View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Purdue E-Pubs

Physics

Physics Research Publications

Purdue University Year 2004

Tev Gamma-ray observations of the
galactic center

K. Kosack, H. M. Badran, I. H. Bond, P. J. Boyle, S. M. Bradbury, J. H.
Buckley, D. A. Carter-Lewis, O. Celik, V. Connaughton, W. Cui, M. Daniel,
M. D’Vall, I. D. L. Perez, C. Duke, A. Falcone, D. J. Fegan, S. J. Fegan, J. P.
Finley, L. F. Fortson, J. A. Gaidos, S. Gammell, K. Gibbs, G. H. Gillanders, J.
Grube, K. Gutierrez, J. Hall, T. A. Hall, D. Hanna, A. M. Hillas, J. Holder, D.
Horan, A. Jarvis, M. Jordan, G. E. Kenny, M. Kertzman, D. Kieda, J. Kildea,
J. Knapp, H. Krawczynski, F. Krennrich, M. J. Lang, S. Le Bohec, E. Linton,
J. Lloyd-Evans, A. Milovanovic, J. McEnery, R. Moriarty, D. Muller, T. Nagai,
S. Nolan, R. A. Ong, R. Pallassini, D. Petry, B. Power-Mooney, J. Quinn, M.
Quinn, K. Ragan, P. Rebillot, P. T. Reynolds, H. J. Rose, M. Schroedter, G. H.
Sembroski, S. P. Swordy, A. Syson, V. V. Vassiliev, S. P. Wakely, G. Walker, T.
C. Weekes, and J. Zweerink

This paper is posted at Purdue e-Pubs.
http://docs.lib.purdue.edu/physics_articles/376


https://core.ac.uk/display/4953851?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

THE ASTROPHYSICAL JOURNAL, 608:L97-L100, 2004 June 20
© 2004. The American Astronomical Society. All rights reserved. Printed in U.S.A.

TeV GAMMA-RAY OBSERVATIONS OF THE GALACTIC CENTER
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ABSTRACT

We report a possible detection of TeV gamma rays from the Galactic center by the Whipple 10 m gamma-
ray telescope. Twenty-six hours of data were taken over an extended period from 1995 through 2003 resulting
in a total significance of 3.3. The measured excess corresponds to an integral flux6ok 1078 + 0.5 x
108 (stat)= 0.3 x 1078 (sys) photons nt ~$ above an energy of 2.8 TeV, roughly 40% of the flux from the
Crab Nebula at this energy. The 95% confidence region has an angular extent of abant ifcludes the
position of Sgr A*. The detection is consistent with a point source and shows no evidence of variability.

Subject headings: dark matter — Galaxy: center — Galaxy: nucleus — gamma rays: observations

1. INTRODUCTION Sgr A* (Balick & Brown 1974).Chandra observations reveal
X-ray emission from an unresolved point source as well as an
extended structure~(’5), both of which appear to be physi-
cally associated with Sgr A* (e.g., Baganoff et al. 2003). The
recent discovery of hour-scale X-ray (Baganoff et al. 2001)

 Department of Phvsics. Washinaton University. C Box 1105. St and rapid IR flaring (Ghez et al. 2004) points to an active

epartment o ysics, Washington University, Campus Box , St. - ; ; ;

Louis, MO 63130; kosack@hbar.wustl.edu, buckley@wuphys.wustl.edu. ngtﬂiﬁs' Ialb(?lt W.Itth .V?ry |0(;Nf bOIOmemBC Iu§1|n05|t);_comptared
2 Department of Physics, Tanta University, Tanta Egleish Street, Tanta, Egypt. W! € luminosity Inférred from the bondr accretion rate or
3 Department of Physics, University of Leeds, Leeds, LS2 9JT Yorkshire, With that which is typical of more powerful active galactic

England, UK. nuclei. More recently, thdnternational Gamma-Ray Astro-

Chif;grg:of(égngg;nstltute, University of Chicago, 5640 South Ellis Avenue, physics Laboratory has detected time-variable 20-100 keV

s Department of Physics and Astronomy, lowa State University, 203 Van €MISSION from within 09 of Sgr A* (Bd_anger et al. 2004).
Allen Hall, Ames, IA 50011-3160. Polarization measurements show the signature of synchrotron
° Department of Physics, University of California at Los Angeles, Box radiation in a Keplerian accretion disk (Liu & Melia 2002).

