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ABSTRACT

In an effort better to calibrate the supernova rate of starburst galaxies as determined from
near-infrared [Fe11] features, we report on a [Feir] A1.644 pm line-imaging survey of a
sample of 42 optically selected supernova remnants (SNRs) in M33. A wide range of [Fe11]
luminosities are observed within our sample (from less than 6 to 695 L). Our data suggest
that the bright [Fe 11] SNRs are entering the radiative phase and that the density of the local
interstellar medium (ISM) largely controls the amount of [Fe11] emission. We derive the
following relation between the [Fe11] A1.644 pm line luminosity of radiative SNRs and the
electronic density of the post-shock gas, n.: Lipen; (Lo) = 1.1n, (cm73). We also find a
correlation in our data between Ljr.;;; and the metallicity of the shock-heated gas, but the
physical interpretation of this result remains inconclusive, as our data also show a correlation
between the metallicity and n.. The dramatically higher level of [Fe 11] emission from SNRs
in the central regions of starburst galaxies is most likely due to their dense environments,
although metallicity effects might also be important. The typical [Fe 11]-emitting lifetime of a
SNR in the central regions of starburst galaxies is found to be of the order of 10*yr. On the
basis of these results, we provide a new empirical relation allowing the determination of the
current supernova rate of starburst galaxies from their integrated near-infrared [Fe1i]
luminosity.

Key words: surveys — supernova remnants — galaxies: individual: M33 — galaxies: starburst —
infrared: ISM.

activity can potentially be superior to the usual radio technique, in

1 INTRODUCTION that it more clearly distinguishes H 11 regions from SNRs.

Early near-infrared (near-IR) spectroscopic observations of
galactic SNRs have shown that these objects present remarkably
strong [Fe11] features (e.g. Graham, Wright & Longmore 1987).
This has been proposed to be mainly due to the existence of an
extended post-shock region in which the ionization conditions are
such that Fe" can be efficiently excited by electron collisions
(Mouri, Kawara & Taniguchi 2000). In contrast, the spatial extent
of this zone, where hydrogen is partially ionized, is small in
photoionized regions, resulting in little emission (e.g. Luhman,
Engelbracht & Luhman 1998).

This peculiarity can be used as a diagnostic probe of supernova
activity in distant starburst galaxies where the SNRs are generally
unresolved and are thought to produce much of the integrated near-
IR [Fe 11] emission (e.g. Vanzi & Rieke 1997). Of particular interest
is the fact that using near-IR [Fe11] lines to estimate supernova
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From estimates of the toral [Feli] luminosity of a starburst
galaxy (L(pe ) and assumptions regarding the typical values of the
[Fe 11] luminosity (Ljge 1) and [Fe 11]-emitting lifetime (#(gc i) of a
single SNR, one can define the supernova rate, 7, as:

L -
_ [Fe] yr 1 (1)
t[Fen] L[Fen]

This quantity can be used, for instance, to set constraints on the star
formation history of starburst galaxies (e.g. Leitherer & Heckman
1995; Kotilainen et al. 1996).

Unfortunately, the supernova rate derived by this technique is
considerably uncertain, as it scales with #{ge;; and L ;) which are
poorly known. The [Fe 11]-emitting lifetime of a SNR is generally
taken to be of the order of 1—2 X 10* yr, but this estimate lies on
weak grounds (e.g. van der Werf et al. 1993). On the other hand, the
few [Fei] A1.644 wm luminosities quoted in the literature for
SNRs in our Galaxy, the LMC or M33 span a wide range of values
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(from 0.3 to 720 Le; Graham et al. 1987; Oliva, Moorwood &
Danziger 1989, 1990; Lumsden & Puxley 1995 — hereafter LP).
One issue of particular importance is understanding why SNRs in
starburst galaxies exhibit dramatically higher [Fe11] luminosities
(upto 1.6 X 10° Lo in M82; Greenhouse et al. 1997). Much higher
values are also observed in NGC 253 (Forbes et al. 1993). Before
using near-IR [Fe 11] features to estimate supernova activity in star-
forming galaxies that presumably exhibit widely different proper-
ties (e.g. metallicity), one must first understand what parameters
control the [Fe 11] properties of individual SNRs. Many factors (e.g.
evolutionary status of the SNR, density or metallicity of the local
interstellar medium, hereafter ISM) are susceptible to playing a
role in producing this observed luminosity range, although their
relative importance has yet to be established.

2 A NEAR-IR [Fen] LINE-IMAGING SURVEY
OF EXTRAGALACTIC SNRS

In an effort to address this issue, we present the results of a project
in which narrow band images are used to secure [Fe11] A1.644 pm
luminosities for a large sample of extragalactic SNRs spanning a
wide range of physical properties and evolutionary status. Previous
efforts to determine the [Felr] luminosities of individual SNRs
have mainly concentrated on aperture photometry of galactic
remnants. The shortcomings of such an approach are numerous: (i)
those observations sample, in most cases, only a very small part of
the SNR, rendering the total value of the [Feir] luminosity
considerably uncertain; (ii) because of the different apertures
used, the published [Fe1i] line luminosities do not constitute a
homogeneous database based on which meaningful statistical
studies can be conducted; (iii) the [Fe 11] luminosities are uncertain,
as the distance to these SNRs and the extinction corrections are
generally poorly known. On the other hand, because of the
unavoidable limited size of the aperture, surveys in nearby galaxies
carried out using long-slit spectroscopy exclude the largest objects
and are therefore biased towards the youngest SNRs (see LP).
Line-imaging observations of SNR populations in local group
galaxies do not suffer from these limitations.

M33 is an obvious target in this respect because of its relatively
face-on orientation (i = 55°; Garcia-Gomez & Athanassoula
1991), well-known distance (D = 840kpc; Freedman, Wilson &
Madore 1991) and substantial abundance gradient that allows an
investigation of metallicity effects (Smith et al. 1993). Further-
more, it has the largest catalogued extragalactic SNR population
(Gordon et al. 1999). Of particular importance is the fact that a
large body of observational data exists for SNRs in this galaxy; as
will be shown below, this will allow us to relate the near-IR [Fe11]
emission to observations in other parts of the electromagnetic
spectrum. The latest catalogue of optically selected SNR
candidates in M33 comprises 98 objects (Gordon et al. 1998),
many of which are detected at radio frequencies (Gordon et al.
1999, and references therein). Among this sample, 72 objects have
been spectroscopically confirmed and therefore also have well-
defined optical-line properties (Gordon et al. 1998, and references
therein). In addition, a ROSAT survey of M33 has associated some
X-ray sources with known SNRs (Long et al. 1996).

