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ABSTRACT

University of Hertfordshire, Colleganke, Hatfield, AL10 9AB, UK
MA 02139, USA

Whether or not supernovae contribute significantly to theraW dust budget is a contro-
versial subject. Submillimetre (submm) observationssiie to cold dust, have shown an
excess at 450 and 8xn in young remnants Cassiopeia A (Cas A) and Kepler. Some of
the submm emission from Cas A has been shown to be contamiibgtenrelated material
along the line of sight. In this paper we explore the emis$éiom material towards Kepler
using submm continuum imaging and spectroscopic obsengatf atomic and molecular
gas, via H, '2CO (J=2-1) and'3*CO (J=2-1). We detect weak CO emission (pegk =
0.2-1k, 1-2kms! FwHMm) from diffuse, optically thin gas at the locations of sometiud
submm clumps. The contribution to the submm emission froregimund molecular and
atomic clouds is negligible. The revised dust mass for Képfemnant is 0.1-1.2 M, about
half of the quoted values in the original study by Morgan e{2003), but still sufficient to
explain the origin of dust at high redshifts.

Key words: Supernovae: Kepler — ISM: submillimetre dust — radio lin& — Galaxies:

abundances — submillimetre

1 INTRODUCTION

The conditions following a supernova (SN) explosion araitiu

to be conducive to the formation of dust: the abundances afyjhe
elements are high, as is the density; temperatures droglyapi
the expanding ejecta, quickly reaching levels allowing $heli-
mation of grain materials. Theoretical estimates pretiat typet
SNe should produce a significant quantity of dust, approtéiya
0.3 — 5 Mg per star, depending on the metallicity, stellar mass and
energy of the explosion (e.g. Todini & Ferrara 2001; Nozatal.e
2003; Schneider, Ferrara & Salvaterra 2004). Some ciramtiat
evidence also leads us to believe that SNe should be an iamport
source of dust: first, without SNe there is a dust budgetiisi
the Galactic ISM. The dust produced in cool stellar atmosghe
of intermediate-mass stars, combined with current priedistfor
how much dust is destroyed in shocks, yields far less dustitha
observed (Jones et al. 1994) in the interstellar medium Y15V
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ther another source of dust exists, or dust destructionataoem
as efficient as is widely believed. Second, without SNe aed th
massive precursors as significant sources of dust, it iudliffto
explain the immense dust masses found in submillimetrected
galaxies and quasars at high redshift (e.g. Smail et al.;1188a@k
et al. 2002; Eales et al. 2003). There is not sufficient tinmedfcst
to form in such large quantities from evolved stars aloner@da
& Edmunds 2003; Dwek et al. 2007 and references therein).

The signature of warm, freshly-formed dust in Cas A was
seen in spectroscopic data by Rho et al. (2008), with regorte
dust masses in the range 0.02—-0.05-Mmaller fractions of warm
dust have been reported in SN2003gd and Kepler (Sugerméan et a
2006; cf. Meikle et al. 2007; Blair et al. 200 8pitzerobservations
of SNRs in the Magellanic Clouds are also consistent withllsma
amounts of dust (e.g. Borkowski et al. 2006; Williams et 80@).
However,Spitzeris not sensitive to the presence of very cold dust,
which peaks at wavelengths longer than 1&@. To address the
question of whether large quantities of dust are presentegare
observations at longer wavelengths in the submm.

The Submillimetre Common User Bolometer Array (SCUBA
— Holland et al. 1999) on the James Clerk Maxwell Telescope
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(JCM) was used to observe the young Galactic SN remnant radio emission as a guide, with a chop throw of 180 arcsec (see
(SNR) Cas A (Dunne et al. 2003 — hereafter D03), with large ex- Fig.[A])). The potential hazards of this observing mode age di
cesses of submm emission detected over and above the datepo  cussed and simulated il In MO3 we presented the synchrotron-
synchrotron components. This was confirmed by ARCHEOPS subtracted 85@Q:sm image, obtained by scaling the 5-GHz Very

(Désert et al. 2008). Because of the high spatial cormaiatiith
the X-ray and radio emission, this was interpreted as eatissi
from cold dust associated with the remnant. However, sontleeof
submm emission comes from molecular clouds along the line of
sight (Krause et al. 2004; Wilson & Batrla 2005). The highréeg
of submm polarisation suggests that a significant fractiodust
does originate within the remnant (1 M, Dunne et al. 2009). We
now turn to the only other remnant with a reported excesstofsu
emission over the extrapolated synchrotron: Kepler. \giraaily
interpreted our SCUBA data as evidence for 0.B£3 of dust as-
sociated with the remnant (Morgan et al. 2003 — hereafter;M03
Gomez et al. 2007), an order of magnitude higher than thase pr
dicted from 160xm Spitzerdata of Kepler (Blair et al. 2007).
Kepler's SN has a shell-like structure3 arcmin in diameter.
Estimates of its distance, usingi ldbsorption features range from
3.9 to 6 kpc (Reynoso & Goss 1999 — hereafter RG99; Sankrit et
al. 2008). Its classification has been controversial (Ria#l. 2007;
Reynolds et al. 2007; Sankrit et al. 2008) with evidence fgrto-
wards either a typea — the thermonuclear explosion of a low-mass
accreting star in a binary system — or a type- the core collapse
of a massive star. Reynolds et al. proposed that Kepler's &8l w
the result of a thermonuclear explosion in a single 8-btar, af-
ter roughly 50 Myr of evolution, which would make it pertinén
the issue of the dust budget in the early Universe. Of counse,
derstanding dust formation in SNRs is important regardbéske
explosion mechanism: dust formation following tyeSNe would
indicate that typet SNe would also be likely dust producers (Clay-
ton et al. 1997; Travaglio et al. 1999). Here, we revisit thiersm

