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ABSTRACT 
We have completed a quantitative analysis of the infrared emission of the supernova remnant (SNR) Puppis 

A as seen by the Infrared Astronomical Satellite (IRAS). We estimate physical parameters of the remnant (and 
the surrounding interstellar medium), including density, mass, temperature, and age. The infrared spectrum of 
Puppis A is fit by models of thermal emission from interstellar dust grains which have been swept up into the 
SNR where they are collisionally heated by the shocked gas. We find evidence of an enhanced abundance of 
very small grains in the interstellar medium near Puppis A, and evidence of their destruction by the advancing 
blast wave. 
Subject headings: infrared: sources — interstellar: grains — nebulae: individual (Puppis A) — 

nebulae : supernova remnants — ra< 

I. INTRODUCTION 

The middle-aged supernova remnant Puppis A has long 
been studied at radio, optical, and X-ray wavelengths. Its high 
surface brightness in these spectral regimes, and its generous 
angular size have made it a popular target of many varied 
investigations. In the wake of the Infrared Astronomical Satel- 
lite (IRAS) mission (Neugebauer et al. 1984), Puppis A has 
been found to be a prominent IR source as well. In this paper 
we present the first quantitative analysis of the infrared (IR) 
emission of Puppis A. A qualitative examination of the mor- 
phology of the remnant and its surroundings at infrared, X-ray, 
radio, and optical wavelengths was presented by Arendt et al. 
(1990; hereafter Paper I). Comparison of the IR emission from 
Puppis A with emission at the other wavelengths revealed a 
good spatial correlation between the IR and the X-ray emis- 
sion. No such correlation was found between the IR and radio 
or optical emission from the remnant. We therefore believe 
that a negligible amount of line and thermal emission from 
dense filaments contributes to the observed IR flux densities of 
Puppis A. The contribution of the radio synchrotron emission, 
when extrapolated to the infrared with a spectral index of 
a = —0.53 (Milne 1971), to the IRAS bands is negligible as 
well. All this suggests that the IR emission from the supernova 
remnant (SNR) arises from swept-up interstellar dust that is 
collisionally heated by the X-ray emitting plasma. Outside the 
SNR cavity, the IR emission arises from dust heated by 
ambient starlight. This emission plays an important role in 
studying the interaction of the remnant with the ambient inter- 
stellar medium (ISM). In Paper I we identified three distinct 
clouds in the IRAS images, previously identified by radio 
spectral-line observations (Dubner and Arnal 1988) and an 
optical image (Elliot, Goudis, and Meaburn 1976) of the 
region. Two are interacting with Puppis A, while the third lies 
much closer to us along the line of sight. 

In this paper we present a quantitative analysis of the IR 
emission from the remnant and its surrounding medium. Since 
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mechanisms 

the IR emission is contaminated by emission from various 
sources along the line of sight, this analysis requires careful 
attention to the background emission across the region of 
Puppis A. Subtraction of this background emission component 
from the image is complicated by the fact that it exhibits 
spatial variations across the remnants. The data reduction, and 
particularly the background subtraction procedure^ are 
described in detail in § II. The background-subtracted images 
can then be used to determine the IR fluxes of the entire SNR 
and specific regions of interest inside and outside the remnant. 
The integrated emission from the remnant is used to estimate 
various properties such as the ISM density, and the mass, 
radius, and age of the SNR using a generic description of the 
dust (§ III). In § IV we describe the procedure we used to 
develop physical models of the IR emission. Briefly, this entails 
using estimates of plasma temperatures and densities to calcu- 
late the IR spectrum of dust immersed in the plasma. We can 
derive detailed information on the grain size distribution from 
modeling the IR emission. The short wavelength IR emission 
arises primarily from stochastically heated small grains. There- 
fore, if the initial grain size distribution is known, the intensity 
of the short-wavelength emission can tell us the amount of 
grain destruction that has occurred since that localized region 
of the remnant has been shocked. From the IR emission we can 
also derive the mass of gas and dust, the thickness of the emit- 
ting region, and estimates of the length of time that the dust 
has been subjected to sputtering within the SNR. In § V we 
apply our physical models to specific regions of interest inside 
the remnant for which there are constraints on the gas tem- 
perature and density from the X-ray analysis (Szymkowiak 
1985). The analysis of localized regions outside the remnant is 
also of particular interest in Puppis A, since one of these 
regions (the “ east cloud ”) is believed to be interacting with the 
remnant. Analysis of the IR emission from this cloud and from 
the interaction region inside the remnant will provide informa- 
tion about the dust processing behind the shock. The results of 
both the generic dust model and the physical models are dis- 
cussed in § VI. The final section (VII) recaps the highlights of 
this work. 
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II. DATA ANALYSIS 

In Paper I we restricted ourselves to the morphological 
analysis of the remnant. The results derived were qualitative, 
and not seriously affected by the presence of background emis- 
sion in the IR data. However, to obtain quantitative results, the 
background emission must be removed, and the data at all 
wavelengths should be compared at the same resolution. This 
section describes the procedures we followed to prepare the 
data for quantitative analyses. 