3 OBSERVATIONS AND REDUCTION
PROCEDURE

Our observations were obtained at the Canada—France—Hawaii
Telescope (CFHT) in 1997 and 1998, using the IR cameras
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MONICA and REDEYE, respectively. For both observing runs, the
cameras were equipped with a 256 X256 pixels HgCdTe
NICMOS-3 detector array. At the f/8 Cassegrain focus of the
CFHT, the image scales are 0.246 (MONICA) and
0.5 arcsec pi)((ar1 (REDEYE). For the assumed distance to M33
(D = 840kpc), this translates into a physical scale of 1 and
2 pe pixel !, respectively. In this configuration, the fields of view
are about 63 (MONICA) and 128arcsec (REDEYE). The
interference filters used are a narrow-band filter (full width at
half maximum, FWHM, =0.02 wm) centred on [Fe11] A1.644 um
(a*Dy, — a*Fopp) and a wide band H filter. The [Feu] filter is
sufficiently wide that the broadening due to motions of the remnant
gas, the rotation or the redshift of M33 do not shift lines to
significantly different parts of the transmission curve. In total, 42
objects drawn from the optically selected catalogue of Gordon et al.
(1998) have been observed. The vast majority has been spectro-
scopically confirmed (Blair & Kirshner 1985; Smith et al. 1993;
Gordon et al. 1998). Particular attention has been paid to observe
SNRs with widely different properties. The journal of observations
is presented in Table 1.

For each SNR we have obtained five images: one centred on the
object and four offset to the NW, NE, SW and SE by 22 and
45 arcsec for MONICA and REDEYE, respectively. These images
were later combined in a mosaic centred on the SNR. Two type of
dome flats have been obtained (dome lights ‘on” and ‘off’). The
latter has been subtracted from the former in order to remove the
contribution from the thermal background. These dome flats have
been used to correct for changes in the quantum efficiency of the
pixels in each object image. A mean sky frame has been created by
applying a pixel-to-pixel median filtering procedure with proper
masking of sources to the data frames themselves. No off-source
images have been obtained. This procedure is justified in our case,
as we are not attempting to detect uniform large-scale emission, but
rather compact sources on the arcsecond scale (see Fig. 1). After
subtraction of this mean sky frame to the individual object frames
and multiplication by a bad pixel mask in order to account for dead
pixels, the object images were aligned and coadded. The
astrometric calibration was carried out with reference to positions
of stars in the USNO-A2.0 or GSC1.2 catalogues. The positions are
accurate to within 3 arcsec.

4 OVERVIEW OF THE SURVEY

Among our sample of 42 objects, only seven have been firmly
detected (we address in Section 6.1 the physical reasons for such a
low detection rate). Fig. 1 shows the [Fe11] and H-band images of
this subset. The [Fe11] A1.644 wm luminosities are quoted in Table
2, along with the 30 upper limits for the remaining SNRs (column
14). The targets were observed at similar air masses as the standard
stars, eliminating the need to correct for atmospheric extinction.
This is legitimate in the H band, where such corrections are small.
Using the optical extinction measurements of Blair & Kirshner
(1985) and the interstellar reddening law of Rieke & Lebofsky
(1985), it is also found that reddening corrections are negligible.
The contribution of Br12 A1.641 wm and [Si1] A1.645 um to the
total flux in the [Fe11] filter has been neglected (see Oliva et al.
1989). The non-detection of any significant flux in the H-band
images also indicates that the contribution from continuum
emission is negligible (see also LP). The flux calibration was
achieved by using faint standard stars in the list of Hunt et al.
(1998). The internal accuracy is typically 0.011 mag in the H band.

Some of our objects have been observed in near-IR spectroscopy
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by LP. We have adopted their values whenever appropriate (i.e.
when the object was detected in their survey but not in ours or
when they set a more stringent upper limit). Four objects have been
detected in both surveys and can be used to assess the robustness of
our luminosity calibration (this is in particular necessary when
considering that some of our observations were acquired while
some cirrus clouds were present; see Table 1). In all cases, both
values are found to agree within the uncertainties. The internal
consistency of our data can also be examined by comparing
repeated observations of SNR28 taken under different photometric
conditions, as detailed in Table 1. Once again, these quantities are
found to be statistically undistinguishable. These checks confirm
the reliability of our derived luminosities.

The contour maps of the detected SNRs are shown in Fig. 2.
Although the limited spatial resolution of our images prevents
us to examine this aspect in detail, a comparison to Hubble
Space Telescope (HST) or ground-based optical images (Blair
& Davidsen 1993; Gordon et al. 1998) reveals roughly similar
[Feu]- and optical-line morphologies. We note significant
differences between the diameters determined from our [Feir]
images and from optical observations (Gordon et al. 1998). This
might result from difficulties in subjectively assigning diameters
for objects with complex morphologies (see Blair & Davidsen
1993).

5 CORRELATIONS BETWEEN THE [Fen]
EMISSION AND OTHER SNR PROPERTIES

In order to pin down the physical processes that are responsible
for the [Fe11] emission, we sought for correlations between the
[Fe1] luminosities and various quantities intrinsic to the SNRs
(e.g. optical-line properties). These data were gathered from the
literature and are quoted in Table 2.