951547, Knudsen Hall, Los Angeles, CA 90095-1562. i i -
” Gamma-Ray Astrophysics Group National Space Science and TechnologyTaken tOgether’ these mU|tlwave|ength data are not eaSIIy de

The central region of our Galaxy is nhow thought to contain
a supermassive black hole2® x 10° M (Ghez et al. 2002;
Schalel et al. 2002) coincident with the unresolved radio source

Center. Huntsville. AL scribed by a one-component model, and the current theoretical
® Department of Physics, Purdue University, 525 Northwestern Avenue, framework combines thermal emission from a radiatively in-
West Lafayette, IN 47907, efficient Keplerian accretion flow with synchrotron inverse

Sogl'fgf’lasrggem of Physics, Grinnell College, P.O. Box 805, Grinnell, 1A Compton emission produced by electrons accelerated either in
0 Department of Experimental Physics, National University of Ireland, Bel- the dIS_k or further out in a hypothetlcal Jetl'ke outflow (e'g" Liu
field, Dublin 4, Ireland. & Melia 2002; Yuan et al. 2002, 2003). From the present mea-

™ Fred !_awrence Whipple Observatory, Harvard-Smithsonian Center for surements, the maximum energy of the nonthermal electron dis-
Astrophysics, P.O. Box 97, Amado, AZ 85645-0097. . tribution in the jet models is ambiguous, and theories alternately
Department of Astronomy and Astrophysics, University of Chicago, 5640 . . . ;
South Ellis Avenue, Chicago, IL 60637. e_xplaln the hlgh-er_lergy emission as inverse Compton or the
13 Department of Astronomy, Adler Planetarium and Astronomy Museum, high-energy extension of the synchrotron spectrum; gamma-ray
1380DSouth Lake fSgtrnlre_Driv’i:I, (_?hiczlvl%o,_lL SQGOF;-I and. Gal reland measurements may eventually break this degeneracy.
epartment of Physics, National University of Ireland, Galway, Ireland. ; i e
1|5 Higkh Energy Astrophysics Institute, University of Utah, 115 S 1400 E, SO-lIJ—II:]Cee EGGFZ%/TQ:QF?Y?;T&?? mda.et"{gellc’:]ta.elgl (:aonsstrscjtre]?] ¢ \L,jv?tlg ?r?gf;:)eod
Salt Lake City, UT 84112. O i -
** Department of Physics and Astronomy, University of Arkansas at Little sition of the Galactic center (GC; Hartman et al. 1999). Both
R01c7:k, 2801 South University Avenue, Little Rock, AR 72204-1099. _ the Whipple and the Cangaroo groups have presented prelim-
Bui Department o_f Ph_ysn:s, McGill University, Ernest Rutherford Physics inary evidence for TeV emission at the position of Sgr A* as
uilding, 3600 University Street, Montreal, QC H3A 2T8, Canada. I (Buck tal. 1997 T hi t al. 2003 K K et al
18 Department of Physics and Astronomy, DePauw University, 101 East Well (Buckley et a - ; Isuchiya et al. ; Kosack et al.
Seminary Street, Greencastle, IN 46135-0037. 2003). Hooper & Dingus (2002) reanalyzed the higher energy
Fl_lghktlréivertsity (;)f Mat;yllfln'\c:l,DBza(I)t;?fre County, and NASA Goddard Space gamma-ray data from EGRET and found that the most likely
ight Center, Greenbelt, . . *
2 School of Science, Galway-Mayo Institute of Technology, Galway, Ireland. position of the EGRET Sourc_e may. be offset from Sgr A”.
2 Department of Applied Physics and Instrumentation, Cork Institute of HOWEVer, systematic uncertainties in the gamma-ray back-

