E Munster Technological University
M T U SWORD - South West Open Research
q, Ollscoil Teicneolaiochta na Mumhan .

Munster Technological University DGpOSlt
Physical Sciences Publications Physical Sciences
2011-03-07

Discovery of TeV Gamma Ray Emission from Tycho's Supernova
Remnant

P. T. Reynolds
Department of Physical Sciences, Cork Institute of Technology, Bishopstown, Cork, Ireland

et al

Follow this and additional works at: https://sword.cit.ie/dptphysciart

b Part of the External Galaxies Commons, and the Stars, Interstellar Medium and the Galaxy Commons

Recommended Citation

Acciari, V.A., Aliy, E., Arlen, T,, Aune, T., Beilicke, M., Benbow, W., Bradbury, S.M., Buckley, J.H., Bugaey, V.,
Byrum, K., Cannon, A., Cesarini, A., Ciupik, L., Collins-Hughes, E., Cui, W., Dickherber, R., Duke, C., Errando,
M., Finley, J.P, Finnegan, G., Fortson, L., Furniss, A., Galante, N., Gall, D., Gillanders, G.H., Godambe, S.,
Griffin, S., Grube, J., Guenette, R, Gyuk, G., Hanna, D., Holder, J., Hughes, J.P,, Hui, C.M., Humensky, T.B.,
Kaaret, P, Karlsson, N., Kertzman, M., Kieda, D., Krawczynski, H., Krennrich, F.,, Lang, M.J., LeBohec, S.,
Madhavan, A.S., Maier, G., Majumdar, P,, McArthur, S., McCann, A., Moriarty, P, Mukherjee, R., Ong, R.A., Orr,
M., Otte, A.N., Pandel, D, Park, N.H., Perkins, J.S., Pohl, M., Quinn, J., Ragan, K., Reyes, L.C., Reynolds, P.T,,
Roache, E., Rose, H.J., Saxon, D.B., Schroedter, M., Sembroski, G.H., Demet Senturk, G., Slane, P, Smith,
AW, TeSi¢, G., Theiling, M., Thibadeau, S., Tsurusaki, K., Varlotta, A., Vassiliev, V.V, Vincent, S., Vivier, M.,
Wakely, S.P, Ward, J.E., Weekes, T.C., Weinstein, A., Weisgarber, T., Williams, D.A., Wood, M. and Zitzer, B.
(2011). DISCOVERY OF TeV GAMMA-RAY EMISSION FROMTYCHQ'S SUPERNOVA REMNANT. The
Astrophysical Journal, 730(2), p.L20. Available at: https://iopscience.iop.org/article/10.1088/2041-8205/
730/2/L20

This Article is brought to you for free and open access by the Physical Sciences at SWORD - South West Open
Research Deposit. It has been accepted for inclusion in Physical Sciences Publications by an authorized
administrator of SWORD - South West Open Research Deposit. For more information, please contact sword@cit.ie.


https://www.cit.ie/
https://www.cit.ie/
https://sword.cit.ie/
https://sword.cit.ie/
https://sword.cit.ie/dptphysciart
https://sword.cit.ie/dptphysci
https://sword.cit.ie/dptphysciart?utm_source=sword.cit.ie%2Fdptphysciart%2F95&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/128?utm_source=sword.cit.ie%2Fdptphysciart%2F95&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/127?utm_source=sword.cit.ie%2Fdptphysciart%2F95&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:sword@cit.ie

THE ASTROPHYSICAL JOURNAL LETTERS, 730:L20 (6pp), 2011 April 1
© 2011. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

doi:10.1088/2041-8205/730/2/1.20

DISCOVERY OF TeV GAMMA-RAY EMISSION FROM TYCHO’S SUPERNOVA REMNANT

V. A. Acciart', E. AL1UZ, T. ARLEN?, T. AUNE*, M. BEILICKE’, W. BENBOW!, S. M. BRADBURY?, J. H. BUCKLEY>, V. BUGAEV?,
K. BYRUM’, A. CANNON®, A. CESARIND, L. Crupik!?, E. CoLLINs-HUGHES®, W. Cut!!, R. DICKHERBER’, C. DUKE!2,
M. ERRANDO?, J. P. FINLEY'!, G. FINNEGAN!3, L. ForTsoN'?, A. FUurNiss?, N. GALANTE!, D. GaLL!!, G. H. GILLANDERS’,
S. GopaMmBe!?, S. GrirrIN'4, J. GRUBE'?, R. GUENETTE', G. GYuk'?, D. HannA!4, J. HoLDER', J. P. HUGHES'®, C. M. Hui'?,
T. B. HUMENsSKY!’, P. KAARET!®, N. KarRLssonN!, M. KErTzMAN'?, D. KiepA '3, H. KRAWCZYNSKI®, F. KRENNRICHZ,