A number of statistical methods have been developed to
investigate relationships between astronomical data sets with
censored data (e.g. with upper limits). We made use here of the
generalized Kendall’s 7 correlation technique (Isobe, Feigelson &
Nelson 1986). Table 3 summarizes the results of this statistical
analysis for all quantities under consideration. When a significant
correlation is present (we consider this to be the case when the false
alarm probability is less than 1 per cent), we give the results of a
linear regression fit to the data for the detected objects (such
regression techniques for censored data yield unreliable results in
the presence of heavy censoring). We also show in Fig. 3 the
dependence of Ljg. ) on the quantity in question. Survival analysis
techniques yield more reliable results when the censored points are
randomly distributed, a condition that is generally not fulfilled here
(see Fig. 3). In order to assess the robustness of our results, we
performed the same analysis when only considering firm
detections. This procedure broadly confirms the correlations
previously found (albeit with a lower level of significance), and
suggests that the results inferred by taking into account all the
available information (i.e. detections and upper limits) can be
regarded as robust. We discuss below the implications of this
statistical analysis on our understanding of [Fe1r] emission in
SNRs.

5.1 Optical-line properties

A significant correlation is found between all optical-line
luminosities and L. (Table 3). A good correlation between
the [Fe11] and HpB surface brightnesses has already been reported

for a sample of LMC and Galactic SNRs by Oliva et al. (1989).
Although the optical and [Fe11] line-emitting regions are likely to
differ in detail, this correlation suggests that the sites of [Fe1i]
emission are bright optical filaments whose emission is excited by
radiative shocks. Support for this interpretation comes from
observations of RCW 103 and N49 which show the [Fe1i]- and
optical-line morphologies to be virtually identical (Burton &
Spyromilio 1993; Dickel et al. 1995). In both cases, the optical
line-emitting regions are believed to trace the interaction of a
radiative blast wave with a neighbouring molecular cloud (e.g.
Banas et al. 1997; Oliva et al. 1999).

5.2 Density effects

A correlation is also found between the electronic density of the
post-shock gas (as derived from the optical [S1i] doublet) and
Lipeu). Near-IR [Ferr] features in SNRs are collisionally excited
via electron impact in the dense recombination zone behind the
shock front. The critical electron number density of [Feii]
A1.644 pm is (Blietz et al. 1994):

ne(Ty) = 4.2 x 10*79% em ™3 )

In this expression, T} is the electronic temperature in units of 10* K.
For temperatures typical of [Feir] line-emitting regions in
SNRs (7. = 6500 K; Oliva et al. 1989), collisional de-excitation
becomes important for n. =~ 3.1 X 10*cm™3. The post-shock
densities are of the order of 10°cm ™ for the [Fetr] brightest
remnants (Fig. 3b). However, the densities derived from the optical
[S11] doublet have been generally found to be systematically lower
(by about a factor of 5) than those determined from the near-IR
[Feu] lines, suggesting that the [Feii] features are produced
further downstream behind the shock (e.g. Oliva et al. 1989). The
electronic densities prevailing in the [Fe 11]-line emitting regions of
the SNRs in our sample are thus less than 5 X 103 cm™3, but are still
much below the critical density for collisional de-excitation. In a
two-level approximation, the luminosity of the [Fe1] A1.644 pm
transition is given by (Blietz et al. 1994):

7094 e ST N e [ d 2
L =q2 2 =) ergs™! 3
[Fen] = T 1+ ne(Ta)lne om g 3)

Here Nge- is the column density of Fe* in units of 10'®cm ™2, n, is

the critical density given by equation (2) and d is the diameter of
the SNR. In view of the similar size of the detected SNRs (see
Fig. 2), we will ignore in the following any dependence of L1 on
the latter quantity. While Lipe ) is only weakly dependent on the
temperature (it varies within a factor of only 1.5 over five decades
in density between 6000 and 20000 K), it can be expressed to a
reasonable degree of accuracy as a linear function of n. for
densities up to 10*cm >. The relationship found in our data
between L and ne (Lige ) oC né‘z““o"gg) is close to what might
be expected from theoretical considerations. We will return to this
point in the following.

The post-shock densities derived for the detected SNRs are 2 to 4
orders of magnitude higher than canonical values for the ISM
(ngp = 0.1-10cm™?). We have previously argued that the [Fe11]
brightest SNRs are in the radiative expansion phase. Large
compression factors (i.e. ratio of post-shock to pre-shock density)
can be achieved for strong radiative shocks, with values in the
range 10-50 being typical (e.g. Vancura et al. 1992). While we
cannot rule out the possibility that the high post-shock densities
inferred for the detected SNRs are due to very large compression
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Table 1. Journal of observations.