Large Array (VLF@) map of Kepler using a constant spectral in-
dex, S, o v~ that being the mean value reported by DeLaney
et al. (2002). We take a different approach here, insteatjubie
spectral indexmap of DeLaney et al. — their Figure 4 — to produce
a more accurate estimate of the synchrotron contributirel{y-
pixel. The flatter spectral index in the north of the remnartins
that more flux has been subtracted from the submm images than
in the analysis of M03. The final synchrotron-subtractednzub
flux densities aré®.4 + 0.1 and2.8 + 0.7 Jy at 850 and 450m,
respectively.

The signal-to-noise maps obld dust at 450 and 850m are
shown in Fig[1, with the synchrotron contribution subtegictis-
ing the spectral index image. The noise images were created b
randomly generating 1,000 artificial images (Eales et aQ020
The noise is substantially higher near the edges of the map be
cause these regions received significantly less integréitice. At
450um, the centre of the map is also noisy (the array footprint is
smaller at 45Q:m than at 85@:m). The peak signal-to-noise val-
ues in these maps are &t 450um and & at 850um. There are
regions of high flux near the edges of the map (particularithen
south-east) but these are also regions of high noise so atir co
dence in these features is low. Conversly, there are regiblsv
flux which are not particularly noisy (e.g. in the southeingt re-
gion of the remnant); our confidence in these features is camm
surately higher.

The location of the submm peaks A-J, are marked on the 1.4-
GHz map in Fig[R. This image was constructed using data from
the VLA archive (segf2.2.3). Dust clumps A, B, F, | and G all

data and ask how much of the submm emission can be associatedall within the radius of the shockfront. Most of the emissibom

with the remnant and how much with material along the line of
sight.

In this paper, we recalculate the contribution of synclumotr
radiation to the submm emission in Kepler using a radio spkct
index map (kindly provided by T. DeLaney). We also presest th
first high-resolution molecular-line map towards Kepl&NR and
compare this with archival Hdata (RG99). Iff2.1 we present de-
tails of the observations and data reduction§2il we investigate
the possibility of contamination by line-of-sight gas alisu In §3
we compare the distribution of the dust and gasg3il we esti-
mate the dust mass in Kepler with results summarisefllirSim-
ulations of the effects of the SCUBA chop throw are discuseed
Appendix3.

2 OBSERVATIONSAND ANALYSIS
2.1 Submillimetre continuum observations

The reduction of SCUBA data of Kepler's remnant at 450 and
850um, using standard routines in the SURF software package
(Sandell et al. 2001), was described briefly by M03. The cbser
vations were carried out over five different nights durind29

cloud E is within the shock also whereas C, D, H, and J lie bdyon
the X-ray and radio boundaries. Cloud E is located at thetiposi

of one of the ‘ears’ in the radio, a region associated withefleeta

but beyond the almost circular shock front. Around 30—40qeeit

of the submm flux lies outside the shock front (as defined by the
radio observations at 100 arcsec).

Possible explanations for the submm emission are: (i) dust
produced by the supernova remnant or progenitor star;niéri
stellar material along the line of sight and/or (iii) spwsostructure
in the SCUBA map — perhaps an artefact of the observing or data
processing techniques. These are possibilities we willoegpn
the remainder of this paper.

2.2 Exploringthe possibility of line-of-sight contamination

Does Kepler's SNR have significant interstellar materiahglthe
line of sight that may be contributing to the measured submm
fluxes? Kepler's SNR is approximately 600 pc out of the Gadact
Plane { ~ 4.5°, b ~ 6.8°) with extinction and 10Q:m back-
ground lower than measured at Cas A by a factor of thiea$
IRSKY maps — Arendt 1989). A latitude-velocity map of intatgd
12C0O (J=1-0) (kindly provided by T. Dame) at the location of Ke-

03 using the jiggle-map mode. The array was chopped to remove pler shows that the velocity range of clouds integrated tvegi-
sky emission; we chose reference positions using a map of thetude is confined to-5 < v < 5kms™" (Fig.[3a). Fig[Bb shows

1 The JCMT is operated by the Joint Astronomy Centre on betilie
UK’s Science and Technology Facilities Council, the Nddmats Organisa-
tion for Scientific Research, and the National Research €lbahCanada.

