PROCEEDINGS

oF SCIENCE

[/~ ICRC 2021

) THE ASTROPARTICLE PHYSICS CONFERENCE
x Berlin | German: y

- Ly lﬂ.l e

VERITAS Observations of the Galactic Center Region at
Multi-TeV Gamma-Ray Energies

James L. Ryan“* on behalf of the VERITAS Collaboration
(a complete list of authors can be found at the end of the proceedings)

@ University of California, Los Angeles
bveritas.sao.arizona.edu

E-mail: jryan@astro.ucla.edu

The Galactic Center region hosts a variety of powerful astronomical sources and rare astrophysical
processes that emit a large flux of non-thermal radiation. We present the analysis of the very-high-
energy gamma-ray emission above 2 TeV of the region around the Galactic Center known as the
Central Molecular Zone using 125 hours of data taken with the VERITAS imaging-atmospheric
Cherenkov telescope between 2010 and 2018. This analysis employs new shower reconstruction
algorithms and instrument response functions optimized for data taken at large zenith angles such
as the Galactic Center sources. We report positions and spectra for point sources VER J1745-290,
G0.9+0.1, and HESS J1746-285, along with a light curve for VER J1745-290, the brightest source
in the region consistent with the position of the supermassive black hole Sagittarius A*. We also
measure the spectrum of the diffuse emission from the Galactic Center ridge region, which has

been claimed as evidence of a Galactic PeVatron.
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1. Introduction

The region within a few degrees of the Galactic Center (GC) hosts many sources of astrophysical
interest that may emit very-high-energy (VHE; >100 GeV) y-rays. Such sources include the
supermassive black hole Sagittarius A* (hereafter Sgr A*), supernova remnants (SNRs), pulsar
wind nebulae (PWNe), and dense molecular clouds. The VHE emission from these objects is
crucial in understanding their emission mechanisms, and can serve as one of the few signatures of
a source emitting PeV cosmic rays.

We analyze GC observations taken with the Very Energetic Radiation Imaging Telescope Array
System (VERITAS), an imaging atmospheric Cherenkov telescope (IACT) sensitive to y-rays in
the energy range of 100 GeV to above 30 TeV. Using new data and improved analysis techniques,
we present an updated analysis of TeV sources in the GC region. Full details of the analysis can be
found in [2].

2. Observations

Observations of the GC region were taken with VERITAS, located at the Fred Lawrence
Whipple Observatory (FLWO) in southern Arizona (31° 40’ N, 110° 57° W, 1.3km above sea level).
Due to VERITAS’ location, all GC observations are taken at large zenith angles (LZA), » 59°.
Data are taken at 0.5° and 0.7° offsets from the position of Sgr A*, in right ascension or declination.
155 hr of exposure time was accumulated between 2010 April and 2018 June, of which 125 hr of
data remain after quality cuts and dead time correction. This dataset contains an additional 40 hr
more than the previous VERITAS analysis of the GC region [7].

3. Analysis

Whereas typical VERITAS analyses concern point sources observed at small zenith angles,
the present analysis of the Galactic Center consists only of LZA observations, and contains the
highly extended source of the diffuse ridge emission. Observing at LZA, compared with smaller
zenith angles, has the established effects of increasing an IACT’s effective area at higher energies
while raising the minimum energy threshold of detectable y-rays. However, we find that LZA
data also present several challenges to the standard VERITAS analysis pipeline: shower direction
reconstruction worsens, a bias arises in energy reconstruction, and a zenith-dependent component
in the acceptance map (the spatially-dependent expected number of background events) becomes
significant. We introduce new techniques to the VERITAS analysis pipeline to address these issues.

The geometrical method of determining shower direction, which uses the intersection of the
major axes of the approximately elliptical shower images in each telescope, performs well at small
zenith angles but worsens considerably at zenith angles greater than 40° [6]. We instead use an
algorithm based on the displacement method, which estimates the distance between the shower
direction and a single image centroid (the disp parameter) using information from many simulated
events. Our algorithm estimates the disp parameter using a boosted decision tree (BDT) algorithm
trained on simulations, using as features image size, width, length, difference in photon arrival time,
and the sum of the signals in all edge pixels (this correlates with the amount of Cherenkov light
falling outside the camera).
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Even with improved direction estimates from the BDT disp method, event energy reconstruction
at LZA still suffered from a ~20% systematic bias, determined from simulations. We developed
another BDT algorithm to estimate energy, using the same simulations and similar features. Using
both BDT algorithms, the energy bias is reduced to approximately zero above the energy threshold
of ~2 TeV, and uncertainties become less that 20%, comparable to energy resolution at SZA
(15 = 25%).