M33:SNR. Other Coordinates (J2000)“ Exposure time (s)/Seeing (arcsec) Date of Weather
1D identifications” RA DEC [Fe1] A1.644 pm H observation conditions
(D (2) (3) @) (5) (6) (7 (8)
9 DDB-2, 013008 + 30241, V-13, 01 3257.0 + 30 39 26.2 3000/0.6 300/0.6 09/18/97 Clear
D93-4, D95-3, G99-11
10 None 01 32 59.7 +303041.3 2940/0.8 140/0.8 08/31/98 Clear
12 None 01 33 00.4 + 3031 00.3 2940/0.8 140/0.8 08/31/98 Clear
13 None 0133015 +303045.2 2940/0.8 140/0.8 08/31/98 Clear
14 G99-17 0133035 + 3031 21.2 2940/0.8 140/0.8 08/31/98 Clear
15 SB-1, DDB-4, 013015 + 30245, 01 33 04.0 + 3039 53.5 2400/0.8 300/0.8 09/18/97 Clear
V-17, D93-5, D95-4, G99-20
1080/1.4 120/1.4 09/01/98 Clear
16 None 01 3307.5 + 3042 51.8 2700/0.8 140/0.8 08/31/98 Clear
17 013021 + 30241, D93-6, D95-5, G99-24 01 33 10.0 + 3039 31.2 2700/1.4 240/1.4 09/01/98 Clear
18 013021 + 30270, D93-7 0133 10.3 43042223 2700/0.8 140/0.8 08/31/98 Clear
20 L96-11, 013022 + 30244, D93-9, D95-7, G99-25 013311.2 +303942.0 2700/1.4 240/1.4 09/01/98 Clear
21 NGC592, X-3, L.96-12, G99-29 013311.7 + 30 38 40.0 1620/1.4 120/1.4 09/01/98 Clear
22 G99-35 0133173 + 30 31 26.7 2700/0.8 100/0.8 08/31/98 Clear
23 None 0133215 + 30 31 29.5 2700/0.8 100/0.8 08/31/98 Clear
24 G99-39 01 33 22.6 + 30 27 03.6 2700/2.0 100/2.0 09/01/98 Clear, high humidity
25 DDB-5, G99-42 0133238 +302611.6 2700/2.0 100/2.0 09/01/98 Clear, high humidity
26 G99-46 01 33 26.7 + 3047 47.9 2160/1.2 100/1.2 09/02/98 Clear
28 S-4, SB-5, DDB-6, 013040 + 30269, 01 33 29.0 + 3042 16.9 1500/0.6 300/0.6 09/17/97 A few cirrus clouds
D93-10, D95-8, G99-50
1920/0.7 200/0.7 08/30/98 Clear
29 L96-19, G99-52 01 33 29.6 + 3049 08.3 1080/1.2 40/1.2 09/02/98 Clear
30 G99-54 01 33 30.1 + 3047 44.8 2160/1.2 100/1.2 09/02/98 Clear
31 X-14, L.96-20, DBS-1, S-5, DDB-7, 0133313 + 3033334 1500/0.6 300/0.6 09/17/97 A few cirrus clouds
013042 + 30182, G-1, V-37, D93-11,
D95-9, G99-57
32 1.96-18, 013042 + 30269, D93-12 0133314 +304219.3 600/0.6 120/0.6 09/17/97 A few cirrus clouds
960/0.7 200/0.7 08/30/98 Clear
34 None 01 33 35.6 + 3049 22.7 540/1.2 20/1.2 09/02/98 Clear
35 1L.96-22, DBS-2, S-8, DDB-8, 013047 + 30211, 01 33359 + 3036 27.3 1500/0.6 40/0.6 09/17/97 A few cirrus clouds
G-2, V-44, D93-13, D95-10, G99-64
38 013049 + 30270, D93-16 01 33379 + 3042 18.9 2700/1.2 100/1.2 09/02/98 Clear
41 013052 + 30272, D93-17 01 33 40.7 + 3042 31.8 2700/1.2 100/1.2 09/02/98 Clear
43 G99-77 01 3341.7 +302101.8 2700/2.0 100/1.2 09/01/98 ([Fe1])- Clear, high humidity (09/01)
09/02/98 (H)
44 G99-76 0133428 + 30 41 50.9 2700/1.2 100/1.2 09/02/98 Clear
45 G99-81 01 33435 + 30 41 04.7 540/1.2 20/1.2 09/02/98 Clear
50 013102 + 30285, D93-21, D95-13, G99-103 01 33 51.1 + 3043 55.0 2700/0.9 300/0.9 09/18/97 Clear
4860/0.7 60/0.7 08/30/98 Clear
54 G99-111 01 33 54.5 +304519.2 720/0.7 20/0.7 08/30/98 Clear
55 MR-13, X-13, L96-29, DBS-3, S-16, DDB-9, 01 33 54.7 +303311.2 1500/0.6 300/0.6 09/17/97 A few cirrus clouds
013106 + 30178, G-3, V-69, D93-23, D95-15, G99-112
57 013108 + 30196, D93-24, D95-16, G99-114 01 33 57.0 + 30 34 58.7 720/0.8 40/0.8 08/31/98 Clear
58 013109 + 30225, D93-26 01 33 58.0 + 30 37 55.1 3000/0.9 300/0.9 09/18/97 Clear
60 013110 + 30210, D93-28 01 33 58.5 + 3036 24.1 3420/0.8 100/0.8 08/31/98 Clear
66 None 0134013 + 30 35 20.5 720/0.8 40/0.8 08/31/98 Clear
73 1.96-35, S-22, SB-11, DDB-11, 013121 + 30271, 01 34 10.6 + 3042 22.6 1500/0.6 300/0.6 09/18/97 Clear

V-91, D93-33, D95-22, G99-148

SYNS WoLf uoisstuad [112.]] J[-4DIN
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S sERT .2 g p g
'T . 282 =% near-IR [Fe 11] emission in SNRs is subordinated to the existence of
- | Z ”cf_: 8= 8 é a radiative blast wave propagating through an ambient material of
% S o e § ‘E g § z high density (other physical processes than shocks might account
El 5Bz IX 8 & 8 & & 3aF for [Fe 11] emission in very young SNRs; Graham et al. 1990). This
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Figure 1. Comparison of the H-band (left-hand panels) and [Fe11] A1.644 pm (right-hand panels) images of the detected SNRs. The identification of the SNR
(taken from Gordon et al. 1998) is indicated on top of each panel. The location of the SNRs is indicated by an arrow. At the assumed distance to M33, 1 arcsec
corresponds to 4.1 pc. The field of view is 20 X 20 arcsec. North is up and east is to the left.

picture is supported by the shock models of Hollenbach & McKee
(1989). The [Fe1r] brightest SNRs might be at the onset of the
radiative phase, where line luminosities are believed to reach their
maximum (Falle 1981; Cioffi & McKee 1988). We note that the
relatively small size of our detected SNRs (Fig. 2) is not in conflict
with the fact that they have reached such an advanced evolutionary
stage; their confined nature may cause them to evolve rapidly. The
low detection rate of our survey may result from: (i) the finite
duration of strong [Fe11] emission in SNRs (see Section 6.4) and
(ii) the fact that optically selected samples of SNRs are biased in
favour of objects evolving in a tenuous medium, possibly the warm
component of the ISM (e.g. Pannuti et al. 2000).

The following empirical relation has been found in our
data between Ligen; and ne (see Table 3): Lipen; (Lo) =
0.257n)244=0.188 (cm ™). Because this exponent of 1.244 = 0.188
is very close to the value of unity expected on theoretical grounds
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(see Section 5.2), we shall consider in the following that

3) Lo

The factor 1.1 is simply the weighted average of Lipey/n.. The
equation above can be used to estimate the [Fei] Al.644 pm
line luminosity of radiative SNRs from the sole knowledge of
the electronic density in the post-shock region (as this relation
refers to the density in the [S 11]-emitting region, care should be
taken when using other density diagnostics). We caution,
however, that this relation has been derived on the basis of few
detections that only sample a limited density regime. A better
knowledge of the [Fe11] properties of SNRs in host galaxies with
widely different ISM properties is needed to fully assess the

n
Lipen; = (1.1 = 0.3)(Cmi (5)
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robustness of this relationship, especially with respect to
metallicity effects.

