center than in the Galactic
disk (Oka et al. 2001; Le Petit et al. 2015).

It is clear that transient outbursts from Sgr A* must also play
a role in the overall nonthermal emission from the region
within any (leptonic or hadronic) model. Flickering 6.4 keV Fe
Kα emission has been observed from the dense molecular
cloud regions near Sgr A*,as well as farther out near Sgr B2
(Murakami et al. 2000, 2001; Ponti et al. 2010). This
observation provides evidence for transient activity producing
significant amounts of energetic particles, this behavior
exhibiting variability over a timescale of several years. In
Figure 5 we show the VERITAS (significance) and H.E.S.S.
(excess) contours of the region overlaid on the XMM-Newton
2–7.2 keV count map. The known, nonthermal X-ray filamen-
tary structure is clearly apparent, whichoverlaps well with the
GeV/TeV gamma-ray emission in the region. Figure 5 also
shows the regions in this map thatexhibit strong Fe Kα
emission lines (Ponti et al. 2010), corresponding to dense
molecular cloud regions. In Ponti et al. (2010), it was shown
that the X-ray emission from this region includes a super-
luminal light front traveling through a molecular cloud region,
powered by a local source (e.g., Sgr A*, or another nearby
energetic source).

Despite the spatial overlap between the TeV gamma-ray
emission and the variable X-ray regions, shown in Figure 5, it

is difficult to produce a unified physical description that would
explain both features. However, as Fe Kα emission results
from the ionization of neutral iron by energetic particles,
measurements in this band provide a direct tracer for both high-
density molecular cloud formations and the path of energetic
electron transport on several-year timescales. Thus, monitoring
of this complex region across the nonthermal spectrum with
radio to TeV instruments might reveal further variable behavior
that can clarify the overall understanding of this complicated
region. Furthermore, as additional data with VERITAS area-
ccrued, the morphology of VER J1746-289 can be studied in
greater detail. This will allow the determination of whether this
source of TeV emission is primarily due to a point source
(PWN) immersed in diffuse emission (as H.E.S.S. observations
would suggest) or originating from the same dense molecular
regions traced out by Fe Kα and continuum X-ray emission. In
the latter case, VER J1746-289 could prove to be a novel
laboratory to study the high-energy particle acceleration at very
close distances to the Galactic center.

This research is supported by grants from the U.S.
Department of Energy Office of Science, the U.S. National
Science Foundation, and the Smithsonian Institutionand by
NSERC in Canada. We acknowledge the excellent work of the
technical support staff at the Fred Lawrence Whipple
Observatory and at the collaborating institutions in the
construction and operation of the instrument.
A.W.S. acknowledges support through the Cycle 7 Fermi

Guest Investigator program, grant number NNH13ZDA001N.
The VERITAS Collaboration is grateful to Trevor Weekes

for his seminal contributions and leadership in the field of VHE
gamma-ray astrophysics, which made this study possible.

REFERENCES

Abazajian, K. N., & Kaplinghat, M. 2012, PhRvD, 86, 083511
Abramowski, A., Aharonian, F., Ait Benkhali, F., et al. 2015, PhRvL, 114,

081301
Abramowski, A., Acero, F., Aharonian, F., et al. 2011, PhRvL, 106, 161301
Abramowski, A., Aharonian, F., Ait Benkhali, F., et al. 2014, PhRvD, 90,

122007
Acero, F., Ackermann, M., Ajello, M., et al. 2015, ApJS, 218, 23
Acero, F., Aharonian, F., Akhperjanian, A. G., et al. 2010, MNRAS, 402, 1877
Ackermann, M., Albert, A., Atwood, W. B., et al. 2014, ApJ, 793, 64
Aharonian, F., Akhperjanian, A., Barrio, J., et al. 2001, A&A, 370, 112
Aharonian, F., Akhperjanian, A. G., Anton, G., et al. 2009, A&A, 503, 817
Aharonian, F., Akhperjanian, A. G., Aye, K.-M., et al. 2004, A&A, 425, L13
Aharonian, F., Akhperjanian, A. G., Aye, K.-M., et al. 2005, A&A, 432, L25
Aharonian, F., Akhperjanian, A. G., Bazer-Bachi, A. R., et al. 2006a, ApJ,

636, 777
Aharonian, F., Akhperjanian, A. G., Bazer-Bachi, A. R., et al. 2006b, Natur,