2 The VLA is operated by the National Radio Astronomy Obsemat
which is a facility of the National Science Foundation, @ted under co-
operative agreement by Associated Universities, Inc.
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Figure 1. Signal-to-noise submillimetre images of Kepler's SNR wagmchrotron contribution removeteft 450u.m with resolution 16 arcsec and signal-
to-noise contours at 2, 3, 4g50 ~ 46 mJy beanT!). Right 850um with resolution 19 arcsec with contours 3, 4, 5, ~ 8 mJy beanT!). The centre of

the remnant is atv2000 = 17h30m415.3, 2000 = —21°29729".
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Figure 2. 1.4-GHz VLA image of Kepler's SNR. The rms noise is
0.6 mJy beam!. Submm clumps are labelled A-J with radius, 23 arcsec.
The green contour indicates the boundary of the SCUBA obsiens and
the black box indicates the extent of the molecular obsiemnain this work
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the integrated CO emission near Kepler's SNR (marked byahe r
dio contour in the centre) from the processed Galactic C@eyur
(Dame et al. 2001). The remnant is withif 8f the p Oph cloud
complex (distance, 165 pc) which has clouds with line widths)

up to 100kms*.

2.2.1 2CO(J=2-1) observations: searching for molecular
structures

In order to quantify the possible contribution from foregnd
molecular material, we observed Kepler's SNR in theO(J=2-
1) line using the A3 receiver on the JCMT with the Auto-
Correlation Spectrometer Imaging System (ACSIS) in double

1,904 channels and a velocity coverage of 2,000 kM We raster-
mapped over a regiof x 8 arcmir? with grid points separated by
7 arcsec to avoid smearing in the scan direction (the bealmsat t
wavelength is 20.8 arcseawHM). The integration time was 5s at
each point. In this intial dataset, the lines were unresblVaur-
ther high-resolution service observations were obtainegsolve
the lines at the location of two CO peaks. The high-resafutiata
were taken with the same receiver set-up, but with a bantivafit
250 MHz, 8,192 channels and a velocity coverage of 300k s
Spectral resolutions and positions are given in Table 1.speetra
were baseline-subtracted with a third-order polynomial scaled
to main beamT\ig) temperatures by dividing the antenna temper-
atures 'x) by the telescope efficieneys ~ 0.69.

We detect faint, narrow emission corresponding to the fadia
velocities of the CO and Hemission in the nearby Ophiuchus
cloud complex between-8 < v < 20kms™' (de Geus 1992).
Channel maps showing the total CO brightness temperatue ov
the range—7.6 < v < 20.3kms™' with velocity intervals of
1.9kms™* are shown in FidJ4. This range encompasses all of the
CO lines detected over the entire velocity coverage. Limesh-
served at velocities 0of1.4, 3.8 and 11.5knTs with linewidths
(FwHM) Av < 0.8kms™!, indicating cold, faint clouds. These
lines are narrower than expected for giant molecular clotygs
ical interstellar material (GMCs; Solomon, Sanders & Skevi
1979,Av ~4-7kms 1), so-called dark clouds and high-Galactic-
latitude clouds (Lada et al. 2003). The high-resolutionctijgeat
locations listed in Tablgl1 were fitted with Gaussian profilsig
the SPLAT-VO package (Draper & Taylor 2006) with CO intensi-
ties ranging from 0.5-1.4kms™'. It is difficult to ascertain dis-
tances to these structures since the Galactic rotation Isibdeak
down towards the Galactic Centre. Without an estimate ¢adce
to the CO structures, the observed size-velocity dispersiation-
ship for molecular clouds in the Milky Way (Tsuboi & Miyazaki
1998; Oka et al. 1998) suggests that the CO clouds are srttadier
1pc across.

We see no evidence for shocked molecular gas which would
broaden the lines to average linewidihe>15kms*, as seen in
the SNRs W28, W44 and W51C (De Noyer 1979; Junkes et al.
1992; Koo & Moon 1997; Seta et al. 1998; Reach, Rho & Jar-

sideband mode (DSB) (Tadlé 1). The bandwith was 1.8 GHz with rett 2005). If an interaction is present, we would expect e o
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Figure 3. (a) Latitude-velocity map at a longitude of 4.from the CO Milky Way Survey (e.g. Dame et al. 2001). Contashew T’y ranging from 0.3 to
4.5k in steps of 0.&. A line at a constant latitude of 88s included to show the location of Kepler's SNR. The grelescmes from O to 8.5, as shown at
the right of Fig. 3b. (b) Integrated CO image of the moleculauds (part of the Ophiuchus complex at 165 pc) in the vigiof Kepler's SNR, taken from the
Galactic CO data available at t p: // cf a- ww. har var d. edu/ mmw/ M | KyWaynMbl C ouds. ht mi | The resolution is 8 arcmin and the integration
spans over-300 < v < 300kms~1. The contours are at constdfif, ranging from 1 to & in steps of k. The greyscale is indicated to the right of the
image. An outer radio continuum contour of Kepler's SNR witbation indicated by the arrow.
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Figure 4. Channel maps df’y across théd2CO (J=2-1) transition ranging from-10 to 24.6 kms ' with velocity width, Av = 1.9kms~1. The images
have been smoothed with a 21-arcsec gaussian. The cerlteityés labeled on each grid and the negative greyscalgesufrom—0.41 to 1.2k kms~1.
Three clouds are detected: to the south of the remnant atitie®o3-5km s, to the north at velocities 9—11 krr$ and a small cloud in the north at
velocities 0-2kms?!.
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Figure5. Grid of 12CO (J=2-1) spectra towards Kepler's SNR fronb < v < +15km s~ across the entire area. The black contour defines the slotkfr
as estimated from radio observations (Elg. 2). The faintawaline emission from the two molecular clouds in the soamd in the north are clearly visible
outside the area encompassed by the supernova remnant.