6.2 Comparison with galactic and LMC SNRs

Is this picture consistent with [Fe11] observations of SNRs in our
Galaxy and in the Large Magellanic Cloud (LMC)? These
observations are summarized in Table 4, along with the typical
post-shock densities associated with the SNRs considered. Great
care has been taken to ensure that the density estimates (as
determined from the [S1i] doublet) relate to the same regions
observed in [Fe11]. One major difficulty in comparing the [Fe11]
luminosities of SNRs in M33 with their counterparts in our
Galaxy or in the LMC lies in the extended nature of the latter
class of objects. Most [Fe11] luminosities quoted in Table 4 are
derived from aperture photometry and, in most cases, only
sample a very small fraction of the SNR line-emitting regions.
We performed an aperture correction to estimate the total [Fe11]
luminosities by considering the ratio of the total optical size of
the remnant to the area sustained by the aperture used.' We show
in Fig. 5 the resulting [Fe11] luminosities of SNRs in M33, our
Galaxy and the LMC, as a function of n.. Although this
investigation is not entirely conclusive owing to the crudeness of
the corrections applied, interestingly it shows that the three
objects in our sample of Galactic or LMC SNRs most unlikely to
undergo radiative expansion (Crab, Kepler and N103B) fail by
more than 2 orders of magnitude to follow the relationship
between Ligen; and N.. The Crab nebula and Kepler’s remnant
are both very young and therefore are still in the free (or Sedov—
Taylor) expansion phase. The same is true for N103B which is
likely to be still undergoing adiabatic expansion (Dickel & Milne
1995). The weakness of the [Fe1r] emission in N103B and in
Kepler’s remnant illustrates the important point that the existence
of radiative shocks is a necessary condition for strong [Feli]
emission, but not a high-density ambient ISM. As can be seen in
Fig. 3(b), the [Fe1r] luminosities of SNRs with similar densities
may differ by as much as 2 orders of magnitude. This is best
explained by evolutionary effects, with the low [Fe1i] emitters
being dominated by adiabatic shocks.

6.3 Implications for the [Fe11] emission of SNRs in starburst
galaxies

The fact that the level of [Feli] emission scales with density
may help one to understand the differences that exist between
the near-IR [Fe1i] properties of SNR populations in galaxies
with moderate star formation activity (such as M33) and
starburst galaxies. While the present study demonstrates that the
brightest remnants in M33 have [Fe11] luminosities of the order
of 700 Lo, SNRs in the starburst galaxy M82 have luminosities
up to 1.6X10°Le (Greenhouse et al. 1997). Much higher
values are also observed in NGC 253 (Forbes et al. 1993). We
compare below the [Feir] luminosities expected within the

!'We note that these corrections are likely to be grossly overestimated as the
[Fe 11] measurements are generally performed on the brightest optical knots
where we expect the highest level of [Fe11] emission (see Section 5.1). For
instance, we derive from the observations of Rho et al. (2001) a total
dereddened [Fe11] A1.644 pm luminosity for IC 443 of about 55 L. This
value is much smaller than our estimate of 1200L derived from the
measurements of Graham et al. (1987) through a 35 X 35 arcsec aperture.

framework of the results presented above with the observed
values.

The electronic density in the [FeIi]-emitting regions of NGC
253 has been directly measured from density-sensitive near-IR
[Fe11] line ratios and varies from 5 X 103 cm ™3 (Engelbracht et al.
1998) to 1 X 10* cm™3 (Simpson et al. 1996). The [Fe 11] emission
in NGC 253 is believed to mainly arise from SNRs in the disk of
the galaxy, and not from superwind- or AGN-related phenomena
(Forbes et al. 1993). It is therefore reasonable to assume that these
densities are typical of the post-shock regions of SNRs in the
central regions of this galaxy. Keeping in mind that our empirical
relation (equation 5) relates to the density derived from the [S11]
doublet, and that the density in the [Fe 11]-emitting region is about
five times higher (e.g. Oliva et al. 1989), for these SNRs we
estimate ey =~ 1.1-2.2X 10% L. This is in good agreement
with the observed value, Lipe; = 2.6 X 10° Lo (Forbes et al.
1993).

The ISM electronic densities prevailing in the central regions
of M82 show a large spread: ny = 50-500cm> (Forster-
Schreiber et al. 2001, and references therein). We shall consider
in the following: ny = 200cm 3. This translates into: n, =~ 6X
103 cm™3, if one considers a canonical value for the compression
factor of the SNR blast wave of 30. This estimate is consistent
with the upper limit of 3.2 X 10* cm™> derived by Lester et al.
(1990) from [Fe1i] lines. According to equation (5), [Fe]
A1.644 um luminosities approaching 10*Le can easily be
reached for these SNRs. However, it appears that density effects
alone have difficulties in explaining the high luminosities of the
[Fe11] brightest sources in M82 (up to 1.6 X 10° Le; Greenhouse
et al. 1997). Two effects might account for this discrepancy.
First, the SNR might expand in the interclump medium of
molecular clouds, with the result that we severely underestimate
ne (Chevalier & Fransson 2001). Secondly, considering the high
space density of SNRs in the compact star-forming regions of
this galaxy (Huang et al. 1994), it is far from clear that the
strong [Fe11] sources mapped by Greenhouse et al. (1997) can be
identified with individual SNRs. The radius at which a SNR
enters the radiative phase scales with the initial blast energy, Es,
and upstream hydrogen number density, ny, as: Rpg <
EJ"ng™7 (Blondin et al. 1998). Regardless of the details of
the original explosion, one therefore expects the bright [Fe1i]
SNRs in starburst galaxies to be less spatially extended (by a
factor of 2—5) than the detected SNRs in M33 (with d = 21 pc).
It is thus plausible that the exceptionally strong [Fe11] sources in
MS82 (with sizes up to 40pc) are made up of several individual
SNRs with diameters in the range 4—10 pc.