Technology, Cork, Ireland. ground models and limited angular resolution make the analysis
L97



L98 KOSACK ET AL. Vol. 608

of the source in the GC region difficult. Observations of the light distribution in the camera. Geometric selection criteria
GC are complicated since Sgr A* is surrounded by a densebased on these parameters allow for the rejection of background
cluster of stars and stellar remnants (including low-mass X-ray (e.g., cosmic-ray—induced showers). The first moments give
binaries and black hole candidates), molecular clouds, and athe centroid of the image, and the second moments give the
large structure that may be the remnant of a powerful supernovawidth (minor axis) andength (major axis) and orientation angle
remnant, Sgr A East (Fatuzzo & Melia 2003). Source confusion of the image. The elongation of the ellipse is used to determine
is particularly difficult for high-energy gamma-ray observations the point of origin of the shower. Of the two possible points
given the limited angular resolution of present experiments. of origin for each image, the asymmetry (or skew) of the
High-energy gamma-ray observations of the GC are also theshower is used to select the correct one whenever possible.
subject of particular theoretical interest given the possibility of The GC @ = 17"45" 40,6 = —29°00 28'; J2000.0) tran-
detecting halo dark matter in our galaxy (e.g., Bergstei al. sits at a very large zenith angle (LZA; §las seen from the
1998). Sgr A*, at the dynamical center of our Galaxy, may Whipple Observatory (N3Z latitude), which significantly alters
well be surrounded by a cusp or spike in the dark matter halothe shower geometry and threshold energy. To properly account
distribution (e.g., Dubinski & Carlberg 1991; Navarro et al. for the effects of LZA observations, we developed a new set of
1996; Gondolo & Silk 1999; Merritt 2004). Annihilation of gamma-ray selection criteria that scale with zenith angle and
these hypothetical weakly interacting massive particles could energy according to a semiempirical form derived from simu-
also contribute to the luminosity in the vicinity of Sgr A* in  lations and optimization of LZA Crab Nebula data. The Crab
the radio through a gamma-ray wave band. Annihilation of Nebula was used for optimization and calibration because it is
dark matter would be enhanced by a factor proportional to the a bright, steady gamma-ray source with a known spectrum.
density squared and might result in an observable gamma-ray Furthermore, the brightness of the Galactic plane near the GC
line (from direct annihilation to gamma rays) as well as con- results in an increase in energy threshold and, if not compensated
tinuum emission (from secondary products of annihilation to for, a systematic bias in the observed excess. Pedestal events,
quarks and fermions; e.g., Silk & Bloemen 1987; Bergstro containing no image, are injected at random intervals throughout
1989; Giudice & Griest 1989; Jungman & Kamionkowski the run for calibration of Poisson fluctuations in the night-sky
1995). The presence of a massive black hole could furtherbackground. Both on and off-source data are analyzed in the same
steepen the density profile of the dark matter halo, producing manner, and Gaussian deviates are added to the pixel signals to
very high radio and gamma-ray fluxes that exceed the obser-bring the background noise up to the same level in both runs.
vational upper bounds (Gondolo & Silk 1999). The details of After this procedure, only pixels with signals well above the noise
the halo model on scales less than 100 pc and the formationlevel are included in further image processing. This Gaussian pad-
history of the central black hole are critical to predicting the ding combined with a high software trigger threshold largely re-