M. J. LaNG?, S. LEBOHEC?, A. S MADHAVANZ?, G. MAIER?!, P. MAJUMDAR?, S. MCARTHUR’, A. MCCANN'4, P. MORIARTY?Z,
R. MUKHERJEEZ, R. A. ONG®, M. OrRrR?, A. N. OTTE*, D. PANDEL!®, N. H. PARK'7, J. S. PERKINS!, M. PoHL?"'%3, J. QUINNS®,
K. RaGan'4, L. C. REYEs!7, P. T. REYNoLDs?*, E. RoacHE', H. J. Rose®, D. B. SaxoN'">, M. ScHROEDTER?, G. H. SEMBROSKI' !,
G. DEMET SENTURK?, P. SLANE?®, A. W. SmITH’, G. TESI¢!4, M. THEILING!, S. THIBADEAU?, K. TSURUSAKI'®, A. VARLOTTA!!,
V. V. VasSILIEV?, S. VINCENT'?, M. VIvVIER"®, S. P. WAKELY!?, J. E. WaARD®, T. C. WEEKES!, A. WEINSTEIN?, T. WEISGARBER 7,

D. A. WiLLIaMs?, M. WooD?>, AND B. ZiTzgr!!
! Fred Lawrence Whipple Observatory, Harvard-Smithsonian Center for Astrophysics, Amado, AZ 85645, USA
2 Department of Physics and Astronomy, Barnard College, Columbia University, NY 10027, USA
3 Department of Physics and Astronomy, University of California, Los Angeles, CA 90095, USA
4 Santa Cruz Institute for Particle Physics and Department of Physics, University of California, Santa Cruz, CA 95064, USA
5 Department of Physics, Washington University, St. Louis, MO 63130, USA
6 School of Physics and Astronomy, University of Leeds, Leeds, LS2 9JT, UK
7 Argonne National Laboratory, 9700 S. Cass Avenue, Argonne, IL 60439, USA
8 School of Physics, University College Dublin, Belfield, Dublin 4, Ireland
9 School of Physics, National University of Ireland Galway, University Road, Galway, Ireland
10 Astronomy Department, Adler Planetarium and Astronomy Museum, Chicago, IL 60605, USA
11 Department of Physics, Purdue University, West Lafayette, IN 47907, USA
12 Department of Physics, Grinnell College, Grinnell, TA 50112-1690, USA
13 Department of Physics and Astronomy, University of Utah, Salt Lake City, UT 84112, USA
14 Physics Department, McGill University, Montreal, QC H3A 2T8, Canada
15 Department of Physics and Astronomy and the Bartol Research Institute, University of Delaware, Newark, DE 19716, USA; dbsaxon@udel.edu
16 Department of Physics and Astronomy, Rutgers University, 136 Frelinghuysen Rd., Piscataway, NJ 08854-8019, USA
17 Enrico Fermi Institute, University of Chicago, Chicago, IL 60637, USA; wakely @uchicago.edu
18 Department of Physics and Astronomy, University of Iowa, Van Allen Hall, Iowa City, IA 52242, USA
19 Department of Physics and Astronomy, DePauw University, Greencastle, IN 46135-0037, USA
20 Department of Physics and Astronomy, Towa State University, Ames, IA 50011, USA
2 DESY, Platanenallee 6, 15738 Zeuthen, Germany
22 Department of Life and Physical Sciences, Galway-Mayo Institute of Technology, Dublin Road, Galway, Ireland
23 Institut fiir Physik und Astronomie, Universitit Potsdam, 14476 Potsdam-Golm, Germany
24 Department of Applied Physics and Instrumentation, Cork Institute of Technology, Bishopstown, Cork, Ireland
25 Columbia Astrophysics Laboratory, Columbia University, New York, NY 10027, USA
26 Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138, USA
Received 2010 November 24, accepted 2011 February 14, published 2011 March 7