We conclude that the dichotomy between the [Fe 11] properties of
SNRs in quiescent and in starburst galaxies may be interpreted as a
result of the different ISM densities prevailing in both type of
galaxies. Although clear metallicity effects have not been
uncovered from our data, we also note that a substantial
enrichment in metals is expected in the hostile environments of
starburst regions (because of high chemical abundances and/or
processing via grain destruction of the large reservoir of dust
grains) and might also potentially contribute to strong [Feii]
emission.

6.4 The [Fe n1]-emitting lifetime of SNRs

To estimate the typical [Feii]-emitting lifetime of a SNR, we
consider the integrated [Fe11] A1.644 wm luminosity corrected for
extinction in the central 2.4 X 12 arcsec” region of NGC 253 as

© 2002 RAS, MNRAS 329, 398-410



01+-86€ ‘6T7€ SYININ ‘SV¥ 00T @

Table 2. Properties of the sample.

M33:SNR4  d”  GCD”  log(n,)” log(A)* vou’  Lx [0.1-241keV¢  F[O1] A6300)  FAHa)  FA[Nu] A6584)Y  F([Su] A6717) St S0¢ Lipen”

ID (pe)  (kpc)  (cm ) (kms ") (10*°ergs™") (10" Pergs 'em™?) (mJy) (mJy) (Lo)

1) (2) 3) “) 5) (6) (7 ®) ©) (10) an 12) 13) (14)

9 18 3.65 234 —378 263 2.01 115 2.50 4.65 0.4+ 0.1 0.7 =02 59.9 + 372
10 27 394 <203

12 26 3.84 <189

13 15 3.86 <61.0

14 27 364 <10 1.03 5.10 1.36 3.20 0.4+ 0.1 1.1+02 <300 ‘
15 48 325 <10 -4.12 183 3.17 203 453 6.36 04+0 0.6 = 0.1 373 + 122
16 72 361 <1039

17 65 277 156  —3.87 <0.22 3.34 1.00 1.27 12+02 23%02 <651

18 15 337 <10 -3.67 0.73 291 0.80 1.61 <02 <02 <538

20 10 272 236 —3.72 1.94 + 0.41 1.22 5.86 1.58 2.38 0.4+ 0.1 0.8 =02 <5.67

21 28 257 243 285+ 1.2 0.95 15.0 2.88 3.80 0.4 +0.1 0.9 =02 <174

22 37 319 <10 032 1.70 0.62 0.92 <03 03 +0.1 <335

23 68  3.14 <1142

24 22 467 <10 0.84 4.10 1.22 2.38 1.0 0.1 1.8+02 <723

25 27 5.00 189  —3.55 2.70 9.47 3.69 5.68 0.5*0.1 14 %02 70.6 + 28.6
26 49 421 1.84 0.64 4.30 0.96 2.06 <04 0.7 02 <374

28 11 2.12 239  —332 345 6.20 16.6 7.27 9.89 0.6 = 0.1 0802 475+ 105

29 20 4.60 2.03 3.92 +0.53 0.25 1.60 0.46 0.67 02 +0.1 0.5+ 0.1 <94.1

30 29 397 <10 <0.20 430 0.86 1.27 02 +0.1 0.4 =02 <163

31 39 228 290  —3.30 331 6.04 + 0.64 16.3 72.9 43.6 30.6 0.7 = 0.1 1.8+0.1 671 +208

32 52 200 <10 —3.99 6.23 = 0.64 <0.43 277 0.60 1.11 <03 <04 <836

34 26 441 <207

35 32 1.27 241  —343 313 2.26 *+ 0.64 11.2 70.7 33.9 36.7 1.5+0.1 35+02 695+ 217

38 20 1.62 138 —3.87 0.61 6.63 2.05 254 <02 <02 <858

41 99 155 <10 -3.90 0.93 19.4 6.47 7.00 <04 <05 <2349

43 3 725 <10 0.70 20.5 3.50 5.38 0.5+02 13+03 <192

44 25 1.24 <0.6 <09 <142

45 20 090 <10 0.68 420 1.75 221 0.6 +0.1 12 £0.1 <116

50 42 1.69 <10 —3.88 0.65 10.1 3.51 3.77 0.4 % 0.1 0.4 +0.1 <432

54 16 220 1.26 5.34 34.1 12.1 16.6 0.5+0.1 13 0.1 <922

55 18 275 237 —3.62 272 3.89 = 0.57 2.40 145 5.23 6.39 1.8 0.1 44+02 280 *98

57 21 211 1.38 1.50 3.75 1.55 3.26 0.1+0.1 0.4 0.1 <225 ,
58 17 1.05 1.85 1.70 5.04 3.02 3.95 <02 <02 13.0 + 4.3
60 9 1.68 2.16 1.03 2.58 171 2.02 <0.1 <0.1 <19.5

