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ABSTRACT

Recent high-energy observations of Cassiopeia A suggest the presence of synchrotron radiation, implying
acceleration of cosmic rays by young supernova remnants. We detect synchrotron emission from Cas A in
the near-infrared using Two Micron All-Sky Survey (2MASS) and Palomar 200 inch (5.1 m) PFIRCAM
observations. The remnant is detected in the J, H, and K bands using 2MASS: the K, band is the brightest, H
is moderate, and J is faint. In the J and H bands, bright [Fe 1] lines (1.24 and 1.64 um) are detected spectro-
scopically. The Palomar observations include K -continuum, narrowband 1.64 um (centered on [Fe 11]) and
2.12 pum [centered on H, (1-0)] images. While the narrowband 1.64 ym image shows filamentary and knotty
structures, similar to the optical image, the K, image shows a relatively smooth, diffuse shell, remarkably
similar to the radio image. The H, image is identical to the K -continuum image, with surface brightness
reduced as expected for the ratio of filter bandwidths, showing no contribution of H, lines to the K -band
image. The broadband near-infrared fluxes of Cas A are generally consistent with, but a few tens of percent
higher than, an extrapolation of the radio fluxes. The hardening to higher frequencies is possibly due to
nonlinear shock acceleration and/or spectral index variation across the remnant. We show evidence of
spectral index variation across Cas A using the “spectral tomography ™ technique. The presence of near-
infrared synchrotron radiation requires the rolloff frequency to be higher than 1.5 x 1014 Hz, implying that
electrons are accelerated to energies of at least £ = 0.3B;1g2 ergs, or 0.2 TeV. The morphological similarity in
diffuse emission between the radio and K-band images implies that synchrotron losses are not dominant, or
we would expect to see a greater concentration in knots. We also show that dust continuum is not significant
in the near-infrared emission of Cas A. Our observations show unambiguous evidence that the near-infrared
K,-band emission of Cas A is from synchrotron emission by accelerated cosmic-ray electrons.

Subject headings: acceleration of particles — ISM: individual (Cassiopeia A) — supernova remnants
On-line material: color figure

1. INTRODUCTION (Koyama et al. 1995). The detection of TeV gamma rays,
probably cosmic-ray background photons upscattered by
~100 TeV electrons, strengthened the claim of synchrotron
emission in SN 1006 (Tanimori et al. 1998). There are a few
other SNRs, including G347.3—0.5 (Koyama et al. 1997,
Slane et al. 1999) and G266.2—1.2 (Slane et al. 2001), that
show featureless X-ray spectra, possibly due to synchrotron
emission. Other examples of synchrotron emission are less
clear, complicated by mixture with thermal emission, such
as Cassiopeia A and RCW 86 (Allen et al. 1997; Borkowski
etal. 2001; Rho et al. 2002).

However, even if synchrotron radiation commonly con-
tributes to the X-ray emission of SNRs, it does so at a level
below the extrapolation from radio frequencies, by factors
of 3-100 for 14 Galactic SNRs (Reynolds & Keohane 1999)

The origin of cosmic rays has been unclear since their dis-
covery. It has been widely thought that their energy is
derived from supernovae, which are naturally associated
with particle acceleration because they are the primary
energy input for interstellar gas. Shocks are thought to be
primary acceleration sites of cosmic rays. Some evidence
that cosmic-ray electrons are accelerated in supernova rem-
nant (SNR) shocks has been recently found using X-ray and
gamma-ray observations. SN 1006 is a notable example. Its
X-ray emission shows featureless pectra in the limb, strong
evidence that the emission is synchrotron radiation
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and 11 SNRs in the LMC (Hendrick & Reynolds 2001).
That is, the electron distribution responsible for radio syn-
chrotron emission must steepen at energies below 100 TeV
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in all of those 25 cases. This is problematic if SNRs are to
accelerate cosmic rays up to the slight steepening around
3000 TeV in the cosmic-ray ion spectrum known as the
“knee.” While relativistic electrons may be subject to radia-
tive losses during the acceleration process, this should not
be a problem for ions, so perhaps in all those cases electron
acceleration is limited by losses, while ion acceleration invis-
ibly extends to much higher energies. Alternatively, only
certain remnants (for instance, much older and larger ones
than in the Reynolds & Keohane 1999 study) may produce
the highest energy cosmic rays. Another possibility is that a
few remnants, such as Cas A, have very much stronger mag-
netic fields, increasing both the acceleration rate and the
importance of losses so that the required steepening in the
electron spectrum can be due to losses, while ion accelera-
tion can extend to 10!° eV and beyond (Ellison et al. 1999).
Perhaps Cas A is a ““ superaccelerator ”” of cosmic rays.