gamma-ray flux but are, unfortunately, still poorly understood. moves systematic biases arising from brightness differences but
Given the limited angular resolution of GeV and TeV in- increases the energy threshold.
struments, a number of different sources could contribute to a To determine the pointing error in the telescope, we look at
signal near the GC. The key to distinguishing between all of the pedestal variation for each camera tube. The presence of
the possible emission scenarios is to measure the position, anvisible light from a star or other source in the field of view adds
gular extent, variability, and spectrum of the gamma-ray signal. to the pedestal variance in the corresponding pixel. Using this
Here we present first results from an analysis of Whipple tele- effect, we can generate a crude optical image of the sky by
scope data. In § 2, we describe the observational method anciccumulating the pedestal variations of each pixel in a two-
data analysis procedure used to observe the GC at TeV energieslimensional histogram. Using this technique, an optical sky-
In § 3, we discuss a possible weak detection and consider itsbrightness map is generated for each observation. By comparing
impact on various gamma-ray production scenarios in 8 4.  the bright spots in the Sgr A* image (or special runs where the
telescope is pointed at a nearby pointing-check star) we can
obtain an absolute measure of the pointing error. In addition, we
cross-correlate each pair of maps to determine the relative point-
Imaging atmospheric Cerenkov telescopes, such as the Whiping offset between them. We keep only runs that have the correct
ple Gamma-Ray Observatory, detect high-energy photons bystar field and have a relative pointing offset that is less than the
imaging the flashes of Cerenkov light emitted by secondary diameter of 1 pixel. We find residual pointing errors #f0°1
particles in gamma-ray—induced air showers. The Whipple Tele-at LZA. These errors are attributed in part to the fact that ob-
scope’s 10 m mirror focuses the faint UV/blue Cerenkov flashes servations have been made near the balance point of the telescope
into a camera consisting of photomultiplier tube pixels. Off-line and near the horizontal position where flexure of the optical
software analysis characterizes each candidate shower imagesupport structure is maximal.
separates the signal (gamma-ray-like) from background (cosmic- To correct for changes in the overall light sensitivity
ray—like) events, and determines the point of origin and energy (throughput) of the camera between epochs, we look at muon
of each gamma ray. Whipple gamma-ray data are traditionally events in data taken at each epoch. Muons, which show up as
taken as a series of 28 minute exposures, each of which is fol-bright arcs of Cerenkov light in the camera, are useful for
lowed by an off-source run that is offset 30 minutes in right calibration because the light per unit arc length from a muon
ascension for background subtraction. In the case of Sgr A* event is nearly constant, regardless of the impact parameter
data were taken off-source before the on-source observationgnd angle of the trajectory. A measure of the throughput of
because of a bright star field in the region 30 minutes past thethe telescope can be found by comparing the signal/arc length
GC'’s position. distribution to a set of simulated muon events. These were
Using the techniques based on the moment fitting proceduregenerated as secondaries to proton and helium showers using
outlined in Lessard et al. (2001), we parameterize the roughly the Grinnell/ISU simulation package. The relative throughput
elliptical gamma-ray images by calculating moments of the was found to have changed by a factor of 2.22 between 1995