66 43 217 <616

73 17 1.45 232 =357 185 273 * 0.48 7.97 20.1 8.98 13.4 0.1 0.1 05+01 303+ 93

74 51 282 <10 —-4.17 <0.29 2.82 0.78 0.87 <03 <04 <1040

80 30 3.4 1.09 0.65 14.8 2.84 4.03 <02 <02 <306

82 26 376 <10 -3.81 0.14 1.30 0.42 0.58 03 +0.1 0.4 = 0.1 <230
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‘q:: :; E % é Lifen; = 1.3 X 10°Lo (Engelbracht et al. 1998). A distance of
. §_ %ﬁ % é g 2.5Mpc has been adopted (De Vaucouleurs 1978). We have also
‘EB g 385 Y % b= i% . assumed a homogeneous mixture of gas and dust with an extinction
=T VAVEL & & 22 Z towards the [Fe 11]-emitting regions of Ay = 8.4 mag (Engelbracht
% 8 -§ 52 g et al. 1998) and the interstellar extinction law of Rieke & Lebofs}(y
§ ;::E g 5 5 (1985). The global radio supernova rate of NGC 253 is uncertain,
_ T g gg E but estimates range from 0.1 to 0.2yr ' (Ulvestad 2000, and
_ S = ; g‘é £ 5 references therein). A value 1 =~ 0.15yr™! is adopted in the
5:;23 ? ) : o — § é ha '% é 2 following. To translate this into a normalized value for the central
=T |sss g % :?:“ o = 2.4 % 12 arcsec? region, we consider the ratio of the area sustained
v § £ %E = é by this aperture by the total radio extent of the galaxy, which gives:
= o & § g I E 9X 1073 yr~!. The electron density in the [Fe I1]-emitting regions
w2 2 _§ % é é §.'§ lies in the range: 5-10X ?03 cm ™3 ((Simpson et al. 1996;
“wET g 2 z PE +:) % Engelbracht et al. 199$).. Usmg equation (5). by. converting .tO
vV Vv S 3 'aé & § =gz densities in the [S 11]-emitting regions, and substituting the result in
8 52 2 25 ETE equation (1) yields fipeny =~ 0.7—1.4X 10* yr.
= = B E Es E g Similar calculations can be applied to M82. The integrated
5 ~ | v = § < ? é B § § [Feu] A1.644 pm luminosity corrected for extinction in the
; = Sf < ﬁ £ § E § § Z» ; central 16 X 10arcsec region is: Lipey = 2.7 X 10°Le (Forster-
2 r;a: = f 8 § = § Schreiber et al. 2001). A distance of 3.3Mpc (Freedman &
& a 2 & E 5 = g Madore 1988) and the similar extinction model as above, with
. % E E: i~ E é % Ay = 36 mag, has been adopted (Forster-Schreiber et al.. 2_00.1).
%NA E E .§ i § £ E’ By considering this relatively small area i.n MSZ, we minimize
P ‘E SRR % é 5 § § E'.; the contribution of large-scale, superw1n.d—1ndu(':ed emission
ERES B g 8 = @8 8 5 (Greenhouse et al. 1997). Radio observations yield a global
é‘w 8 2 f = g g % supernova rate of n=0.11 = 0.05yr™!, which translates into a
&W%D E 8 % g% }"E S normalized value for the central 16 X 10arcsec region of about
E\To 2 % E Cile ég 0.016yr (I;uaing et al. 1f994).SI\¢I;1dit_10nzli\l/Ilg,2 we adss;lme- thz
S| dez g g = ZE T typical [Ferr] luminosity for s in as determine
é T ERA ;- 9_% g 22 55—‘: previously, Ligen; = 10*Lo. Substituting in equation (1) yields
x £ 4  £% 55§ fiFen =~ 1.7 X 10% yr.
§ = E 3 E § E 8 Considering the large uncertainties involved, the values of
g SeaR s 5 2 £5 Eo firen; for SNRs in NGC 253 and M82 appear to be in good
; Z | Seid § § E = 28 E:; agreement. The [Fen]-emitting lifetime derived for NGC 253
8 :f§ § 2 %E :g E is more robust, as the density of the [Feli]-emitting gas has
® = 3 i -§ 3 3 f::‘f been directly measured in this galaxy. A vah'le of '1 X 10*yr
X gi G a % £ 8 will thus be adopted in the following. This espmate is b.roadyy
£ 'g § :f, § E % '% = consistent with the duration .of strong optical emission in
i é‘n o (é (‘g’o E N § § éi SNRs, as determined by evolutionary models (e.g. Franco et al.
<z S ;
AR
O gx £ Z Zsy wE
= % % § E 9 § E é} § g 6.5 The supernova rate of starburst galaxies
o = =} <
E_;T:,.\ < z’: § @g é % éo % § By using equation (5) and the [Fe i1]-emitting lifetime' derived
g £ = S £T ¢ 2838 EE o g above, the supernova rate given by equation (1) can be written as a
< % %D,.-\—?:j 5 < § 8 % § £ function of the post-shock electron density as:
O = o = 72 o
S S5 §§§§ E?%%é f;%o nziﬁlﬁ“ﬂ“@( e >_lyr_l. ©)
2 T frs: w2TwE Je 1.1x10* \em™3
- g §§ E % § 2 g E ; %é In the absence of density diagr?ostics for the post-shock re.gions,
Sl 5 3 S 8|35 ,'LQ : 2 i a \&i&- é Z2 g this expression can be conveniently expressed as a function of
E‘@“ Y ; 5T s £3 §§ £ g z2 the (more easily measurable) ISM numbfar density, ng, by an
3 § TZ 55 § :; 7; “é § :g = é % appropriate choice of the typical compression factor of the SNR
82a |88 | E5357 568 12 dowe | L
LT | Hdeden S E % s ‘u‘é B2 o % b —582 Conmder?n'g thf: various assumPtlons made here and the fact
~ = §:° g %D g Q\: £ é L 5B that metallicity issues .Stlll. remain to be‘fully adfiressed, the
§ LR2a [ Faz | £ 3 _°§ “:i ’g £z gfb Ei § supernova rate we derive is still uncer.taln.. In splt'e of thejse
E = ngDi = % ig = é Ei E limitations, Wwe note that our expression is consistent Wlth
? : ¢ Ee sE § £z 25 £5 2 previous estimates (van der W?ij et al. 1993; Vanzi & Rieke
| Z % 8 = Ei'% 5 23 ;_‘3 -Eé'% 1997) if canonical ISM densities for starburst galaxies are
= & 5 E g R g'& § B0 5EE 22 considered (19 =~ 100cm™3). The relation proposed by van.der
g E 82 853 |[FRT¥XZOZESS EQ 52 Werf et al. (1993) has been found to give a good agreement in a
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Figure 2. Contour maps of the detected SNRs. The identification of the SNR (taken from Gordon et al. 1998) is indicated on top of each panel. The contours are drawn
from 30 to 110, by steps of 20. At the assumed distance to M33, 1 arcsec corresponds to 4.1 pc. The field of view is 10 X 10 arcsec. North is up and east is to the left.

Table 3. Results of the statistical analysis. N: Number of points included in the calculations. P(X,Y): Probability for a chance correlation
between the variables X and Y (data from Table 2). Note that the objects at large galactocentric distances, GCD, show a tendency for lower
Lipeu; and ne values.