While the observed X-rays from Cas A fall below the
radio extrapolation by a smaller factor than in any other
Galactic SNR in the Reynolds & Keohane (1999) sample,
this of course does not demonstrate that a portion of those
X-rays is due to synchrotron emission. Most of the soft
X-rays (below 7 keV) are clearly thermal (see, e.g., Gotthelf
et al. 2001), but emission is seen up to energies greater than
10 keV (Allen et al. 1997) with the Rossi X-Ray Timing
Explorer (RXTE) and up to ~100 keV with OSSE on the
Gamma-Ray Observatory (The et al. 1996). The latter study
shows a power-law photon index of —3.1 + 0.4. A spectrum
this hard to such high energies cannot be produced by syn-
chrotron emission from shock-accelerated electrons in any
reasonable model. The most likely explanation is nonther-
mal bremsstrahlung (NB; see, e.g., Asvarov et al. 1989;
Laming 2001) from the lowest energy nonthermal electron
population, the beginning of the distribution that extends
up to radio-emitting electrons at around 1-10 GeV. Evi-
dence for at least some X-ray synchrotron emission near
shock fronts was reported by Gotthelf et al. (2001), but the
total emission in the apparent synchrotron component is a
small fraction of the total flux in the 4-6 keV range, and
Bleeker et al. (2001) cite observations from XM M-Newton
to assert only a small role for synchrotron emission in the
total X-ray flux. Thus, the question of the highest frequency
at which Cas A shows unambiguous synchrotron emission
remains open.

Recently, a 5 o detection of Cas A has been reported at
gamma-ray energies above 1 TeV with the HEGRA Stereo-
scopic Cerenkov Telescope System (Aharonian et al. 2001).
The emission could be due to leptonic processes (NB or
inverse-Compton upscattering of cosmic microwave back-
ground photons) or hadronic (inelastic cosmic-ray proton
collisions with ambient gas producing neutral pions that
decay to gamma rays). NB would require electrons of ener-
gies of a few TeV; n%-decay gamma rays would require simi-
lar energies for protons. Inverse-Compton emission from
the cosmic microwave background, however, would indi-
cate the presence of electrons of energies of the order of 100
TeV. However, until this detection is confirmed and the
nature of the processes producing the gamma rays clarified,
the highest particle energies present in Cas A are still
uncertain.

The EGRET limits on emission above 100 MeV (Esposito
et al. 1996) can be used to put a lower limit on the magnetic
field strength of at least 0.4 mG (Atoyan et al. 2000); if the
field were weaker, the required relativistic electron density
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would have to be higher to explain the radio emission, and
those electrons would emit NB at levels higher than the
upper limit in the EGRET band. Thus, Cas A seems to have
a much larger magnetic field than those inferred for other
remnants (e.g., ~10 4G for SN 1006; Tanimori et al. 1998;
Dyer et al. 2001).

The total flux of Cas A at millimeter wavelengths (Liszt &
Lucas 1999; Mezger et al. 1986) lies very close to the extrap-
olation from centimeter wavelengths. Shortward of 1.2 mm,
however, there is very little information. Synchrotron con-
tinuum is required to fit the mid-infrared ISOCAM and ISO
SWS (6-30 um) spectra, and the spectral shape of synchro-
tron emission (i.e., a power law) dominates between 6 and
8 um (Douvion, Lagage, & Pantin 2001, hereafter DLPO1).
Tuffs et al. (1997) suspected from /SO data that emission in
a line-free region near 6 um could be synchrotron. Gerardy
& Fesen (2001) report that a K-band image resembles the
radio but give no quantitative flux determinations. Here we
search for synchrotron emission from Cas A in the infrared
and show a definitive detection of synchrotron radiation
at near-infrared wavelengths. We discuss the implications
of our result for theories of particle acceleration and
cosmic-ray origin in supernova remnants.

2. OBSERVATIONS AND RESULTS
2.1. 2MASS

The images of Cas A were obtained as part of the routine
observations for the Two Micron All Sky Survey (2MASS;
Skrutskie et al. 1997; Cutri et al. 2002°) using the northern
telescope at Mount Hopkins, Arizona, on 1998 December
26. The wavelength coverages of the bands are 1.11-1.36 um
(J), 1.5-1.8 um (H ), and 2-2.32 um (K;). The spatial resolu-
tion of 2MASS is 3”. The detailed calibration of diffuse
emission is explained in Rho et al. (2001). Here we used
updated zero-point fluxes of 1592, 1024, and 668.8 Jy for J,
H, and K|, respectively. Figure 1 shows the 2MASS three-
color image of Cas A, revealing a shell-like morphology for
the near-infrared emission. The K- and H-band images are
brighter than the J-band image, and the J-band emission is
barely detected in 2MASS. The differences in morphology
among the three bands are not very noticeable, except in the
southwestern shell. The three-color image in Figure 1 con-
trasts the difference: K, emission (reddish in color) domi-
nates for most of Cas A, and H-band emission (greenish in
color) is more noticeable in the southwestern shell, some
inner parts of the northern shell, and sparsely distributed
knots.