serve CO emission peaking at the location of the shock frexgt ( the velocity gradients across the clouds by integrating./. Rnd
Wilner et al. 1998) and a velocity jump across the outer shock declination (Fig[B). The CO clouds at 4 and 11 km dine up
front. Fig.[§ shows the grid of spectra across the entire map, at a common R.A., spanning 280 arcsec with a velocity range of
smoothed to a velocity resolution of 3km's and restricted to ~2kms™!. The clouds span a similar range in Dec. and velocity
-5 < v < +15kms™! for clarity. The location of the super- in the RA. velocity-position map; the lack of velocity gradt in
nova shockfront (defined by the outer radio contour) is @aieérl these images confirms there is no interaction.

The molecular clouds detected here lie outside the shocik &ad

line-broadening is not observed in the profiles. We alsostigated



6

H. Gomez et al.

Line R.A. Dec. t (mins.) Date (2007) BeanHpBWw) Spectral resolution Pos. switch to:
12CO (J=2-1) 17:30:42.0 -21:29:35.4 1320 March 08 - April 08 20.8 977 kHz, 1.27kms! -426.0', +72.0"
12cO (J=2-1) 17:30:45.8 -21:33:10.9 57 June 04 20.8 31kHz, 0.08 kms! +163.8/, +374.1
12CO (J=2-1) 17:30:46.0 -21:27:23.7 167 June 04 20.8 31 kHz, 0.08 kms! +161/, +721.3
13CO (J=2-1) 17:30:45.8 -21:33:10.9 167 June 04, 08 71.3 31kHz, 0.08 kms! +163.8/, +374.1

Table 1. Summary of the CO observations used in this work.
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Figure 7. 12CO(J=2-1) high-resolution spectra (black) observed at the
17:31:00.0 55.0 50.0 45.0 40.0 35.0 30:30.0 25.0 . . . .
location listed in Tablg]1 over the velocity rangd4 < v < 23kms~ 1.
RA (42000) The corresponding®CO(J=2-1) spectra are shown in purple. The peak
- N e O T 10385 CO emission is<1 with velocity widthsAv <1kms!.
-5 - < < b =
) © -1—10400
N - perature of the gd&.«, we assume a nominal value of R §similar
é ° - * Jiom0s to the dust temperatures implied by the 450-/850-flux ratios,
= Ve . < MO03). The upper limit on the optical depthig® < 8 x 1073 for
g . > oo 3 T.x=15K, assuming thaf. is the same for thé*CO and'*CO
2 . - £ molecules. The non-detection é#CO indicates that thé2CO
® o ﬁ%@ 1 10015 & emission is optically thin and confirms that we are observégt
15} N emission from a diffuse molecular cloud. Under the assumnpitiat
. B L, ® 110420 the excitation temperature is the same for both moleculé®anis-
20p°= sion fills the beam, the 3-upper limit on the optical depth of the
500 5200 31100 ~27:50:00 29:00 3800 57:00 26100 12CO emission ig}? < 0.15 (Eq.2).

Dec (J2000)

Figure 6. High-resolution'2CO (J=2-1) spatial-velocity maps of the re-
gion surrounding Kepler's SNRTop: R.A.-velocity map with contours
starting at 0.0« and incrementing by 0.08. Bottom: Dec.-velocity map

with contours starting 0.0¢ and incrementing by 0.03.

2.2.2 '3CO(J=2-1) observations
We observed the brightestCO(J=2-1) cloud, at 11kms', in

13CO (J=2-1) and detected no emission; the high-resolution spec-

trum is shown in Figl]7. The @ upper limit can be estimated us-
ing Ico < 3oTmBVAv dv, wheredv is the velocity width of the
channel andAv is the velocity width of the expected line. We
find an upper limit of7(*3*CO) < 0.08k kms™', for a width
of 1kms™* (the maximum width detected at the same location
in 12C0). The lower limit on the brightness rati® is therefore
I(**C0)/1(**CO) >17. This is larger than those usually found
in GMCs whereR ~ 5 (Solomon et al. 1979).