X Y N PX,Y) N PX,Y) logX = (a £ g,) logY + (b £ 0y)
(per cent) (per cent)
(detections only) (detections only)
) @ @ @ e © &
Lirenp  Dynamical age” 42 82 10 100
L([O1] A6300) 34 0.1 10 1.6 log(Lipemy) = (1.345 = 0.167) log(L[O1]A6300) + (—0.402 *+ 0.343)
L(Ha) 34 0.2 10 2.5 log(Lipem) = (1.174 = 0.159) log(LHa) + (—0.771 % 0.422)
L([N11] A6584) 34 0.1 10 0.6 log(Lirem) = (0.949 = 0.133) log(L[N11]A6584) + (0.210 = 0.300)
L([S1u] A6717) 34 0.1 10 0.2 log(Ligem) = (1.244 = 0.165) log(L[S1]A6717) + (—0.577 = 0.388)
Vpulk 8 8.3 8 8.3
ne 34 0.1 9 3.7 log(Liremy) = (1.244 = 0.188) log(n.) + (—0.590 * 0.454)
Se 35 1.5 8 11
S20 35 2.2 8 14
AP 20 0.2 9 0.7 log(Lipem) = (1.380 = 0.216) log(A) + (7.342 = 0.768)
Ly 8 53 4 50
GCD 42 8.5 10 18
e Al 20 0.1 12 1.1 log(n.) = 1.7531og(A ) + 8.530
GCD 34 18 20 52

“The dynamical ages have been derived using equation (5) of Gordon et al. (1998).
“Metallicity index’: see Section 5.3 for definition.
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Figure 3. Variation of L([Fe11] A1.644 um) with (a) L([O1] A6300), (b) n. and (c) the ‘metallicity index” A (data from Table 2). These three quantities show a
statistically significant correlation (P < 1 per cent) with Ljg. ) (see Table 3). Filled circles are firm detections while the crosses denote 3¢ upper limits. The
solid line shows the results of a linear regression fit derived from y 2 fitting of the data for the detected objects. Note that panel (a) is meant to illustrate the
correlation between the optical- and [Fe 11]-line luminosities. Similar variations are observed for the other optical transitions.
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Figure 4. Variation of n, with A. These two quantities show a statistically
significant correlation (see Table 3). Filled circles are firm detections while
the crosses denote 3o upper limits. The solid line shows the results of a
linear regression fit derived from )2 fitting of the points with a firm 7,
determination.
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Figure 5. Variation of Ljg. ) with n, for the detected SNRs in M33 (filled
dots) and for a sample of SNRs in our Galaxy and in the LMC (open dots).
The dashed lines illustrate the aperture corrections applied to the [Fe1r]
luminosities of the latter class of objects (see text). The solid line shows the
results of a linear regression fit derived from y ? fitting of the SNRs in M33
with a firm n, determination.

Table 4. Lg.1;; and post-shock electronic densities for LMC and Galactic SNRs.

Object D Optical size Liremn Aperture size  Ref. ne([S1]) Aperture” Ref.
(kpc) (arcsec) (Lo) (arcsec) (10°cm™) 1D
) ) 3) @ 5) ©) ™ ®) ©)
N63A 52 25X 25 240 20 %30 1 1.3 - 2
N49 52 65 X 65 720 20 x 35 1 0.6 dand e 3
N103B 52 25 %25 26 20 % 15 1 6.0 - 2
RCW 103 6.0 340 X 560 170¢ 75 % 30 1 1.0 2 4
MHS 15-52 4.2 2100 x 2100° 1.0 5X5 5 1.7 - 5
Kepler 4.0 21 X 64 0.7 15x15 1 6.0 1 and 2/ 4
Crab 2.0 290 x 420 0.3% 75X 75 1 0.6 3-8 and 10 6
IC 443 1.5 2700 x 2700° 0.2" 35X 35 7 0.1 1-3 8
Cygnus Loop 0.44 13800 x 9600° 9%x107* 20 % 20 9 0.2 1 10

“[Fe11] A1.644 pm luminosities corrected for extinction.

bApertures where the [S11] ratios have been determined. The mean of the [S11] ratios has been considered when several

aperture IDs are given.

“[S 11] ratio from these references; the electronic densities have been derived using the diagnostic diagram (see their fig.6) of

Blair & Kirshner (1985).

“See also Oliva et al. (1999) for measurements through smaller apertures.

“From Green (2000).
fCorresponds to knot #27 of D’Odorico et al. (1986).

¢See also Graham et al. (1990), Hudgins, Herter & Joyce (1990) and Rudy, Rossano & Puetter (1994) for measurements of

near-IR [Fe11] line fluxes through smaller apertures.

"Because of the existence of noticeable density gradients across this SNR (and the related difficulty in assigning a typical
density), the total value of Rho et al. (2001) is not considered here.

References — (1): Oliva et al. (1989); (2) Danziger & Leibowitz (1985); (3) Vancura et al. (1992); (4) Leibowitz & Danziger
(1983); (5) Seward et al. (1983); (6) Fesen & Kirshner (1982); (7) Graham et al. (1987); (8) Fesen & Kirshner (1980); (9)

Graham et al. (1991); (10) Miller (1974).

sample of starburst galaxies between supernova rates derived
from near-IR [Fe1] lines and from their star-forming properties
(Calzetti 1997). This provides some support to the validity of
equation (6) to provide robust estimates of the supernova rates in
galaxies with widely different ISM properties and for which the
contribution of superwinds- and AGN-related phenomena to the
total [Fe1] output can be neglected. Because only radiative

SNRs significantly contribute to Lr.u), however, these values
are only lower limits.

7 CONCLUSIONS

The main conclusions of this study are the following:

© 2002 RAS, MNRAS 329, 398-410



(1) We have carried out the first near-IR [Fe11] line-imaging
survey of extragalactic SNRs, presenting evidence for large
intrinsic differences in their [Fe11] properties.

(i1) A significant correlation is found between the optical- and
[Fe1r]-line luminosities, suggesting that the detected SNRs are
dominated by radiative shocks.

(iii) We suggest that the SNRs with strong [Fe11] emission are
evolving in a dense ISM. Density effects are most probably the
cause of the very strong level of [Feii] emission from SNRs in
starburst galaxies.

(iv) The typical [Fe11]-emitting lifetime of a SNR in starburst
galaxies is found to be of the order of 10%yr.

(v) We provide a new empirical expression for the supernova
rate of starburst galaxies, as derived from their integrated near-IR
[Fe 11] luminosity.
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