We obtained a few near-infrared spectra of Cas A using
the CorMASS instrument (Wilson et al. 2001) on the
Palomar 60 inch (1.5 m) telescope. The observations took
place on 2000 September 10-12 and November 14-15. The
CorMASS spectra toward the northwestern and southwest-
ern shells show bright lines of [Fe 11] in the / and H bands (at
1.26 and 1.64 um), which is consistent with the spectra of
Gerardy & Fesen (2001), and no lines in the K band
were detected. We also took the spectra toward possibly
synchrotron-dominated positions (positions D and C in
Hughes et al. 2000, where no or weak X-ray emission lines
are detected), and the [Fe 11] was not detected from these

3 See http://www.ipac.caltech.edu/2mass.
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Fi6. .—Mosaicked 2MASS three-color atlas image of Cas A. The color ranges are 0.7-3.7 yJy (J, blue), 5-29 pJy (H, green), and 7-38 uly (K, red) per 1”
pixel. Most of the diffuse emission is K, band-dominated, but there are a few places showing significant /-band emission, in particular, in the southwestern
shell. The position of the center is (23"23™ 2557, 58°48'52” [J2000.0]), and the image size is 12'.

positions. This indicates that the line-emitting region is spa-
tially limited across the remnant. The line contribution to
each filter is estimated based on the near-infrared spectra
from Gerardy & Fesen (2001), which is described in § 3.1.

2.2. Palomar 200 inch PFIRCAM Images

We observed Cas A on 2001 July 12-13 using the Prime
Focus Infrared Camera (PFIRCAM) on the Hale 200 inch
(5.1 m) telescope on Palomar Mountain. The PFIRCAM
has a 256 x 256 pixel array, with a pixel scale of 07494 at the
/3.3 prime focus of the 200 inch telescope. We took Kj
broadband (AX = 0.32 um), [Fe 1] narrow-filter (A = 1.64

um, A\ = 0.016 gm), and H, (A = 2.12 um, A\ = 0.02 um)
images. Our goal was to distinguish the structures between
the line and continuum as well as to measure the remnant
fluxes. The seeing was 1”-175. We used the observational
technique described in Reach et al. (2002).

The integration times per sky pixel for the K, Fe 11, and
H, images are 30, 60, and 60 s, respectively. The PFIRCAM
images were calibrated by comparing photometry of sources
in the field to the 2MASS catalog (Cutri et al. 2002%). The K|

4 See footnote 3.
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image was calibrated using 68 stars with 2MASS K, magni-
tudes ranging from 12.5 to 14.5, the H, image was calibrated
using 43 stars with 2MASS K, magnitudes ranging from
11.0 to 14.5, and the [Fe 1] image was calibrated using 52
stars with 2MASS H-band magnitudes ranging from 12.6 to
14.6. Bright stars were excluded from the fit because of non-
linearity in the PFIRCAM data; the diffuse emission is
equivalent to stars fainter than 18 mag and is well within the
linear regime of the detector. The total remnant fluxes were
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measured from the near-infrared images after subtracting
stars using the DAOPHOT package. The regions (9” radius)
of two bright stars in the west were excluded from the
estimation of the total fluxes.

The narrowband mosaicked image of [Fe 1] in Figure 2
(blue) is globally similar to the optical image (DLPOI;
Fesen, Becker, & Blair 1987), showing sharp filamentary
and knotty structures of Fe-rich ejecta. However, while [Ne]
and [S 1] optical maps show brighter emission in the north,

FiG. 2.—Mosaicked Palomar PFRICAM two-color images of K; (red) and [Fe 1] (blue). The narrowband [Fe 11] image shows filamentary and knotty
structures (from ejecta material) that are not present in the broadband K, image, which is dominated by synchrotron emission. The colors are 5-82 wJy (blue)
and 2-11 yJy (red ) per 0”5 pixel. The center of the image is the same as in Fig. 1, and the image size is 6/4.
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the [Fe 1] image shows much brighter emission in the
southwest.

Figures 2 (red) and 3a show the Palomar PFIRCAM K-
band image, which is noticeably different from the Fe n—
band image. The K -band structure is much smoother than
the ejecta structure that dominates the [Fe 1] and optical
images. The H,-band image is essentially identical to the K
image, with surface brightness reduced (and noise
increased) as expected for the ratio of filter bandwidths;
thus, the H, band appears to be completely due to the same
continuum that generates the K-band image. We show the
1.4 GHz radio image (Anderson et al. 1991) in Figure 35 for
comparison with the K-band image, because they are
remarkably similar. The radio image of Anderson et al.
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(1991) has a pixel size of 0”4 and a spatial resolution of 173,
which is comparable to our Palomar image. The similarity
between the K-band and radio images suggests that both
the K; and radio images are due to the same physical
process: synchrotron radiation.