The infrared data used here were collected as part of the 
all-sky survey completed by IRAS (Neugebauer et al. 1984). 
The data from each of the scans across the region of Puppis A 
have been processed into intensity maps (units of W m-2 sr-1) 
in each of the four IRAS bands (nominally at 12, 25, 60, and 
100 /am) using the standard co-adding techniques employed at 
the Infrared Processing and Analysis Center (IPAC). Each 
image is 2° on a side with pixels of 15" at 12 and 25 jum, 30" at 
60 /im, and 60" at 100 /un. For comparison, the images from 
the 12, 25, and 60 jum bands were gridded onto 60" pixels 
before subsequent processing, so that all images have the same 
size and scale. To determine whether variation in different 
quantities across the image are physically meaningful, we esti- 
mated the resolution of each of the co-added images. The 
resolution in each image depends on the shape and size of the 
effective beam of the band, and on the directions of the satel- 
lite’s scans across the region. The resolution was estimated by 
Gaussian fits to the bright pointlike source IRAS 08247 — 4223, 
which appears at a = 8h24m43U, Ô = -42°23T0" in all four 
bands. All the scans across the region of Puppis A were nearly 
parallel, which resulted in a fairly well-behaved beam. The 
resolution estimated in each band is listed in Table 1. 

The images created through the co-addition processing have 
a uniform bias level removed so that the zero intensity level is 
arbitrarily set. In addition, IPAC normally applies a field- 
flattening process to the co-added images they produce. This 
process is intended to remove large-scale gradients of the back- 
ground. Comparison of these flattened images with a set of 
images that were not flattened revealed that the background 
removed was relatively smooth with no structure on a scale of 
less than about Io. However, the gradient of the removed back- 
ground seemed to be influenced over much of each image 
by the bright emission (centered at roughly a = 8h21?5, 
ö = — 41°55') to the north of Puppis A. This emission is related 
to the association Puppis R1 and its surrounding reflection 
nebula (van den Bergh and Herbst 1975; Herbst 1975). Because 
the reflection nebula does not appear to extend over most of 
the field (though we note that the IR emission is much more 
extended than the optical emission), we believe the gradient of 
the background had been overestimated due to the presence of 
this strong source on the edge of the field. Therefore, the flat- 
tened versions of the images were rejected and further work 

TABLE l 
IRAS Resolution Estimated from 

IRAS 08247-4223 

Wavelength Full-Width Position 
(/un) Half-Maximum Angle 

12  4:71 x 1'.76 118° 
25  4.74 x 1.63 118 
60  5.35 x 2.29 115 

100  5.60 x 4.37 118 

used the co-added images which were not flattened by the 
IPAC processes. 

Ideally, we would like to remove the background emission 
by modeling each source of emission along the line of sight. 
Unfortunately, despite the identification of several distinct 
background objects (see Paper I), we do not know their struc- 
ture or spectra well enough to extrapolate their emission where 
they overlap Puppis A. Furthermore, there is still a great deal 
of low-level, small-scale variations in the “ dark ” area of the 
images. Modeling these background variations in detail is 
beyond our abilities. Therefore, we have removed a smooth 
(large-scale) emission component which represents the back- 
ground emission over the area of the SNR. Puppis A is located 
amid a “ridge” of IR emission which is distinct from the 
general Galactic disk emission (Paper I). Together the ridge 
and the Galactic disk contribute the bulk of the large-scale 
background emission. Both these features produce emission 
with an intensity gradient toward the Galactic plane. The cur- 
vature of the background over the area of the SNR is small 
compared to the small-scale variations seen in the rest of the 
images. Therefore, we have used a tilted plane to model the 
background emission across Puppis A. The slope, orientation, 
and offset of the planar background were allowed to vary to 
find the best fit to the emission from the narrow regions just 
outside the apparent IR boundaries of Puppis A. (These 
regions were indicated in Fig. 5 of Paper I.) The resulting 
background-subtracted images appeared good at 25 and 60 
jum in that the apparent edges of the SNR were at or near zero, 
and regions of the images without obvious sources were at a 
fairly uniform level near zero. The gradients of the back- 
grounds removed from these two bands were 5.89 and 
5.36 x 10-8 W m-2 sr-1 degree-1 in position angles of 4?7 
and 20?4 measured eastward from north, respectively. The 
backgrounds derived for the 12 and 100 //m bands were much 
steeper, however, and resulted in background levels which 
were not uniform across the images. The cause of these steeper 
backgrounds appeared to be nearby sources to the east and 
north (the east cloud and the reflection nebula) that are rela- 
tively more prominent with respect to the general background 
in these bands and contaminate the regions selected to define 
the background. Better results were achieved at 12 and 100 /mi 
by using the average of the 25 and 60 //m planar backgrounds. 
This average plane had a gradient of 5.61 x 10-8 W m-2 sr-1 

degree-1 at a position angle of 12?3. The level of this back- 
ground had to be adjusted downward by a bias of 5.5 x 10-8 