2. DATA ANALYSIS
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Fic. 1.—Gamma-ray image of the region around Sgr A*. The image is of Fic. 2.—Gamma-ray image of the Crab Nebula taken at LZ&Z) using

excess counts with overlaid significance contours (fer contour). The axes . the same analysis procedure used for Sgr A*. The offset and pointing variations
are labeled in degrees from the assumed camera center. The true center positiogy, pe seen in the resulting image.

of the camera, which is not exactly at (0, 0) because of flexing of the telescope

at low elevation, is marked with a cross. The dashed lines are the R.A. and

decI: contours at this position. Also shown_ (as a light conto_ur) is the 99% 3. RESULTS
confidence region for the EGRET observations (Hooper & Dingus 2002).

We have combined all observations of Sgr A* from 1995
and 2001. We scale the software trigger threshold and energythrough 2003 resulting in 26 hr of on-source exposure at an
estimator by this factor so the trigger cuts are consistent acrossaverage zenith angle of §1To determine the pointing offset,
observations. This method also serves to calibrate the simu-observations were taken centered on a nearby bright star (Sgr
lations used to determine the peak energy at LZA. v,) Which is at the same elevation as Sgr A*. Using the sky-

Our data on Sgr A* span several epochs during which the brightness map technique outlined earlier, we determined that
Whipple camera was upgraded twice. During the 1995-1996 the telescope had a pointing offset GfL8. Figure 1 shows the
observing seasons, the camera consisted of 109 pixels (eachesulting two-dimensional map of gamma-ray excess with over-
with 0226 diameter); it was upgraded at the end of 1996 to 151 laid significance contours. The true center of the camera, cor-

pixels and again in 1999 to 379 smaller diamet&1 1) pixels. recting for the offset, is plotted as a cross in the image. This
In order to combine all of these data, we developed a methodimage shows a 4.2 excess at the corrected center position. To
to scale our gamma-ray selection criteria with pixel size. check the robustness of this result, we reran the analysis 10 times

As one observes at increasing zenith angles, the distance tdo account for variations due to the Gaussian padding. We find
the core of the air shower increases, and thus the angular sizéhat the average significance at the corrected center position is
of the shower and parallactic displacement of the image centroid(3.7 = 0.13), somewhat below the initial result. For reference,
are reduced. To derive the scaling laws, we first assume that theén Figure 2 we show the results of the same analysis procedure
width and length of gamma-ray air shower images are approx-applied to 10 hr of observations of the Crab Nebula at a similar
imately proportional taos* 6 , wheré is the zenith angle and  zenith angle range. Note that the significance of &.4f the
« is a constant. In addition, air shower simulations show that Crab detection at the offset position is substantially higher than
length and width scale as the logarithm of the energy, which is the result of 3.8 obtained applying the standard small zenith
proportional to the total camera sign&) (of the event. Com-  angle analysis procedure to these LZA data. Also, the similar
bining these results, and removing the effects of the finite pixel angular extent in the two results indicates consistency with a
size of the camerao(;, ) and the point-spread function of the point source within a 95% confidence region of radils'.
telescope &,; ), the measured length, (width (W), and the To determine the peak energy of the detected flux from Sgr A*,
distance to the image centroidD) can be converted to we simulated gamma rays with a Crab Nebula spectrum (with
scaled valuesll W , andd’ by the following equations: integral spectralindex = 1.58 ;Mohanty etal. 1998) and a zenith

L' = [(L? — 07, — 0%;) / c0s-°0] ¥~ 0.023 (InS—8), W' = angle of 62 and analyzed the resulting data with a detector sim-
[(W? —g2, — 02,/ cos'?6] ¥~ 0.020 (InS— 8), and D’ = D/ ulation and our analysis software. We determined the peak detected
cosé. energy to be=2.8 TeV, with a 20% systematic error in this energy
The constant factors and cosine powers were derived fromthreshold. We then analyzed a set of contemporaneous LZA Crab
simulations. Data selection criteri@125< L' < 0?3 (¢05< Nebula data runs to find the Crab count rate and compared this

W < 0?2135 and 028 < D’ < 222 are applied to select candidate to the corresponding rate for Sgr A*. The integral flux for Sgr
gamma-ray events. Cuts based on these intrinsic parameters*, normalized to the Crab flux, is theRs, (> 2.8 TeV) =
were verified to be independent of zenith angle and cameraN, ¢.{(2.8 TeV)" # (R g4 a/Rcran)s WhereN, ¢, is the flux nor-
design by application of this method to independent Crab Neb- malization factor for the Crab Nebul8.02 x 1077 m? s* 1),

ula data taken over the period 1994-2003. is the integral Crab spectral index, aRd,, ,. ard,,, are the



L100 KOSACK ET AL. Vol. 608

corresponding Sgr A* and Crab Nebula gamma-ray count rates.the past, our group reported a positive excess otZot 1995—
From the LZA Crab data, we find a gamma-ray rate of 1997 observations (Buckley et al. 1997) and 2.for 1999—
Reran(> 2.8 TeV) = 0.501 + 0.087 photons minuté, and from 2003 observations (Kosack et al. 2003) at the position of Sgr

Sgr A* we obtain an average rate &, ,.(>2.8 TeV)= A*. The combined significance is consistent with these earlier
0.205+ 0.057 photons minuté. Hence, the gamma-ray flux analyses. The large error circles for both EGRER)and Whip-
from the GC region above 2.8 TeV 6.6 x 108 + 0.5 x ple (15) observations make identification with a particular