The optical depthr!2, is estimated using EQJ 1:

1= )]

whereTo=h v /k. Without further knowledge of the excitation tem-

Trin
To

1 B 1
e(To/Tex) — 1 e(To/2.7)

T (2CO), 1 —exp (- 12)
Ton(BCO), 1 —exp (—7°)

The beam-averaged total column densify,can be estimated
using the standard assumptions of radiative transfer ial lther-
modynamic equilibrium (LTE) for an optically thin gas (Thpson
& MacDonald 1999):

. % fTMBd'U
T 8m3 vSulgrgk

@)

QTwexp (7).

wherev is the line frequency$ is the line strengthy is the perma-
nent electric dipole moment (in e.s.g), and gk are the reduced
nuclear spin degeneracy and K-level degeneragyis the energy
of the upper level and) is the partition function of the molecule
(with excitation temperaturel.,). Values for the constants were
obtained from Rohlfs & Wilson (2000) and the Jet Propulsion
Laboratory (JPL) database (Pickett et al. 1998). To detezrttie
H, column density, we assume'aCO to H, abundance ratio of
~ 8.5 x 10~ (appropriate for diffuse clouds e.g. Liszt 2007; for
comparison, the typical values quoted for dense clougls i) ).
The peak column densities of the molecular gé&1,) seen to-
wards Kepler's remnant estimated from tA€0O emission are 3.3,
4.4and 9.%10' cm~2,

The upper limit on the column density from th&CO emis-
sion can be estimated using a similar approach td Eq. 3, with a

®)
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assumed linewidth and excitation temperature for'#i20O line set
from the observed values for th&CO emission (e.g. Thompson &
Macdonald 2003). Assuming a conversion ratio betwEe®0 to

H, of ~ 2 x 1077 (e.g. Langer & Penzias 1990), we estimate the
3 o limit on the molecular column density (H2) <10%° cm™2 at
the location where we measure boftCO and'2CO (i.e. the peak
emission int2CO).

In order to confirm the validity of our LTE analysis we also
modeled thé?CO line emission with a non-LTE radiative transfer

code (van der Tak et al. 2007). The code assumes an isothermal

homogenous medium which fills the telescope beam and sdilees t
radiative transfer equation using the escape probabititgnéila-
tion. We modeled the integrated intensity of ti€0 emission for
each of the three positions given in Table 1, assuming aikinet
temperaturd =15k and a range of different Hdensities. The re-
sults of our modelling fully confirm our LTE analysis, confirg
that the'2CO emission is both optically thin and in LTE. Column
densities derived by both methods agree within a factor dh&
radiative transfer models also suggest an upper limit feihcol-

umn density of~10?° cm™2,

2.2.3 Hi observations: searching for atomic structures

To search for atomic foreground features towards Keplemave
revisited the H observations reported in RG99, made between
1996 and 1997, with the VLA in its CnB, C and D configurations.
The number of spectral channels was 127, centred at Okms
(LSR) with a resolution of 1.3 knms'. We studied a region of about
25arcmin x 25arcmin centred on Kepler's SNR. The raw data
were downloaded from the VLA public archive and calibratethw
the AIPs package, following standard procedures. The continuum
was subtracted in the visibility plane (recall Fifj. 2) and Bourier
transform and cleaning of the images was carried out usiag th
MIRIAD data processing package (Sault, Teuben & Wright 1995).
Afirst data cube was constructed using natural weighting.réso-
lution and sensitivity achieved were slightly improvediwiespect
to those reported in RG99 but the sidelobe level was unaablept
so a second cube was constructed using uniform weightinghwhi
drastically reduced the sidelobes and improved the resaliiut
degraded the sensitivity.

We constructed an opacity ) cube, defined as:

()

whereTs(v) is the brightness temperature at veloaitand T is
the continuum emission. To construct the continuum imagge 2,
the line-free channels used to determine the spectralibasgére
combined in theu,v plane and inverted using uniform weight-
ing. The resulting beam is 9.2 arcsecs.5 arcsec, PA51.6°, and
sensitivity, 0.6 mJy beamt. As originally noted in RG99, the H
emission is uniform in structure, this is confirmed in the @pa
cubes and we find no evidence for a correlation ofdtructures
with the submm emission. Several trials were made to improve
the sensitivity by Hanning smoothing the spectral profiles eon-
volving the images to larger beams, with little success.itatdl of
single dish data from the LAB survey (Hartmann & Burton 1997;
Kalberla et al. 2005) to the images did not add evidence ofi@eo
lation.

Using the VLA Hi and single-dish data we can estimate the
column density of atomic gas at the location of the submm pkim

1+ TB('U)

T @

N =1.82x10"® /Tdv (5)
wherew is the velocity (in kms?). Integrating over the veloc-
ity range in which large-scale Hfeatures are seen—(10 <

v < 22kms™'), we detect small variations in emission on the
H1 map, with minimum and maximum column densities of 0.6-
0.9x10%! cm~2. The atomic gas density is at least an order of mag-
nitude higher than the molecular density estimated fromGfe
The chopping procedure employed in the submm observatibns o
Kepler's SNR can not produce the submm structures from chop-
ping on-off these small variations, indeed chopping wowldere-
moved any emission associated with the & was seen in Cas A
(Wilson & Bartla 2005).