ABSTRACT

We report the discovery of TeV gamma-ray emission from the Type la supernova remnant (SNR) G120.1+1.4,
known as Tycho’s SNR. Observations performed in the period 2008-2010 with the VERITAS ground-based
gamma-ray observatory reveal weak emission coming from the direction of the remnant, compatible with a
point source located at 00"25M27:0, +64°10'50” (J2000). The TeV photon spectrum measured by VERITAS
can be described with a power law dN/dE = C(E/3.42 TeV)™ " with T = 1.95 &+ 0.51gy £ 0.304ys and
C = (1.55 % 0.434y £ 0.474y5) x 1074 cm™2 s7! TeV~!. The integral flux above 1 TeV corresponds to ~0.9% of
the steady Crab Nebula emission above the same energy, making it one of the weakest sources yet detected in TeV
gamma rays. We present both leptonic and hadronic models that can describe the data. The lowest magnetic field

allowed in these models is ~80 G, which may be interpreted as evidence for magnetic field amplification.
Key words: gamma rays: general — ISM: individual objects (G120.1+01.4, Tycho=VER J0025+641)

Online-only material: color figures

1. INTRODUCTION

The object G120.1+1.4, commonly called Tycho’s supernova
remnant (SNR), is the historical relic of a supernova which
was first observed in 1572. Recent spectral analysis of the light
echo from the explosion (Krause et al. 2008) has confirmed the
long-standing conjecture (see, e.g., Ruiz-Lapuente 2004) that
the event was a Type la supernova.

At 438 years old, Tycho is young among Galactic SNRs and is
well studied at many wavelengths. It has a radio spectral index of

0.65 and a flux density at 1.4 GHz of 40.5 Jy (Kothes et al. 2000).
A hint of spectral curvature, consistent with nonlinear shock
acceleration, and a slightly flatter radio spectrum (0.61) has also
been reported (Reynolds & Ellison 1992). Radio images show a
clear shell-like morphology with enhanced emission along the
northeastern edge of the remnant (Dickel et al. 1991; Stroman
& Pohl 2009).

X-ray images reveal strong non-thermal emission concen-
trated in the SNR rim (Hwang et al. 2002; Bamba et al. 2005;
Warren et al. 2005; Katsuda et al. 2010). Thin filamentary X-ray
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structures in this region have been interpreted as evidence for
electron acceleration (Hwang et al. 2002; Bamba et al. 2005;
Warren et al. 2005). This is supported by radio spectral tomog-
raphy studies (Katz-Stone et al. 2000) and by the detection of
X-rays up to energies of 30 keV (e.g., Tamagawa et al. 2009),
which implies the presence of electrons up to at least ~10 TeV.

The global expansion rate of the remnant, measured at
many wavelengths (Kamper & van den Bergh 1978; Reynoso
et al. 1997; Katsuda et al. 2010), is consistent with an object
transitioning into the Sedov phase. However, many of these
studies have noted that the northeast quadrant of the remnant
is expanding at a lower rate than the rest of the object. This
has been attributed by some to interactions with a nearby high-
density cloud, which has been studied through its H1 and CO
emissions (Reynoso et al. 1999; Lee et al. 2004; Cai et al. 2009).

Distance estimates for 7Tycho have varied. Estimates which
combine measurements of proper motion with shock velocities
inferred from H, line widths tend to favor distances near
~2.5 kpc (Chevalier et al. 1980; Smith et al. 1991, 1992). On the
other hand, the distance derived from the light echo spectrum
(Krause et al. 2008) is 3.8t'1'§1 kpc, and H1 absorption studies
(Schwarz et al. 1995) yield 4.5 £ 0.5 kpc. A recent X-ray study
combining ejecta velocities with proper motion studies yields
4.0 £+ 1.0 kpc (Hayato et al. 2010). The apparent association
with a molecular CO cloud has not produced an unambiguous
distance estimate (e.g., Lee et al. 2004; Cai et al. 2009), due
to the complex velocity field in the direction of the Perseus
arm, where Tycho appears to be located. For the same reason,
estimates based on the H1 measurements may be considered
controversial. Finally, Volk et al. (2008) derive a lower limit of
3.3 kpc, based on the previous non-detection of Tycho in TeV
gamma rays.