439, 695
Aharonian, F., Akhperjanian, A. G., Bazer-Bachi, A. R., et al. 2006c, PhRvL,

97, 221102
Albert, J., Aliu, E., Anderhub, H., et al. 2006, ApJL, 638, L101
Archer, A., Barnacka, A., Beilicke, M., et al. 2014, ApJ, 790, 149
Atoyan, A., & Dermer, C. D. 2004, ApJL, 617, L123
Ballantyne, D. R., Melia, F., Liu, S., & Crocker, R. M. 2007, ApJL, 657, L13
Bartels, R., Krishnamurthy, S., & Weniger, C. 2015, arXiv:1506.05104
Beckert, T., Duschl, W. J., Mezger, P. G., & Zylka, R. 1996, A&A, 307, 450
Berge, D., Funk, S., & Hinton, J. 2007, A&A, 466, 1219
Chernyakova, M., Malyshev, D., Aharonian, F. A., Crocker, R. M., &

Jones, D. I. 2011, ApJ, 726, 60
Daylan, T., Finkbeiner, D. P., Hooper, D., et al. 2014, arXiv:1402.6703
Ghez, A. M., Salim, S., Hornstein, S. D., et al. 2005, ApJ, 620, 744
Gillessen, S., Eisenhauer, F., Trippe, S., et al. 2009, ApJ, 692, 1075
Goldwurm, A. 2007, PThPS, 169, 113
Hartman, R. C., Bertsch, D. L., Bloom, S. D., et al. 1999, ApJS, 123, 79
Helfand, D. J., & Becker, R. H. 1987, ApJ, 314, 203

7

The Astrophysical Journal, 821:129 (8pp), 2016 April 20 Archer et al.

http://dx.doi.org/10.1103/PhysRevD.86.083511
http://adsabs.harvard.edu/abs/2012PhRvD..86h3511A
http://dx.doi.org/10.1103/PhysRevLett.114.081301
http://adsabs.harvard.edu/abs/2015PhRvL.114h1301A
http://adsabs.harvard.edu/abs/2015PhRvL.114h1301A
http://dx.doi.org/10.1103/PhysRevLett.106.161301
http://adsabs.harvard.edu/abs/2011PhRvL.106p1301A
http://dx.doi.org/10.1103/PhysRevD.90.122007
http://adsabs.harvard.edu/abs/2014PhRvD..90l2007A
http://adsabs.harvard.edu/abs/2014PhRvD..90l2007A
http://dx.doi.org/10.1088/0067-0049/218/2/23
http://adsabs.harvard.edu/abs/2015ApJS..218...23A
http://dx.doi.org/10.1111/j.1365-2966.2009.16014.x
http://adsabs.harvard.edu/abs/2010MNRAS.402.1877A
http://dx.doi.org/10.1088/0004-637X/793/1/64
http://adsabs.harvard.edu/abs/2014ApJ...793...64A
http://dx.doi.org/10.1051/0004-6361:20010243
http://adsabs.harvard.edu/abs/2001A&amp;A...370..112A
http://dx.doi.org/10.1051/0004-6361/200811569
http://adsabs.harvard.edu/abs/2009A&amp;A...503..817A
http://dx.doi.org/10.1051/0004-6361:200400055
http://adsabs.harvard.edu/abs/2004A&amp;A...425L..13A
http://dx.doi.org/10.1051/0004-6361:200500022
http://adsabs.harvard.edu/abs/2005A&amp;A...432L..25A
http://dx.doi.org/10.1086/498013
http://adsabs.harvard.edu/abs/2006ApJ...636..777A
http://adsabs.harvard.edu/abs/2006ApJ...636..777A
http://dx.doi.org/10.1038/nature04467
http://adsabs.harvard.edu/abs/2006Natur.439..695A
http://adsabs.harvard.edu/abs/2006Natur.439..695A
http://dx.doi.org/10.1103/PhysRevLett.97.221102
http://adsabs.harvard.edu/abs/2006PhRvL..97v1102A
http://adsabs.harvard.edu/abs/2006PhRvL..97v1102A
http://dx.doi.org/10.1086/501164
http://adsabs.harvard.edu/abs/2006ApJ...638L.101A
http://dx.doi.org/10.1088/0004-637X/790/2/149
http://adsabs.harvard.edu/abs/2014ApJ...790..149A
http://dx.doi.org/10.1086/427390
http://adsabs.harvard.edu/abs/2004ApJ...617L.123A
http://dx.doi.org/10.1086/513103
http://adsabs.harvard.edu/abs/2007ApJ...657L..13B
http://arXiv.org/abs/1506.05104
http://adsabs.harvard.edu/abs/1996A&amp;A...307..450B
http://dx.doi.org/10.1051/0004-6361:20066674
http://adsabs.harvard.edu/abs/2007A&amp;A...466.1219B
http://dx.doi.org/10.1088/0004-637X/726/2/60
http://adsabs.harvard.edu/abs/2011ApJ...726...60C
http://arXiv.org/abs/1402.6703
http://dx.doi.org/10.1086/427175
http://adsabs.harvard.edu/abs/2005ApJ...620..744G
http://dx.doi.org/10.1088/0004-637X/692/2/1075
http://adsabs.harvard.edu/abs/2009ApJ...692.1075G
http://dx.doi.org/10.1143/PTPS.169.113
http://adsabs.harvard.edu/abs/2007PThPS.169..113G
http://dx.doi.org/10.1086/313231
http://adsabs.harvard.edu/abs/1999ApJS..123...79H
http://dx.doi.org/10.1086/165050
http://adsabs.harvard.edu/abs/1987ApJ...314..203H