3. INFRARED FLUX OF CAS A
3.1. Total Flux from Near-Infrared Images

The total remnant flux from the PFIRCAM K -band
image is 0.32 £ 0.03 Jy, where the error includes the uncer-

tainty in calibration. In comparison, the 2MASS flux in the
K, band is 0.31 +0.02 Jy. Although the 2MASS diffuse

FiG. 3a

FI1G. 3.—(a) Ki-band image of Cas A. (b) Radio image of Cas A at 1.4 GHz (Anderson et al. 1991). The K and radio images are remarkably similar, except
of course for the presence of unrelated stars in the K image. [See the electronic edition of the Journal for a color version of this figure.)
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emission may include some faint stars because of lower
spatial resolution, the Ki-band flux is consistent between
PFIRCAM and 2MASS. The statistical errors of the mea-
surement are less than 1%, but a larger error is induced by
the method of star subtraction because sometimes the sam-
pling of the fluxes for the stars is insufficient or it is unclear
if the bright blobs are faint stars or diffuse emission, espe-
cially in the [Fe 11] image. We experimented with different
thresholds of star identification, and we believe the error
would not be larger than 20% of the measured flux (a con-
servative estimate). Extinction varies across the remnant,
with 4, ranging typically from 4.3 to 6.2 mag (Searle 1971;
Fesen et al. 1987) and as high as 8 mag in the western boun-
dary (Hurford & Fesen 1996). The extinction-corrected K
flux is 0.5370: )2 Jy, using the near-infrared extinction law of
Rieke & Lebofsky (1985); the error includes the possible
range of extinction. The CorMASS spectra show no lines in
the K, band, and Gerardy & Fesen (2001) also detected no
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lines within the K, band (2-2.3 um) from fast-moving knot
(FMK) positions in the north and northeast of the remnant,
while they detected faint lines of [Fe 1], He 1, and H 11 Bry
from quasi-stationary flocculum (QSF) positions in the
southwest. It is likely that the line contribution is very small
in the K-band image, considering that (1) QSF covers a
small portion of the remnant, (2) the morphology of the K
image is remarkably similar to that of the radio image, and
(3) the narrow-filter 2.12 um image is very similar to the K-
band image.

The total flux of the PFIRCAM [Fe 1] image is
0.37 £0.06 Jy, and the extinction-corrected flux is 0.76 Jy
using an A4, of 4.5 mag. This total flux is somewhat uncer-
tain, because the [Fe 11] emission is knotty and filamentary
and some of the bright peaks of diffuse emission may have
been subtracted during subtraction of stars. The 2MASS
total flux in the H band is 0.27 Jy, and the extinction-
corrected flux is 0.56 Jy. The 2MASS H-band flux may be
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somewhat overestimated because of contribution from
unresolved faint stars. Experimenting with different star-
subtraction methods shows that neither of these effects are
significant.

Emission lines contribute a small fraction of the flux
observed in the wide K band. We estimate the line contribu-
tion as follows. We assume that the emission in each band
arises from a combination of a featureless continuum and
spectral lines, with a total brightness in the A band that is a
factor f; brighter than the [Fe 1] 1.64 um line. Using the
observed fluxes and the filter widths, the line contribution to
the H band is ~2f;%, and even in the narrow [Fe u]-
centered filter, it is only ~30% because of the 1.64 um line.
Spectroscopically, the 1.64 um line is the dominant line in
the H band, as found in observations by Gerardy & Fesen
(2001) from FMK positions. While the 1.64 ym line is domi-
nant (f7 ~ 1) from FMK positions, the QSFs have a wide
range of lines, with f; ~ 2. Thus, the H band is dominated
by continuum emission, with lines contributing less than 4%
of the in-band flux. In the K, band, the conclusion is even
more clear, because of the paucity of spectral lines. For most
positions, there are no spectral lines detected in the K band
(in our CorMASS data and the FMK positions from
Gerardy & Fesen 2001). Even using the line-rich QSF spec-
tra, the total line brightness in the K, band is 10% of the total
line brightness in the H band, and spectral lines would con-
tribute less than 1% of the K -band flux. The conclusion that
continuum dominates the wide bands is robust, and even
after accounting for the uncertainties from star-subtraction
methods, the line contribution would be less than 8% in the
H band and less than 2% in K band.

Measuring the J-band flux was challenging because
2MASS barely detected the diffuse emission from the
remnant. The 2MASS J-band flux is 0.12 Jy, and the extinc-
tion-corrected flux is 0.39 Jy using an A4, of 4.5 mag, which
may be highly uncertain. Gerardy & Fesen (2001) show a
higher resolution J-band image, which is similar to our
[Fe n]-band image. Their J-band spectra show a number of
bright lines, such as [Fe 1], [S 11], and [P 11], such that the total
flux of lines in the J band is 7-9 times greater than in the H
band. Using the line fraction derived above for the H band,
we estimate that lines contribute ~20%-40% of the J-band
flux. The reason that the J-band and the narrow Fe-band
images are similar is that they contain similar fractions of line
emission.