It is worth noting that many of the shorter distance estimates
rely on assumptions about the post-shock proton temperature’s
relationship to the shock velocity in the case of adiabatic
expansion (see also Strom 1988). These assumptions may not
be valid in the presence of efficient particle acceleration, as
discussed, for instance, in Helder et al. (2009).

Claims of such efficient nuclear particle acceleration have
indeed been made (e.g., Warren et al. 2005; though see also
Lee et al. 2010), based on detailed studies of the shock front
and contact discontinuity locations. Drawing on this result and
on their own detailed simulations, Volk et al. (2008) claim
that a detection of gamma rays from 7ycho would represent
“incontrovertible” evidence of nuclear particle acceleration in
SNRs. More generally, TeV gamma-ray observations probe the
high-energy end of the underlying parent particle distributions
and, especially in conjunction with measurements at other
wavelengths, can help constrain the associated acceleration
mechanics (see, e.g., Kaaret et al. 2009).

Tycho has been observed several times at gamma-ray energies,
with no credible detections previously reported. In the GeV
regime, the source does not appear in either the first Fermi
Large Area Telescope (LAT) catalog (Abdo et al. 2010) or the
third EGRET catalog (Hartman et al. 1999). Upper limits in the
TeV range have been presented by the Whipple Collaboration
(Buckley et al. 1998), the HEGRA Collaboration (Aharonian
et al. 2001), and the MAGIC Collaboration (Carmona et al.
2009). This last limit is the most constraining, with a 3o (where
o indicates standard deviations) flux upper limit of about 1.7%
of the steady Crab Nebula flux above 1 TeV. All of the TeV
limits assume a gamma-ray source located at the center of the
remnant.

ACCIARI ET AL.

In this Letter, we report the discovery by VERITAS of TeV
gamma-ray emission from 7ycho’s SNR.

2. VERITAS INSTRUMENT AND OBSERVATIONS

VERITAS is an array of four 12 m imaging atmospheric
Cherenkov telescopes located at the Fred Lawrence Whipple
Observatory in southern Arizona (1.3 km a.s.l., N 31°40', W
110°57"). Each of the telescopes has a camera comprising 499
photomultiplier tubes covering a 3°5 total field of view. The array
is sensitive to photon energies between 100 GeV and 30 TeV,
with an energy resolution of ~15% and an angular resolution
per event of ~0?1. The array has been fully functional since
2007 September. In summer 2009, telescope T1 was relocated,
improving the sensitivity and angular resolution of the array
(Perkins et al. 2009). Prior to this reconfiguration, VERITAS
was capable of detecting a point source with 1% of the flux of
the Crab Nebula at the So level in less than 50 hr. After moving
T1, such a source can be detected in less than 30 hr.

VERITAS observations of Tycho spanned two epochs, from
2008 October to 2009 January and from 2009 September to
2010 January. All observations were taken in “wobble mode”
in which the telescopes are pointed to a position 0?5 offset
from the source position. The offset direction is sequentially
varied from run to run between the four cardinal directions.
Approximately equal amounts of data were acquired from each
offset position. This technique allows for the collection of data
with a simultaneous estimate of the background. From the period
between 2008 October and 2009 January, a total of 21.9 hr of
data were retained after quality cuts on weather conditions and
operational stability. The mean zenith angle of these data is
35°. Between 2009 September and 2010 January, an additional
44.7 hr of data were analyzed after quality cuts. The mean zenith
angle of this data set is 39°. Note that the second season’s data
set was taken with the new array configuration, and therefore
benefits from the improved sensitivity.