Hinton, J. A., & Aharonian, F. A. 2007, ApJ, 657, 302
Holder, J., Acciari, V. A., Aliu, E., et al. 2008, in AIP Conf. Ser. 1085 Proc. 4th

International Meeting on High Energy Gamma-Ray Astronomy, ed.
F. A. Aharonian, W. Hofmann, & F. Rieger (Melville, NY: AIP), 657

Hooper, D., & Goodenough, L. 2011, PhLB, 697, 412
Kosack, K., Badran, H. M., Bond, I. H., et al. 2004, ApJL, 608, L97
LaRosa, T. N., Brogan, C. L., Shore, S. N., et al. 2005, ApJL, 626, L23
Law, C., & Yusef-Zadeh, F. 2004, ApJ, 611, 858
Law, C. J., Yusef-Zadeh, F., Cotton, W. D., & Maddalena, R. J. 2008, ApJS,

177, 255
Le Petit, F., Ruaud, M., Bron, E., et al. 2015, arXiv:1510.02221
Lemiere, A., Terrier, R., Jouvin, L., et al. 2015, arXiv:1510.04518
Muno, M. P., Bauer, F. E., Baganoff, F. K., et al. 2009, ApJS, 181, 110
Murakami, H., Koyama, K., & Maeda, Y. 2001, ApJ, 558, 687
Murakami, H., Koyama, K., Sakano, M., Tsujimoto, M., & Maeda, Y. 2000,

ApJ, 534, 283
Nord, M. E., Lazio, T. J. W., Kassim, N. E., et al. 2004, AJ, 128, 1646
Oka, T., Hasegawa, T., Sato, F., et al. 2001, ApJ, 562, 348
Petrov, L., Kovalev, Y. Y., Fomalont, E. B., & Gordon, D. 2011, AJ, 142, 35

Pohl, M. 1997, A&A, 317, 441
Pohl, M., Reich, W., & Schlickeiser, R. 1992, A&A, 262, 441
Ponti, G., Terrier, R., Goldwurm, A., Belanger, G., & Trap, G. 2010, ApJ,

714, 732
Su, M., Slatyer, T. R., & Finkbeiner, D. P. 2010, ApJ, 724, 1044
Tibolla, O., Komin, N., Kosack, K., & Naumann-Godo, M. 2008, in AIP Conf.

Ser. 1085 Proc. 4th International Meeting on High Energy Gamma-Ray
Astronomy, ed. F. A. Aharonian, W. Hofmann, & F. Rieger (Melville, NY:
AIP), 249

Tsuboi, M., Handa, T., & Ukita, N. 1999, ApJS, 120, 1
Tsuchiya, K., Enomoto, R., Ksenofontov, L. T., et al. 2004, ApJL, 606, L115
van Eldik, C. 2015, APh, 71, 45
Vasileiou, V., Chiang, J., Omodei, N., et al. 2011, ATel, 3162, 1
Viana, A., & Moulin, E. 2014, BrJPh, 44, 415
Wang, Q. D., Lu, F., & Gotthelf, E. 2006, MNRAS, 367, 937
Yusef-Zadeh, F. 2003, ApJ, 598, 325
Yusef-Zadeh, F., Hewitt, J. W., & Cotton, W. 2004, ApJS, 155, 421
Yusef-Zadeh, F., Hewitt, J. W., Wardle, M., et al. 2013, ApJ, 762, 33
Yusef-Zadeh, F., Law, C., Wardle, M., et al. 2002, ApJ, 570, 665