3.2. Possible Dust Contribution to Cas A Flux

The mid-infrared spectrum of Cas A revealed dust newly
formed from the ejecta material, as well as gas lines
(DLPO1). A model for the mid-infrared spectrum using dust
composed of pyroxene, quartz, and aluminum oxide, with
cold (90 K) and warm (350 K) components, can reasonably
approximate the spectrum longward of § um (DLPO1). We
estimated the dust contribution to the near-infrared bright-
ness by calculating the ratio of the 2.2-8 um brightness of
small pyroxene (Dorschner et al. 1995) particles at 350 K,
then scaling to the observed 8 um brightness (DLPOI1). In
Figure 3 of DLPOL1 it is evident that dust dominates at 8§ ym
and above and that the synchrotron component only begins
to contribute significantly at 6 um. We find that the synchro-
tron emission is 3—4 orders of magnitude higher than in the
extrapolated dust model at 2.2 um. We also estimated
the brightness of starlight scattered by the Cas A dust, using
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the interstellar radiation field (Mathis, Mezger, & Panagia
1983), an albedo of 0.6, and the same optical depth as
inferred from the mid-infrared thermal emission model
(mostly from the colder component). The scattering contri-
bution is 4-5 orders of magnitude smaller than that of syn-
chrotron emission. Therefore, at 2.2 um, synchrotron
emission dominates over dust emission and scattering.
Recent submillimeter observations of Cas A show that no
dust is present at 850 um (Loinard et al. 2003), which
strengthens our conclusion of no dust contribution at 2 ym.

4. NEAR-INFRARED SYNCHROTRON RADIATION
FROM CAS A

We show the broadband spectrum of Cas A, from radio
to TeV energies, in Figure 4. The data from Baars et al.
(1977) for 10-35 MHz, Liszt & Lucas (1999) for 86 and 140
GHz, and Mezger et al. (1986) for 1.2 mm are marked. The
high-energy data of RXTE (Allen et al. 1997), OSSE (The et
al. 1996), EGRET (Esposito et al. 1996), and Whipple
(Lessard et al. 1995) are also indicated. Our near-infrared
points are above the fit to the radio data (solid line) with
a=—0.77 (where logS =+ alogy, B =5745=£0.025
for v in MHz [Baars et al. 1977], which is equivalent to
£ = 10.365 for v in Hz). This shows that the K| flux before
correcting for extinction is comparable to the lower fre-
quency extrapolation and that the extinction-corrected Kj
flux is ~70% higher than that extrapolation. When we per-
formed a weighted fit to the radio, millimeter, and near-IR
data, we obtain an index that is not significantly different
from —0.77, and the value of the constant [ is sightly higher
than that in Baars et al. (10.409 4 0.029; see the thick solid
line in Fig. 4). The extrapolation of this spectrum fell below
the near-IR data points, suggesting positive (concave-up)
curvature. An index flatter than —0.77 has been suggested
by Mezger et al. (1986); they found —0.65. When we fit the
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F1G. 4—Broadband frequency and flux spectrum of Cas A. The near-
infrared K flux is marked with an asterisk, and the extinction-corrected
flux is marked as a square (assuming 4, = 4.5 mag). The solid line shows a
spectral index of —0.77, which is derived using all the radio, near-IR, 86
GHz, and 140 GHz fluxes, with an exponential cutoff applied. The dot-
dashed line shows a spectral index of —0.71, which is derived using only the
near-IR, 86 GHz, and 140 GHz fluxes. The double-dot-dashed lines show
nonthermal-bremsstrahlung (NB), inverse-Compton scattering of the
cosmic microwave background (IC), and the decay of neutral pions (7°)
from Allen et al. (1997).
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86 GHz, 140 GHz, 1.2 mm, and 2 um data alone,
a=-—0.709 £0.040 and ([ =09.762 1+ 0.444, showing a
hardening to higher frequencies, although we cannot com-
pletely rule out the possibility that the excess near-IR flux
above the extrapolation is due to contamination from line
emission.

It is possible that the concave spectrum between 140 GHz
and the near-IR is at least partially due to spectral index var-
iations across the remnant. If different shocks produce
slightly different spectral indices, perhaps because of differ-
ences in Mach number, shocks with harder spectra will
come to dominate at higher frequencies, and the spatially
integrated spectrum will be concave. Spectral-index varia-
tions between 1.4 and 5 GHz were studied by Anderson et
al. (1991), who obtained values from —0.64 to —0.92.
Figure 5 is a two-color image with the radio image (1.4

+ 58d51Im

+ 58d48m

+ 58d4Tm

+ H8d4am

23h23n 40s
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GHz; Anderson et al. 1991) in red and the star-subtracted
K-band image in green, and it shows spectral index varia-
tions. Radio-dominated regions (red in Fig. 5) have a
steeper spectral index, and K; band-dominated regions
(green in Fig. 5) have a flatter spectral index between the
radio and K frequencies. The noticeable steep spectral
index regions (red in Fig. 5) are the southeastern shell and
knots and a blob in the west outside of the shell (at
R.A. = 23h23m835  decl. = 58°48'44” [J2000.0]). By con-
trast, the southwestern rim appears to have a relatively flat
spectrum. This image is indeed very similar to the radio
spectral index map between 1.4 and 5 GHz, which is shown
in Figure 3 of Anderson et al. (1991). Figure 6 shows K-
band and radio radial profiles averaged over 5°~10° sectors
toward the north, northeast, southeast, and southwest
directions (each position angle is given in the figure