3. DATA ANALYSIS AND RESULTS

The data were analyzed following standard procedures (see,
e.g., Acciari et al. 2008). The optimum gamma-ray selection
criteria (cuts) depend upon the source flux and spectrum, which
are not known a priori. We therefore define and apply two sets
of cuts, appropriate for a reasonable range of source properties,
and account for the statistical trials incurred in this process.
The results presented here required that at least three of the
telescopes in the array recorded an image with more than
800 digital counts (~230 photoelectrons, corresponding to an
energy threshold of 800 GeV). These images were then used to
reconstruct the air shower properties. Gamma-ray events were
selected through cuts on the mean reduced scaled width and
mean reduced scaled length parameters (Krawczynski et al.
2006), which were required to fall between —1.2 and 0.5, and
on the square of the angular distance from the test position to
the reconstructed arrival direction of the shower, §2. For the
2008-2009 data set, we required 6% < 0.015 degz, and for the
2009-2010 data set, we required 6> < 0.01 deg® because of the
improved angular resolution of the array. The ring background
model was used to estimate the background (see, e.g., Berge
et al. 2007 for a description).

This analysis produced an excess which is significant at the
5.80 level (pre-trials). This is the peak excess found in a blind
search region with sides of length (0°26—roughly twice the
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Figure 1. VERITAS TeV gamma-ray count map of the region around 7ycho’s SNR. The color scale indicates the number of excess gamma-ray events from a region,
using a squared integration radius of 0.01 deg? for the 2009/2010 data and 0.015 deg? for the 2008/2009 data. The centroid of the emission is indicated with a thick
black cross. Overlaid on the image are X-ray contours from a Chandra ACIS exposure (thin black lines; Warren et al. 2005) and '2CO emission (J = 1-0) from the
high-resolution FCRAO Survey (magenta lines; Heyer et al. 1998). The CO velocity selection is discussed in the text. The VERITAS count map has been smoothed
with Gaussian kernel of size 0°06. The point-spread function of the instrument (see the text) is indicated by the white circle.

(A color version of this figure is available in the online journal.)

diameter of the radio remnant. A conservative a priori trials
factor was determined by tiling this area with square 0204 bins
(Aharonian et al. 2006), and additionally accounting for the two
sets of applied cuts. This results in a 5.00 post-trial significance.

3.1. Morphology

The morphology of the source was investigated by binning
the uncorrelated acceptance-corrected map of excess event
counts. Bins of size 0°05 were used to provide sufficient
statistics for fits to source models. The map is compatible
(x2 = 508; ndf = 438; Prob. = 1.2%) with a point source
located at 00M25™2750, +64°10'50” (J2000) and hence we
designate the object VER J0025+641. This position is derived
from a simple symmetric Gaussian fit with a width fixed at
the instrument point-spread function (i.e., the 68% containment
radius for photons, 8¢gg, = 0°11). While other source functions
(e.g., an offset asymmetric Gaussian) may provide a marginally
better fit (perhaps hinting at a more complex underlying source
morphology), a likelihood ratio test shows that the extra degrees
of freedom are not statistically justified in this data set.

As shown in Figure 1, the center of the fit position is offset by
0204 from the center of the remnant. The statistical uncertainty in
this location is 02023, while the systematic uncertainty resulting
from telescope pointing accuracy is 0°014. We note that the
derived centroid position also depends on the source shape
assumed for the fit. Future observations will allow more detailed
study of the source morphology.

3.2. Spectrum

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

data set after quality selection. The shape is consistent with
a power law dN/dE = C(E/3.42TeV)™" with T' = 1.95 +
0.51 4 £ 0.304ys and C = (1.55 & 0.43 £ 0.47y5) x 1071
cm~2 s~ TeV~!, where the systematic error on the flux is
dominated by uncertainty in the energy scale. The x? of the
fit is 0.6 for one degree of freedom. The integrated flux above
1 TeVis (1.87 £ 0.514y) x 10713 cm™2 s~!, about 0.9% that of
the steady Crab Nebula flux above the same energy.

4. DISCUSSION

Figure 1 shows the TeV gamma-ray image of Tycho’s SNR.
The color scale indicates the number of excess gamma-ray
events in a region, using a squared integration radius of
0.015 deg? for the 2008,/2009 data and 0.01 deg? for the 2009/
2010 data. The map has been smoothed with a Gaussian kernel
of radius 0206. Overlaid on the image are X-ray contours from a
Chandra ACIS exposure (thin black lines; Warren et al. 2005).
A contour map of 115 GHz line emission associated with the
molecular '2CO (J = 1-0) transition, from the 14 m telescope
of the Five College Radio Astronomy Observatory (FCRAO),
is shown in magenta (Heyer et al. 1998; Taylor et al. 2003).
Following the analysis of Lee et al. (2004), we have integrated
over the velocity range —68 km s~! to —50 km s~!, revealing
a cloud possibly interacting with the northeast quadrant of the
remnant.