3 COMPARING THE GASAND DUST TOWARDS
KEPLER

The high resolution'?CO (J=2—1) map integrated over the ve-
locity range—200 < v < 200kms™, is shown in Fig[B with
the outer contour of the radio image overlaid. The map has bee
smoothed with a 21-arcsec Gaussian. Cyan crosses indlwate t
submm dust clumps, A-J; red crosses indicate CO peaks.rapect
at each of these locations were extracted; where CO wasteéfec
the lines were fitted with Gaussian profiles with the deriveabp
erties given in TablE]2. Also listed in Taldlé 2 are the fluxethim
submm clumps, A-J, determined by placing an aperture otisadi
23 arcsec on the synchrotron-subtracted 880image. The sum
of the fluxes in these apertures is 0.38 Jy (cf. 0.58 Jy in MOB&
submm clumps outside the remnant are located on average; in r
gions of higher CO emission than those inside the remnami; ho
ever a significant fraction of the submm flux comes from clumps
where there is no, or little CO emission. Comparing the ittistion
of the CO and submm emissigpatially, we can see that molecu-
lar clouds are observed at the location of submm clumps G and H
(combined flux of 94 mJy) and fainter emission at clumps A, C, |
and J (combined submm flux 135 mJy). We do not detect CO emis-
sion at the locations of the submm clumps B, D, E and F (consbine
submm flux 153 mJy).

The CO column densities towards these clumps is a better in-
dicator of thequantity of line-of-sight emission. At apertures A—
J, these range from10**—10'5 cm~2 with molecular gas densi-
ties10'°-10%° cm~2. The gas column densities estimated from the
submm fluxes range frort0?! to 10?2 cm~2 (with gas-to-dust ra-
tio of 160); as confirmed by the column densities estimaterhfr
the (lower-resolution) 10@m IRISmaps (Miville-Deschénes & La-
gache 2005). This a factor of 10-100 times higher than thiat es
mated from the CO data. If the submm clumps were related to the
same molecular gas as traced by the foreground CO emiskin, t
conversion ratiaV (Hz)/CO in these clumps would have to be less
than10~7 which is far lower than the values-(0~°) expected for
clouds with densities 0f0*'-10?2 cm=2 (e.g. Listz 2007). Con-
versely, using the appropriate conversion factor for théemdar
gas densities estimated from the submm clumps, we wouldcexpe
to observe CO column densiti@g(CO) >10'°~10'" cm™2 at the
location of the submm emission. This suggests that the milaec
gas contribution to the submm emission towards Kepler idi-neg
gible, even where CO is co-spatial with the submm clumps en th
sky.

Are there any physical effects that could result in our uaser
timating the column density of the gas? In dense moleculegsco
CO and other molecules may become depleted from the gas phase
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g pt
W 1
LYY |

L LA 4
Velocity LSR (km/s)

Figure 8. Integrated'2CO(J=2-1) emission towards Kepler's SNR over the velocity rang®0-200 km s smoothed by a 3knTs' Gaussian. The crosses
indicate regions where spectra were taken across the C@sxind the remnant. Cyan crosses show the locations of thensaelumps A-F, red crosses are
positions chosen with strong CO emission for comparisom ilitegrated spectra from apertures at the locations ofubms clumps and at the CO clouds
are shown alongside over the velocity rangs0 < v < 50kms~! (unsmoothed). The greyscale ranges freh4 to 1.% kms~1.

properties of thé2CO emission that we have detected are strongly
suggestive of diffuse clouds in which molecular depletioesinot
play a significant role in controlling the abundance of CO.

by freezing out onto the surfaces of dust grains (e.g. Redehah
2002). The timescale for molecular freezeout is tightlyelated to
the gas density and only becomes significant fedensities>10°
—3 . . _

cm~ (Casell ?t al. 1999). .If this were the_gasg then we WOUId. ex In diffuse molecular clouds, the CO abundance depends on the
pect to see evidence for higher gas densities in the formgifeni . : A .
ontical depths and the presence of rarer isotonoloques offae overall H, column density (Liszt et al 2007), likely due to the in-