23dhZ23m 205

Fi1G. 5.—Two-color images of the K, band (green) and radio (red ). Stars have been subtracted from the K-band image. The area emitting in both the K band
and radio appears in yellow. The three saturated stars are masked. This image highlights differences between the K, and radio emission from the remnant, with
the southeast being relatively radio-bright.
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FiG. 6.—Radial profiles of Ki-band (solid lines) and radio (dashed lines)
images. We chose the center position of R.A.=23h23m26s,
decl. = 58°48’42" (J2000.0); north covers position angles (eastward from
the north) of 355°-360°; northeast covers P.A. of 45°-50°; southeast covers
P.A. of 135°-145°; southwest covers P.A. of 210°-220°. The relative fluxes
are conserved within each K and radio image.

caption). While the K-band and radio profiles are similar in
the north and northeast (except that the radio is more
sharply peaked in the shell), the K image is noticeably
fainter in the southeastern shell and brighter in the south-
western shell, which is consistent with what we see in
Figure 5.

We have also constructed images using the *“spectral
tomography ” technique (Katz-Stone & Rudnick 1997), in
which scaled versions of one image are subtracted from
another. That is, for a series of trial values «,(<0), we sub-
tract from the radio image the K -band image multiplied by
(Vradio/VIR)™. In such images, emission with a spectrum
steeper than «; appears positive, while flatter spectrum emis-
sion appears negative. In Figure 7, we show images for
a; = —0.61, —0.67, —0.73, and —0.77. Since the —0.61
image is essentially all positive and the —0.77 image all nega-
tive, the radio—near IR spectral index of different regions in
Cas A is bracketed by these values. For a, = —0.67 and
—0.73, we see both positive and negative structure. The dis-
appearance of much of the emission along the bright south-
western and northern rims in the —0.67 image indicates that
the average radio—near IR spectral index in these regions is
about —0.67. Similarly, the southeastern rim mostly van-
ishes in the —0.73 image, showing that the average spectral
index along the southeastern rim is about that value. These
results are consistent with the two-color radio/K; image, in
which the southeastern rim appears steeper, while most of
the rest of the remnant is flatter. There is a great deal of
other small-scale structure in these images, whose more
detailed investigation might provide useful information on
the location and properties of electron acceleration.

However, it is not clear that the observed integrated spec-
trum concavity can be produced by simply adding contribu-
tions from regions with straight spectra with different
slopes. For instance, a region with a 1.4-5 GHz radio spec-
tral index flatter than the average by 0.13 would be about 5
times brighter at the K band than a region of comparable
brightness at 1.4 GHz with the average spectrum. Such large
variations do not appear to be the case. But another
explanation for the concavity is available. Such concave-up
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curvature of the spectrum is predicted by nonlinear shock
acceleration models in which shock transitions are broad-
ened by preacceleration from cosmic rays diffusing ahead of
the shock, if particles’ diffusion lengths increase with energy.
In this case, more energetic particles feel a higher velocity
jump between upstream and downstream fluids, and the
spectrum is flatter at those energies (Eichler 1984; Ellison &
Reynolds 1991). Hints of this effect are seen in Tycho’s and
Kepler’s SNRs (Reynolds & Ellison 1992) as well as in
Cas A. If such concavity can be shown to be true for local-
ized regions as well as for the spatially integrated spectrum,
it will strongly support the case for such nonlinear effects.
Other theories of particle acceleration, such as stochastic
(second-order Fermi) acceleration in magnetohydrody-
namic turbulence, predict a steepening spectrum (see, e.g.,
Cowsik & Sarkar 1984), so that our observation supports
diffusive (first-order Fermi) shock acceleration instead. A
recent paper by Jones et al. (2003) also showed the concavity
of the spectrum from a small portion of the bright shell with
the detection of polarized flux at 2.2 um, which reinforces
the concavity of the spectrum, i.e., the presence of nonlinear
shocks in Cas A.

The synchrotron spectrum should eventually roll off
because of one of several limitations on electron accelera-
tion: radiative losses, finite acceleration time, or particle
escape (Reynolds 1998; Sturner et al. 1997; Baring et al.
1999). For any of these, the electron distribution is likely to
cut off no faster than exponentially (Reynolds 1998), with
an e-folding energy E.... For a homogeneous source, the
rolloff frequency is related to Ey,, by

B E, 2
Vrolloff = 4.7 X 1015m_é} (TZij) Hz

where B is the sky plane component of the magnetic field.
A lower limit for the rolloff frequency can be estimated
directly from the high-frequency end of the K band, which
is 1.5 x 10 Hz. In a magnetic field B, synchrotron radia-
tion at this frequency is produced by electrons with energies
E = 0.29B;11G/2 ergs, or ~0.2 TeV, where By is the mean
magnetic field in milligauss. These values assume that B lies
entirely in the plane of the sky, since this gives us the most
conservative lower limit on E. Our claim of the presence of
electrons at these energies makes it more plausible that some
portion of the X-ray emission is synchrotron as well.