As can be seen from Figure 1, the peak of the gamma-ray
emission is displaced somewhat to the northeast of the center of
the remnant, toward the CO cloud. While this is provocative
in the context of hadronically induced gamma-ray emission
(see, e.g., Aharonian et al. 1994), the statistical significance
of the displacement is weak. Nevertheless, this is the general
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Figure 2. Differential gamma-ray photon spectrum of 7Tycho as measured by VERITAS. The error bars represent 1o statistical errors only. The solid red line shows
the results of a power-law fit to the VERITAS data. The lower panel shows the residuals of the data from this fit. The dashed blue line represents the hadronic model
of Volk et al. (2008) for gamma-ray emission from Tycho, scaled to 4 kpc. The details of the model and of the analysis are discussed in the text.

(A color version of this figure is available in the online journal.)

morphology expected in the case of a shock/cloud interaction
leading to gamma-ray emission, which is seen in several other
remnants (see, e.g., Hewitt et al. 2009). On the other hand, OH
maser emission, a telltale sign of such interactions (Wardle &
Yusef-Zadeh 2002) has not been detected from this remnant
(Frail et al. 1996). A catalog search within our error box reveals
no likely gamma-ray emission candidates at other wavelengths,
so we tentatively associate the source with Tycho.

In Figure 3, we show simple model fits to the broadband
spectrum of Tycho, generated assuming no influence from the
molecular cloud. Two versions are considered—the one in which
the TeV emission is dominated by leptonic (inverse Compton
(IC) scattering; upper panel) processes, and the one in which it
is dominated by hadronic (pion decay, lower panel) processes
(Slane et al. 2010). Here, we have assumed particle spectra of

the form
dN

— = AE % F/E) (1)

dE
with the spectral index o being fixed to the same value for
the electrons and protons, but with the cutoff energy E. being
allowed to differ, as expected for loss-dominated distributions.
We note the crucial point that, in both the leptonic and hadronic
models, the total relativistic particle energy is dominated by
hadrons, and it represents a significant fraction of the total
supernova kinetic energy, estimated to be 1.2 x 107! erg
(Badenes et al. 2006). Indeed, in both cases, the energy density of
hadronic cosmic rays is likely sufficient to modify the supernova
shock dynamics, supporting the conclusions of Warren et al.
(2005). The radio spectrum requires o ~ 2.2, and we have
assumed an ambient density nyp = 0.2cm™3, based on upper
limits from X-ray measurements (Katsuda et al. 2010). The
distance is set to 4 kpc.

The radio data in Figure 3 are compiled from Reynolds &
Ellison (1992). The X-ray data (shown in blue) represent the
unfolded spectrum between ~4 and 10 keV extracted from a
deep Suzaku observation of Tycho. Features from Fe-K and
weaker line emission have been removed. The TeV data points
are from the VERITAS results reported here.

~10 leptonic

|
—
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|
—_
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Figure 3. Radio, (non-thermal) X-ray, and very high energy gamma-ray
emission from Tycho’s SNR, along with models for the emission. The upper
panel shows a lepton-dominated model, while the lower panel shows a model
dominated by hadrons. In each, the IC emission corresponds to the (cyan) long-
dashed curve, while the pion-decay emission corresponds to the (magenta) short-
dashed curve. The solid curve at high energies is the sum of these components;
at lower energies it corresponds to the synchrotron emission. See the text for
discussion.

(A color version of this figure is available in the online journal.)