8

The Astrophysical Journal, 821:129 (8pp), 2016 April 20 Archer et al.

http://dx.doi.org/10.1086/510283
http://adsabs.harvard.edu/abs/2007ApJ...657..302H
http://adsabs.harvard.edu/abs/2008AIPC.1085..657H
http://dx.doi.org/10.1016/j.physletb.2011.02.029
http://adsabs.harvard.edu/abs/2011PhLB..697..412H
http://dx.doi.org/10.1086/422469
http://adsabs.harvard.edu/abs/2004ApJ...608L..97K
http://dx.doi.org/10.1086/431647
http://adsabs.harvard.edu/abs/2005ApJ...626L..23L
http://dx.doi.org/10.1086/422307
http://adsabs.harvard.edu/abs/2004ApJ...611..858L
http://dx.doi.org/10.1086/533587
http://adsabs.harvard.edu/abs/2008ApJS..177..255L
http://adsabs.harvard.edu/abs/2008ApJS..177..255L
http://arXiv.org/abs/1510.02221
http://arXiv.org/abs/1510.04518
http://dx.doi.org/10.1088/0067-0049/181/1/110
http://adsabs.harvard.edu/abs/2009ApJS..181..110M
http://dx.doi.org/10.1086/322282
http://adsabs.harvard.edu/abs/2001ApJ...558..687M
http://dx.doi.org/10.1086/308717
http://adsabs.harvard.edu/abs/2000ApJ...534..283M
http://dx.doi.org/10.1086/424001
http://adsabs.harvard.edu/abs/2004AJ....128.1646N
http://dx.doi.org/10.1086/322976
http://adsabs.harvard.edu/abs/2001ApJ...562..348O
http://dx.doi.org/10.1088/0004-6256/142/2/35
http://adsabs.harvard.edu/abs/2011AJ....142...35P
http://adsabs.harvard.edu/abs/1997A&amp;A...317..441P
http://adsabs.harvard.edu/abs/1992A&amp;A...262..441P
http://dx.doi.org/10.1088/0004-637X/714/1/732
http://adsabs.harvard.edu/abs/2010ApJ...714..732P
http://adsabs.harvard.edu/abs/2010ApJ...714..732P
http://dx.doi.org/10.1088/0004-637X/724/2/1044
http://adsabs.harvard.edu/abs/2010ApJ...724.1044S
http://adsabs.harvard.edu/abs/2008AIPC.1085..249T
http://dx.doi.org/10.1086/313165
http://adsabs.harvard.edu/abs/1999ApJS..120....1T
http://dx.doi.org/10.1086/421292
http://adsabs.harvard.edu/abs/2004ApJ...606L.115T
http://dx.doi.org/10.1016/j.astropartphys.2015.05.002
http://adsabs.harvard.edu/abs/2015APh....71...45V
http://adsabs.harvard.edu/abs/2011ATel.3162....1V
http://dx.doi.org/10.1111/j.1365-2966.2006.09998.x
http://adsabs.harvard.edu/abs/2006MNRAS.367..937W
http://dx.doi.org/10.1086/378715
http://adsabs.harvard.edu/abs/2003ApJ...598..325Y
http://dx.doi.org/10.1086/425257
http://adsabs.harvard.edu/abs/2004ApJS..155..421Y
http://dx.doi.org/10.1088/0004-637X/762/1/33
http://adsabs.harvard.edu/abs/2013ApJ...762...33Y
http://dx.doi.org/10.1086/340058
http://adsabs.harvard.edu/abs/2002ApJ...570..665Y

	1. INTRODUCTION
	2. VERITAS OBSERVATIONS
	3. VER J1745-290 (SGR A&x0002A;)
	4. VER J1747-281 (G0.9+0.1)
	5. VER J1746-289
	6. DISCUSSION
	6.1. Point Sources in the Galactic Center Ridge
	6.2. Residual Emission

	REFERENCES