Reynolds & Keohane (1999) obtained an upper limit to
the rolloff frequency of 3.2 x 1017 Hz by assuming all the
X-ray emission to be synchrotron. Since the X-ray emission
obviously contains thermal emission with a rich line spec-
trum, this is a very conservative upper limit. Allen et al.
(1997) used a cutoff frequency of 2.4 x 107 Hz (1 keV).
However, the cutoff frequency is very sensitive to the values
of the spectral index from the radio.

The half-life of electrons with Lorentz factor « radiating
in a magnetic field Bis given by

5.1 x 108
B

fyy = s=1.81 x 106,712 32 5|

where we have averaged over magnetic field directions. The
electrons radiating in the K, band (v = 1.5 x 10'* Hz) have
lifetimes of only about 473;13}/2 yr. With typical velocities in
Cas A of several thousand kilometers per second, electrons

in such strong fields could travel distances of the order of
tens of arcseconds (for d = 3.4 kpc; Reed et al. 1995) in a
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FiG. 7.—* Spectral tomography ” maps: from the radio image we subtract the K-band image multiplied by (vradio/vir ). White corresponds to positive
values, softer (steeper) than the trial index, and dark to negative values, harder than the trial index. The scale is between —0.03 and 0.03. The three saturated
stars are masked, shown in white. Top left: o, = —0.61; the spectral index is steeper than —0.61 for all of Cas A. Top right: o, = —0.67; the southwestern shell
turns positive to negative. Bottom left: o, = —0.73; the northern shell and outer shock of northern shell change to negative. Bottom right: o, = —0.77; the only
positive structure is the western edge knot. We deduce that the approximate spectral index is roughly —0.67 for the southwestern shell, roughly —0.73 for the
northern shell and the upper part of southeastern shell, roughly —0.77 for the lower part of the southeastern shell, and steeper than roughly —0.77 for the

western edge knot.

loss time. The synchrotron emissivity varies roughly as
nes BT, where ng; is the energy density in relativistic elec-
trons and « is the spectral index. If the magnetic field
evolves by flux freezing and the relativistic electrons at these
energies have relatively short diffusion lengths, we have ng
proportional to n, the thermal gas density and B propor-
tional to a power of n between 0 and 1.8. Then the synchro-
tron emissivity varies as roughly 2, like the optical
emissivity; both optical emission and synchrotron emission
would be prominent in high-density regions, showing that
the morphological difference between the radio and optical
is not due to density difference. The smoothness of the K-
band and radio images, relative to optical images that more
directly trace the shock fronts and high thermal gas den-
sities, is due to the relatively large diffusion distances of the
extremely high-energy synchrotron-emitting electrons,
resulting in a generally smoother distribution of those
electrons than that of thermal gas.

Even though the synchrotron loss time for the K, band—
emitting electrons is substantially less than the age of Cas A,

it is much longer than the time required for shock
acceleration to produce the electrons. We can estimate
the acceleration time based on the general expression in
Forman & Morfill (1979), for the particular case of electron
mean free path proportional to gyroradius, A, = 11y, With
ry = E/eB for extreme relativistic electrons, and making
other reasonable assumptions detailed in Reynolds (1998).
The acceleration time for parallel shocks (shock normal
parallel to the upstream magnetic field) is

Tace = 1.377(Bm(;)_1u§2E yr,

where ug is the shock speed in units of 108 cm s~ and Eis in
ergs. For perpendicular shocks, in which we assume a
compression ratio of 4, the acceleration time is

Tace = 05377 (Bmg) "'ug 2E yr .

We infer that shocks can produce the K band-emitting elec-
trons in times of the order of 1 yr. This very short timescale
suggests that variability in acceleration, if not depletion, of
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these electrons could be observed over timescales of the
same order. Now the radio morphology of Cas A makes it
clear that there is no single acceleration site like the outer
shock wave in SN 1006; instead, particle acceleration
appears to take place in many small knots all over the rem-
nant (Anderson et al. 1991). This picture can be supported
by detailed theoretical analysis (Atoyan et al. 2000). In the
model of Atoyan et al. (2000), the magnetic field in the knots
where acceleration takes place is much larger than that in
the general remnant volume, so one would expect longer
synchrotron lifetimes once electrons diffused out of the
acceleration zones. In any case, to the extent that our K-
band image resembles the radio, synchrotron losses are evi-
dently not dominant, or we would expect to see less diffuse
emission and a greater concentration in knots. But small dif-
ferences between the images of Figure 5 show that it is not
impossible that this greater concentration has already begun
to occur.