The last LZA problem we correct for is the zenith dependence appearing in acceptance maps,
which are assumed to be radially symmetric. We fit the 2D maps of background gamma-ray like
events (excluding regions around known TeV sources and bright stars) with radial and zenith-
dependent components (both 4th-order polynomials). The results of this fit determine the 2D
acceptance map.

An additional optimization is made to the event-selection box cuts for LZA—based on Crab
data taken at zenith angles similar to our GC dataset. The LZA-optimized cuts give a 10% increase
in sensitivity versus standard cuts. Instrument response functions for the effective telescope area
are then generated using simulations analyzed with the methods just described, and stored in ROOT
histograms. The effective areas are used in the spectral flux calculations. We calculate the binned
differential energy spectra for each source, and also parametrize the spectra using one of three
models: a power law (PL)
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and report the best-fit parameters of the most parsimonious model that provides an adequate fit,
based on y2. We validate our full methodology on our LZA Crab dataset, ensuring that the spectrum
is in agreement with the spectrum resulting from a standard analysis at small zenith angles.

4. Results

We analyze our GC dataset using the new methods we have outlined. A significance map of
the inner 3° X 1.5° of the GC region is shown in Figure 1. The value in each pixel represents
the significance of the excess counts in a 0.1° circular signal region centered on the pixel, with
background counts estimated with the ring background and zenith-corrected acceptance map.

We find significant detections for J1745-290, G0.9+0.1, J1746-285, and the diffuse ridge
emission, and measure their positions and spectra. J1745-303 and J1741-302 are not significantly
detected.
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Figure 1: Map of the statistical significance for gamma-ray-like events above 2 TeV detected by VERITAS.
Each pixel displays the significance of excess counts integrated over a 0.1° circular signal region. The
VERITAS point spread function is shown in the bottom-left. Positions and 68% confidence regions are
shown for previously detected point sources (green ellipses), while the ellipses for J1741-302 and J1745-303
represent their spatial extents [1, 4]. The signal regions used in the diffuse ridge analysis are shown as black

circles, and labeled as in [9].
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Figure 2: Differential energy spectrum of the central source J1745-290, coincident with the position of Sgr
A*, as measured by VERITAS (blue), H.E.S.S. (red) [9], MAGIC (green) [12], and Fermi-LAT (orange)
[13]. Error bars represent 1o uncertainties in the flux. The downward arrows represent 95% upper limits. In
the inset, the best-fit exponentially cutoff power law (gray solid line), smooth broken power law (cyan dotted
line), and power law (purple dashed line) are shown. Shaded regions represent the 1o~ confidence band on

the model fits.
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4.1 J1745-290

We detect the bright central source J1745-290 with 37.50 significance, and measure a best-fit
position of (I,b) = (359.930°, —0.047°) with uncertainties in / and » of 0.018°. Tt is spatially
coincident with Sgr A*, but remains without a definitive association as alternative potential TeV
sources fall within its positional uncertainty (e.g. PWN G359.95-0.04). The differential energy
spectrum is shown in Figure 2. Its spectrum can be described by an ECPL with Ny = 1.27+0-22 x

~0.23
103 em2 s Tev™!, T = =2.124017 'Ey = 5.3 TeV, and E.y = 10.0*49 TeV, in the energy range

2,540 TeV, Our flux normalization is Zslightly higher than those of HESS or MAGIC (though within
systematic uncertainties), due in part to their handling of flux contributions from nearby sources.

The detection of any flux variability in J1745-290, such as characteristic timescales or vari-
ability correlated with other wavelengths, would improve our understanding of the source, so we
produce light curves by performing our spectral analysis on time-interval subsets of the data. Light
curves for the integrated flux above 2 TeV, with both day and six-month binning, as well as the
semiannually-binned light curve for integrated flux above 5 TeV, are shown in Figure 3. All light
curves are found to be consistent with constant flux hypotheses. A typical 95% upper limit on the
>2 TeV flux for a night with a 1 hr exposure is ~1.5 x 10712 cm™2 571,

Although interpretation of the spectrum is complicated by its uncertain source association, the
VHE spectrum still can provide important constraints on any source (or sources) in this region,
whether it be Sgr A*, pulsars, or dark matter. If the diffuse ridge emission is produced by particles
accelerated near the GC, it is also necessary to model both spectra consistently.