For the lepton-dominated scenario, we find the normaliza-
tion and magnetic field required to reproduce the radio and
X-ray emission by synchrotron radiation. The gamma-ray emis-
sion is then generated by IC scattering of cosmic microwave
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background photons. (The impact of adding an additional—even
maximal—contribution from the dust-IR emission (Douvion
et al. 2001) was investigated and found to make only a small
difference in the overall IC spectrum.) The associated mag-
netic field is ~80 uG, with a ~15% uncertainty. Assuming an
electron-to-proton number ratio k., = 1072, as observed in
the local cosmic-ray population, the total particle energy (domi-
nated by protons) is 1.8x 10° erg, and the associated gamma-ray
emission from 7° decay is negligible in the TeV band, as shown
in the upper panel of Figure 3. The magnetic field required for
this model is somewhat lower than the conventionally accepted
~200-300 G value that many derive (e.g., Ballet 2006; Volk
et al. 2008; Marcowith & Casse 2010), though it is within the
range found by Warren et al. (2005).

For the hadron-dominated scenario, we adjust the normal-
ization of the proton spectrum to reproduce the observed TeV
emission through 7%-decay (Figure 3, lower panel). The nor-
malization of the electron spectrum is then reduced to a level
at which the hadron-induced gamma-ray emission dominates,
yielding a ke, & 4 x 107%. The associated magnetic field re-
quired to reproduce the synchrotron emission is ~230 uG. This
value can be considered a lower limit, since a smaller k., will
require a larger magnetic field.

For this model, we find a total particle energy of ~8 x 10°° erg.
While this is perhaps uncomfortably large, it is based on
emission involving only the mean gas density of the remnant.
Any possible contribution of target material from the cloud
would reduce the energy requirement. This could also be
achieved if we loosen the assumption of a single power-law
particle spectrum.

Our hadronic model is broadly consistent with that of Vo6lk
et al. (2008), who employ a nonlinear kinetic particle accelera-
tion model to derive a hadronically induced flux as a function
of distance. As shown in Figure 2, with a source distance of
4 kpc, an ambient density of ~0.2 cm~3, and a magnetic field
of ~350 uG, their model provides a reasonable fit to our data.
However, by scaling the flux to improve the fit, a distance esti-
mate of 3.8 kpc can be obtained.

Finally, it is worth noting that the lowest magnetic field
allowable in either of our models is ~80 uG. This value is
not only well above the typical ~3 uG fields of the interstellar
medium, it is significantly higher than expectations from shock
compression of that field in moderate-density environments
(see, e.g., Ellison & Vladimirov 2008). Hence, our detection of
gamma rays from Tycho’s SNR represents additional evidence
for magnetic field amplification in this remnant. While this
conclusion is dependent on the validity of our one-zone emission
approximation, it is not subject to large systematic uncertainties
arising from the choice of electron spectrum, since, for a
~80 uG field, the Suzaku and VERITAS data probe the same
underlying electron energies.

5. CONCLUSION

VERITAS has detected weak TeV gamma-ray emission from
the SNR G120.1+1.4, also known as Tycho’s SNR. The total flux
from the remnant above 1 TeV is ~0.9% that of the Crab Nebula,
making it one of the weakest sources yet detected in TeV gamma
rays, and only the second confirmed Type Ia SNR gamma-
ray emitter. SN1006, another Type Ia remnant, was observed
by H.E.S.S. to have two distinct regions of weak (~1% Crab)
gamma-ray emission, one at the northeastern edge of the ~0?5
diameter remnant and one at the southwestern edge (Acero et al.
2010). Both of these regions are highly correlated with non-
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thermal X-ray emission and have spectra that are compatible
with power laws of index I" ~ 2.3. For SN1006, neither a
leptonic nor a hadronic origin for gamma-ray emission can be
firmly eliminated.

The photon spectrum of Tycho can be described by a power
law with differential index 1.95 & 0.515, £ 0.30ys and is
compatible with the hadronic model of Volk et al. (2008),
scaled for a distance of 3.8 kpc. We present another hadronic
model which can also reproduce the data, although it requires
a large energy content of cosmic rays. A leptonic external IC
model also provides a tolerable fit to the data, though it requires
a magnetic field somewhat lower than generally is accepted
for Tycho. Notably, the lowest magnetic field allowed in either
model is ~80 uG, which may be interpreted as evidence for
magnetic field amplification. The morphology of the emission
is compatible with a point source, with the peak of the emission
possibly offset from the center of the remnant. Detailed spectral
and spatial studies will be possible with a deeper exposure.
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