While most authors agree that shock acceleration produces
the relativistic electrons in Cas A, it is not impossible that
some form of turbulent or stochastic acceleration is responsi-
ble (see, e.g., Cowsik & Sarkar 1984). One must ask if this
mechanism, designed to describe radio emission, can in the
time available produce the ~1 erg electrons required by our
near-infrared image. Melrose (1974) gives expressions for
acceleration rates in magnetohydrodynamic turbulence that
show that once electrons are substantially suprathermal
(““injected,” a necessity for shock acceleration as well), they
can reach relativistic energies in a fraction of a year.
Subsequent acceleration of relativistic electrons in MHD tur-
bulence with amplitude 6B/ B = e takes place on a timescale

1 Tg (VA -2
Tace ™~ —5 y
€ C C

where va is the Alfvén speed and Iy is the electron’s gyro-
radius. Strictly speaking, this result is true in the quasilinear
approximation (e < 1), but it should provide at least a rough
estimate for e = 1 to give us a conservative idea of the fastest
possible acceleration. In the above expression, € refers to the
amplitude of waves resonant with the particular particle,
which must be presumed to exist (perhaps generated by the
particles themselves). Again assuming that the electron mean
free path is a multlple of its gyroradlus Amfp = Ny, quasilin-
ear theory then gives n = (6B/B) > = ¢2, 50 we can rewrite
the acceleration time as Tuce ~ (Amip/ c)(vA /¢)~%. Since in the
extreme relativistic limit, r, = E/eB, with E the particle
energy, the acceleration time to a particular energy is just pro-
portional to that energy. For the stron/% fields we anticipate
in Cas A, vp = 2.2 x 108 By (unp) cm s~ !, where the
matter densrty 1s p = umyny. So va/c~ 1072, and with
rg =2 x 102EB_L cm, we estimate Tyc ~ 10° s to reach
energies adequate to produce infrared synchrotron radiation
(in these strong fields)}—comparable to the rate of shock
acceleration. This can occur because the strong magnetic
fields in Cas A can give Alfvén speeds comparable to the cur-
rent, decelerated outer blast wave speed. So stochastic accel-
eration can certainly proceed rapidly enough to explain our
observations. The spectrum produced by stochastic accelera-
tion will depend on the properties of the turbulence, and it is
not clear if the required remarkably flat, slightly hardening
spectrum can in fact be produced. However, neither shock
acceleration nor stochastic acceleration can be ruled out on
the basis of acceleration time arguments.
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5. SUMMARY AND CONCLUSIONS

The 2MASS near-infrared images reveal emission from
Cas A in the J, H, and K bands. The images reveal a shell-
like morphology shown in Figure 1. The K- and H-band
images are brighter than the J-band image. The three-color
image demonstrates the difference: K emission is dominant
for the majority of Cas A, and H emission is noticeable in
the southwestern shell. Near-infrared spectra showed [Fe 11]
lines in J (1.25 um) and H (1.64 um), and no lines were
detected within the K band.

A high-resolution Palomar PFIRCAM narrowband
image of [Fe 1] (1.64 um) (see Fig. 2) is similar to the optical
image of Cas A, showing sharp filamentary and knotty
structures of Fe-rich ejecta. The PFIRCAM K, -band image
is much smoother and more diffuse than the ejecta structure
that dominates the optical images (and is present in the
[Fe ] image). Instead, the K image is remarkably similar to
the radio image of Cas A, suggesting that the physical mech-
anism that produces radio emission synchrotron radiation
is also responsible for the K-band emission. We measure a
total flux of Cas A in the K band of 0.32 4 0.03 Jy, implying
a flux of 0.53%0 Jy after correcting for extinction. The
spectral energy distribution of Cas A shows that the near-
infrared flux is close to an extrapolation of the radio fluxes,
supporting our interpretation of the near-IR flux as syn-
chrotron radiation. The near-infrared K-band fluxes are
actually a few tens of percent higher than an extrapolation
of the radio fluxes. Such positive (concave-up) curvature of
the spectrum (hardening to higher frequencies) is predicted
by nonlinear shock acceleration models in which shock
transitions are broadened by preacceleration from cosmic
rays diffusing ahead of the shock, if particles’ diffusion
lengths increase with energy.

The synchrotron spectrum may roll off because of any of
several possible limitations on electron acceleration, includ-
ing radiative losses, acceleration time, or particle escape;
this is measured as the rolloff frequency. Our near-infrared
emission measurement gives us a lower limit to the rolloff
frequency of 1.5 x 10" Hz. Synchrotron radiation at this
frequency is produced by electrons with energies E =
0.331;132 ergs, or about 0.2 TeV, where By is the mean
magnetic field in milligauss. The synchrotron loss time for
electrons radiating in the K, band is only about 473;130/2 yr.
The fact that such electrons can thus travel only distances
on the order of tens of arcseconds implies that particle accel-
eration takes place in many sites all over the remnant. Our
K-band image resembles the radio image, so synchrotron
losses evidently do not dominate the small-scale structure.
The acceleration timescale for electrons with energy high
enough to produce the near-infrared emission from Cas A is
of the order of a year (or less), so either shock or stochastic
acceleration is rapid enough to accelerate electrons to the
required energies.

Our results confirm that supernova remnants are high-
energy cosmic-ray acceleration sites that can produce
0.2 TeV particles. We also show that near-infrared observa-
tions are a good tool to study synchrotron radiation and
cosmic-ray acceleration in supernova remnants.

J. Rho thanks Pierre-Olivier Lagage for discussion on
synchrotron emission from mid-infrared observation, which
gave her strong motivation for this project.
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