4.2 Diffuse Ridge Emission

TeV emission along the Galactic ridge close to the GC was first detected in 2006 [3], and was
found to be spatially correlated with the molecular gas in the inner several hundred parsecs around
the GC. Standard methods for determining the number of events in signal and background regions
for point sources, such as ring background or reflected region (“wobble”) methods, are unsuitable
for the analysis of the diffuse ridge emission—having difficulty covering the full region of interest
while avoiding the inclusion of signal in the background region(s). We therefore combine the
statistics of seven circular signal regions (the same as those used in [9]), and use non-overlapping
reflected regions that lie away from the Galactic plane to estimate background counts. The first
VERITAS measurement of the diffuse ridge emission spectrum in shown in Figure 4. Its spectrum
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can be described by a power law with Ny = (3.44+0.62)x 10~ cm™2 s TeV™!, I = —2.19+0.20,
and Eg = 5.3 TeV, in the energy range 2-20 TeV. In the figure, we scale up our spectrum to visually
compare it with other measurements that use larger signal regions. The scale factor we use is the
ratio of the integral of a model diffuse ridge flux map over the signal region used in [1] to the
integral over our signal region, using the velocity-integrated CS 1-0 map [14] convolved with the
VERITAS LZA point spread function as the model map. The scale factor is found to be 2.7.

The diffuse ridge emission spectrum and spatial profile have been interpreted as evidence for a
nearby accelerator of protons to PeV energies [9]. The search for Galactic sources of PeV particles
(in particular up to the “knee” at 3 PeV in the all-particle spectrum), or “PeVatrons,” is of great
interest in cosmic ray physics. We fit the y-ray spectrum resulting from a PL proton spectrum,
using the parameterization in [11], and find a best-fit index of I' = —2.3. We then calculate the
lower limit on the cutoff energy for an ECPL proton spectrum with index fixed to —2.3, and find a
95% lower limit of E.,;; = 0.08 PeV.

4.3 G0.9+0.1

GO0.9+0.1 is a “composite SNR,” composed of a SNR shell surrounding a PWN core. It is
young enough (order of kyr) that the PWN has not been influenced by a SNR reverse shock which,
combined with its extensive multiwavelength coverage, makes it a common PWN to model.

We detect G0.9+0.1 with 8¢ significance, and measure a best-fit position of (, ) = (0.857°,0.069°)
with uncertainties in / and b of 0.033°. Its spectrum can be described by a power law with
No=151em2s ! Tev™!, ' = =2.00 + 0.28, and Ej = 5.3 TeV, in the energy range 2-20 TeV.

Difuse Ridgs T venas Figure 4: VHE y-ray spectrum of the diffuse ridge
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While spectral features such as bends or cutoffs would provide stronger model constraints,
our spectrum does not significantly deviate from a simple power law, even taken together with
the measurements by HESS [10] and MAGIC [12]. In one model, a cutoff lying at 20-30 TeV is
been predicted [8], just beyond the extent of our measured spectrum. Understanding PWN remains
especially important with respect to cosmic rays, due to their strong connection with SNR, as well
as their expected contributions to the leptonic CR spectra.

4.4 J1746-285

VERITAS has previously reported the detection of VER J1746-289 [7], adjacent to the GC.
HESS and MAGIC have also detected sources in this vicinity, named HESS J1746-285 and MAGIC
J1746.4-2853, respectively [1, 5]. We consider the HESS position (with which the MAGIC position
is in agreement) to be more accurate than our measurement in [7], due to their simultaneous
modeling of point sources and multiple diffuse emission components. We therefore perform our
spectral analysis using the position of HESS J1746-285 [1]. Its spectrum can be described by a
power law with Ng = (1.51 £0.22) x 107# cm™2 57! TeV™!, T" = —1.83 + 0.22, and E( = 5.3 TeV,
in the energy range 2-20 TeV. We caution that contamination from J1745-290 and the diffuse ridge
emission could contribute up to ~50% of the total integrated flux in the measured spectrum.

Potential associations of this source at different wavelengths include the Fermi-LAT source
4FGL J1746.4-2852, the Galactic radio arc, and PWN candidate G0.13-0.11, detected by Chandra.

5. Conclusions

The development of new methods has greatly improved the accuracy of LZA analyses by
VERITAS. Recently, many of these methods have been successfully applied for the first time to the
complicated GC region. In particular, we make the first VERITAS measurement of the diffuse ridge
emission. Future work will include more flexible, likelihood-based methods for handling extended
sources, e.g. to be used in searches for dark matter in the GC region.

TeV observations of the sources in the GC remain important for numerous areas in astrophysics.
For this reason, the GC constitutes one of the Key Science Projects for the Cherenkov Telescope
Array, which will observe the region with unprecedented spatial and spectral resolutions.
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