P P P polog creased UV photodissociation rates for CO in low density(yas
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Name Coords Tpeak Ve FWHM  rms.  I(CO) N(12C0) N(Hs) Ss50
ARA. ADec. K (kms™1) (kms™1) K (kkms™1) (10"*cm=2) (109 cm—2) (mJdy)
CcOoSs +221.9 +95.9 0.63 4.06 1.14 0.05 1.12 6.0 7.1
0.51 11.17 0.46 0.05 0.25 1.1 1.3
CcOoSs +146.3 +82.7 0.67 4.05 1.10 0.05 0.78 4.3 4.9
CcOSs +51.1 +192.5 0.46 4.30 1.00 0.06 0.49 2.7 3.1
CON +96.9 —190.9 0.34 11.48 1.17 0.05 0.42 2.2 2.7
CON +47.6 —153.5 1.14 11.12 0.18 0.06 0.81 4.4 5.1 .
A —83.3 +23.3 0.14 11.4 0.96 0.05 0.16 8.6 10.2 28.8.5
B -175 +71.8 . . . 0.05 <0.15 <0.8 <1.0 23.0+ 2.9
C +69.3 +110.3 0.13 11.21 1.59 0.05 0.22 1.2 1.5 446
D +101.5 +93.3 0.05 <0.15 <0.8 <1.0 45.8+ 4.9
E +109.9 +47.3 0.05 <0.15 <0.8 <1.0 62.1+ 6.6
F +94.5 +58.3 . .. .. 0.06 <0.18 <1.0 <11 21.84+ 2.7
G +65.1 -57.0 0.20 11.27 0.87 0.05 0.19 10.2 1.2 30.8.6
H +70.7 —-104.7 0.55 —1.59 0.48 0.05 0.28 1.6 1.8 63186.7
0.55 11.36 0.76 0.05 0.42 2.2 2.7 .
| +21.7 -71.7 0.23 11.71 0.68 0.05 0.20 1.1 1.2 31:48.3
J -7.7 -—118.7 0.27 11.70 0.72 0.05 0.21 1.1 1.3 33.8.8

Table 2. Properties of the detectdd CO (J=2-1) line emission towards Kepler's SNR. Columns show €iha (2) offset coordinates from centre in arcsec

(RA = 17"30™415.3 andDec. =

—21°29’29” where postive R.A. and Dec. indicates a move to the East anth8¢3) peaklig (4) central velocity

(5) velocity width €wHMm) (6) integrated intensity (7) rms (8) and (9) column deasitbf CO and H gas estimated using Egl 3 and (10) the submm flux
measured in the apertures A-J after synchrotron subtradioors are estimated using the procedure outlined in Bé@nEales (2001).

Dishoeck & Black 1988). However, in order to match the column
densities indicated by the submm emission, the densityeofjtis

would increase to a point where photodissociation is Igrgaim-

portant except at the exterior of the cloud. The CO taHundance
ratio for gas with an ki column density of 18 —10?2 is close to that

expected for a dark molecular cloud and not consistent \wéttol-

umn densities of CO that we observe. We thus conclude thitarei
depletion or photodissociation are likely to have a sigaificeffect

upon our derived column densities.

3.1 Therevised dust massin Kepler’'sremnant

The IR—submm spectral energy distribution (SED) of Kepgler’
SNR, using the synchrotron-subtracted submm fluxes is shown
Fig.[@. We fit a two-component modified blackbody to the SED

100

Flux (Jy)

Average 100um (MO3)

N
N

3

100um Braun (1987)

_

S1o

which is the sum of two modified Planck functions, each with a

characteristic temperaturé,, andT. (Eq.[8):

S, = Ny, x v’ B(v,Ty) + No x vV’ B(v, Te)

where N,, and N, represent the relative masses in the warm

and cold componentB3(v, T') is the Planck function ang is the
dust emissivity index. The model was fitted to the SED (caséd

(6)

by the 12um flux) and the resulting parametetS.f, Nc, Tw, T,

B) which gave the minima}? were found.

The solid curve shows the fit to the SED wishgy = 5.6 +

1.4 Jy (the average from Arendt 1989 and Saken, Fesen & Shull
1992) whilst the dot-dashed curve fits the SED with the lower
100-um flux of 2.9 Jy (estimated from pointed observations, Braun
1987). The higher 10@m flux predicts thdower dust mass for
the SED model. Both fits include the rece®pitzerfluxes at 24
and 70um (Blair et al. 2007) but the 16@m upper limit is not

included in the fit due to uncertainties with the backgrounthis

wavelength. Neither fit to the IR data alone would providelence
for a cold dust component, highlighting the importance afuaate

100

Wavelength (um)

Figure 9. IR-submm SED for Kepler's SNR, comparing the best fits with
two different 100m fluxes, includingSpitzerdata and submm points (this
work). The solid line represents the best fit wiloo ~ 5.9 & 1.4Jy. The

dot-dashed curve represents the fit to the lower 200flux, 2.9 + 0.9 Jy.
The upper limit shown by the arrow is the total integrated fhlotained

from Spitzerat 160um (Blair et al. 2007).

more accurate fluxes are needed around the peak of the cald emi
sion at 200—40@m.