10°® (stat)+ 0.3 x 10°® (sys) photons M ~§ or about 0.4 source difficult, but given the dearth of TeV sources, an acci-
times that of the Crab Nebula (the flux error includes the uncer- dental angular coincidence of a new source along the line of
tainty in the Crab Nebula measurement). sight is unlikely, and it is probable that the emission comes from
To determine the probability for steady emission’dit of a nonthermal source physically near the GC.
a constant function was applied to this data and, for comparison, The high level of emissior0.4 crab at a distance of roughly
to a series of data taken of Mrk 421 (a source that is known to 4 times that of the Crab Nebula qualifies this as an unusually
be highly variable) at a similar zenith angle range as Sgr A*. luminous galactic source. Previous TeV observations of rela-
The total significance of this Mrk 421 data sample was®.3 tively nearby galactic sources such as X-ray binaries and shell-
The Sgr A* data yield a constant count rate of (022 type and plerionic supernovae have produced numerous upper
0.05)y minute * with a reduced® of 1.13 (with 54 degrees of  limits, or (at best) unconfirmed detections, making the detection
freedom), which corresponds to a 25% probability that there is of such an object at 8.5 kpc even more unlikely. Mayer-
no variability. The result for Mrk 421 yields a constant count Hasselwander et al. (1998) came to a similar conclusion about
rate of(0.25 + 0.21)y minute * with a reduceg® of 3.03 (with the GeV emission based on the high luminosity of the EGRET
6 degrees of freedom) and a 1.2% chance of no variability.  unidentified source and lack of significant variability. If the
Sgr A East supernova shock were the source of the EGRET
4. DISCUSSION gamma rays, it would have been an unusually intense explosion
(Khokhlov & Melia 1996), and a density of 1000 cr and
The TeV excess observed near the position of the GC is un-magnetic field oB ~ 0.18 mG (well above the canonical val-
likely to have occurred by chance and constitutes a probable, asies) would be required (Fatuzzo & Melia 2003). While a typical
yet unconfirmed, detection of a new TeV source. Possible sys-galactic source such as a supernova remnant, pulsar, or stellar
tematics that could contribute to a false detection include the mass black hole is unlikely, an association with Sgr A* is still
effects of additional noise from the relatively bright off-source a viable possibility, and the detection of correlated variability
region. While we have largely corrected for these effects, somein future gamma-ray and X-ray observations could make the
systematic uncertainties remain. We have taken into account trialsdentification compelling. If weassociate this emission with
factors by formulating an explicit a priori hypothesis that we either the supermassive black hole Sgr A* or the supernova
would only look for emission at the exact position of the GC remnant Sgr A East, the observed emission could come from
after a pointing correction was applied. Statistical variations in self-Compton scattering by electrons with energies up to at least
the analysis method (due to the addition of simulated noise in2.8 TeV or from pion-decay gamma-rays from primary protons
padding) have been taken into account by repeating the analysi®f even higher energy (kinematics require their energy to be at
10 times and taking the average significance, giving a conser-least several times the maximum gamma-ray energy). The lack
vative estimate of 3.3 for the detection significance. of significant variability and the consistency with the GC position
The lack of significant variability in our data makes it difficult allow more exotic possibilities such as the annihilation of very
to uniquely identify the source with a compact point source such high mass%$2 TeV) dark matter particles at the GC.
as Sgr A* but inspires some confidence in the stability of our
observations at LZA. Note that the analysis procedure was de-
signed to mitigate against changes in the count rate due to var- We would like to acknowledge Fulvio Melia, Paolo Gondolo,
iations in the instrument. The same ISU simulation package usedJonathan Katz, and Ramanath Cowsik for useful discussions.
here was used previously to analyze LZA Whipple observations The VERITAS Collaboration is supported by the US Depart-
of the Crab Nebula, giving a spectrum in good agreement with ment of Energy, NSF, the Smithsonian Institution, PPARC
that measured at small zenith angles (Krennrich et al. 1999). In(UK), NSERC (Canada), and Enterprise-Ireland.
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