In addition to using the range dRAS100m fluxes in the
literature, we also applied a bootstrap analysis to our StEbdito
determine the errors on the model. The photometry measuteme
were perturbed according to the errors at each wavelengthgu
the higher 10Qzm flux which produces the lowest mass). The new
fluxes were fitted in the same way, the SED parameters and dust
masses recorded, with the procedure repeated 3,000 titnesna-
dian results along with errors (estimated from the 68 pet cen-

submm fluxes when estimating the dust mass. Note that the SED i fidence intervals) are listed in Taljle 3.

equally well fit in both cases and to distinguish between the t

The dust mass is calculated from the SED model usin§(Eq. 7.
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Bootstrap parameters Dust mass{M
B Tw(K) Tc(k) k1(m?kg™) ko (m?kg™!)
+6 +0.02 +0.18
20+02 88T% 16+1 0127902 124038

Table 3. The best-fit parameters for Kepler's SNR estimated from that-b
strap technique. The dust mass is the median of the distibfiiom the
bootstrap technique with the error quoted from the 68 pet cenfidence
interval.x1 = 0.7m? kg~ (appropriate for SNR dust, Dunne et al. 2009)
andke = 0.07m2 kg~ (typical ISM values) which gives the maximum
mass.

_ Sss0D?

Ny
B(850 pm, To)

N

M
¢ * B30 pm, T1)

(")
K850
wherexsso is the dust absorption coefficient and the distarige,
is taken to be the lower published limit of 3.9 kpc (Sankriaét
2008). To determine the dust mass, we take two extreme vidues
r: (i) keso = 0.07m? kg™!, typical quoted value for grains in the
diffuse interstellar medium (D03 and references thereimg i)
Ksso = 0.7 m? kg™, as required for the submm polarimetry obser-
vations of Cas A (Dunne et al. 2009). This is similar to theueal
(~ 0.4m? kg~!) predicted by the supernova dust model in Bianchi
& Schneider (2007). The range of dust masses obtained frem th
SED model (Eg$.16 &17) is therefore 0.1-M2, depending orx.
Note thatx is the largest source of error when estimating the mass
of dust from IR/submm emission.

4 CONCLUSIONS

We have presented information on the reduction and anabfsis
SCUBA submm data of Kepler's SNR including a more accurate
subtraction of the synchrotron component. The residuakfilace
slightly lower than those previously reported. We find tihatting-
like structure seen in the submm cannot be reproduced by-chop
ping on-off large scale structures. Large-scale FIR/subimaging
is crucial to determine whether the observed submm strestare
unique to the SNR, or are common in this region. Such observa-
tions will soon be possible with SCUBA-2 and therschel Space
Observatory

We investigated whether foreground molecular or atomic
structures could be responsible for the submm emissionlwdnc
ing that:

e There are three molecular clouds in the vicinity of Kepler's
SNR, located on the periphery of the remnant in the north and
south-east and extending further out in the south. The slaud
faint and cold {3 <1k, Av < 1kms™'). Molecular gas column
densities towards the remnant are estimated tg b&° cm™2.

¢ 3CO line emission is not detected at the locations of the peak
12CO emission. The 3=upper limit on the molecular column den-
sity is <10%° cm~? indicating that the clouds are diffuse and opti-

cally thin. This is confirmed with an independent analysis.

e The column densities estimated from the submm are 10-100

times higher than the column densities estimated from thieeno
ular gas. This difference cannot be explained by reasonainle-
tions in the conversion factor between CO dhgdemission nor can
it be explained by depletion or photodissociation effects.

The molecular contribution to the submm emission towards Ke
pler's remnant is therefore negligible. The dust mass aeteat

with the remnant ranges from 0.1-M\R,,, depending on the ab-
sorption coefficient. This value is 100 times larger thamseg
Spitzerand concurs with the results for Cas A (Dunne et al. 2009)
that supernovae are significant sources of dust.

APPENDIX A: SPURIOUSSTRUCTURE DUE TO
CHOPPING?

The observing technique used when obtaining the origin&) 4L
data ¢2.7) could affect the apparent distribution of submm emis-
sion around Kepler's SNR if we had chopped onto structure un-
related to the remnant. We modeled the effect of chopping ont
interstellar structures not associated with the remnaintguthe
chop positions and throws chosen for Kepler (Eigl Al). Time-si
ulations were performed by sampling the sky model at theappr
priate on-off source chop locations, white noise was adddare
reconstructing the on-source flux measurements from tlee if-
ferent chop/nod positions. We included different input eledof
the sky, here we discuss the results using (i) large scaestetlar
submm structures (with the CO emission as a guide[FiY. A2d) a
(ii) large scale interstellar submm structures includir§iNR ring-
like structure at the location of Kepler (based on the radiage,
Fig.[A2d).

The results are shown in Figs. JA2b dnd]A2e along with the
original SCUBA data in the same colour scale (c and f). We see
some spurious structure in the simulated output for casas(ix
result of chopping on to the bright extended structure instngth
seen in the input sky. The effect of this chop is diminishecmwh
averaged over the two off-source chop positions (jigglesetand
five). The strong ring-like emission structure seen in th&JB&
data (c) is not reproduced in the simulation, suggesting ttha
ring cannot be a result of chopping on or off large scale biantkad
structures. This is supported by the output from case (iickvin-
cludes a SNR model in the input (e). The ring-like structwre s
vives after chopping on-off the larger surrounding streesu We
conclude that the emission in the SCUBA map is due to a rikey-li
source of submm radiation and is not an artifact of the olsgrv
technique.
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