W m-2 sr-1 to give a suitable zero level in the resulting 
background-subtracted images at 12 and 100 /mi. This adjust- 
ment was determined independently for the 12 and 100 ¡um 
images by requiring that the empty region adjacent to the 
southeast edge of Puppis A was at or below zero. (Note that 
the spectrum of the dominant background emission in the 
region of Puppis A is not accurately represented by the back- 
ground adjustments described above, since an unspecified flat 
background level had already been removed in the zero-level 
bias of the original co-added images.) Contour maps of these 
background subtracted images were presented in Paper I. 

Our neglect of the background curvature appears as 
negative-emission regions in the northeast and southwest 
corners of the images, where the true background is falling 
below the assumed planar background which is tangent to it at 
the center of the image. However, the dominant errors in the 
background fitting across Puppis A itself arise from our inabil- 
ity to account for the small-scale variations. These errors can 
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be gauged in two ways. One is that all regions within the 
boundaries of the SNR should show positive emission since no 
absorption is expected at these wavelengths. Therefore, any 
negative regions within the remnant indicate an over- 
subtraction of the background, at least in that local area. The 
largest negative deviations within a rectangular region includ- 
ing the entire SNR are —7.7, —3.1, —4.9, and —5.4 x 10-8 W 
m~2 sr~1 in the 12,25,60, and 100 fim bands, respectively. The 
other means of assessing the errors involves checking how 
closely the regions selected to determine the background were 
reduced to a constant zero level. The rms dispersions about a 
mean of zero of the pixel intensities in the selected regions are 
1.2 and 2.2 x 10-8 W m-2 sr_1 in the 25 and 60 /un bands. 
The maximum deviations in these bands are 3.7 and 
5.9 x 10-8 W m-2 sr-1. This method is not applicable to the 
12 and 100 //m bands, since the background used in these 
bands was obtained by a different method, as described above. 
As a convenient means of describing these results, we can 
adopt nominal “ 3 <7” errors of 7.5, 3.5, 5.5, and 5.5 x 10“8 W 
m-2 sr-1 for the 12, 25, 60, and 100 /mi bands, respectively. 
We stress that these values are not statistically determined; 
however, they do provide a good description of the data, based 
on analysis of the regions which we can examine in a proper 
statistical method and based on the general appearance of 
what we believe are significant features in the images. At 60 /mi 
all of the emission from the remnant appears at levels greater 
than “3 <j”; at 25 and 100 /mi only about half of the SNR 
shows emission above the “3 <7” level; and at 12 /mi only a 
small area of emission at the location of the eastern knot 
approaches the “ 3 <7 ” level. 

For comparison between images in the different bands, addi- 
tional images at 12 and 25 /mi were created which were 
smoothed to the resolution of the 60 /mi image. These images 
were used for the following analysis, since the better resolution 
of the shorter wavelength bands could introduce spurious 
results, particularly where steep gradients in brightness are 
encountered, such as along the northeast edge of the SNR. We 
chose not to smooth to the resolution of the 100 /mi images to 
avoid losing too much of the spatial information of the shorter 
wavelength images. This leaves the possibility of finding spur- 
ious results if detailed comparisons are made between the 100 
/mi and other images. 

III. A GENERIC DUST MODEL 

a) Flux Densities and Dust Color Temperatures 
The flux densities were measured in each wavelength band 

by integrating over regions within the zero-level contours. 
However, since the emission of the SNR merges with that of 
confusing sources in some directions, we excluded confusing 
sources by additionally using the 5.5 x 10“8 W m-2 sr-1 

contour of the 60 pm emission (excluding the region of the tail, 
ö < —43° 15') as a template. This extent, as defined by the 60 
pm emission, closely resembles that of Puppis A in the radio 
and X-ray regimes, except in the southeast quadrant of the 
SNR where radio and X-ray data show a wider extent of faint 
diffuse emission. The resulting fluxes were converted to flux 
densities (listed in Table 2) using the nominal IRAS band- 
widths of 13.48, 5.16, 2.58, and 1.00 x 1012 Hz, at 12, 25, 60, 
and 100 pm respectively. To derive a dust temperature from 
the fluxes, the emissivity of the dust must be known. At the 
moment it is sufficient to adopt a “ generic dust ” model which 
is characterized by power-law emissivity. Our generic dust is 

TABLE 2 
Integrated Parameters of Puppis A 

Measured Color-Corrected 
Wavelength Flux Flux 

(/mi) Density (Jy) Density (Jy) Temperature (K) 

12  <100 <100 
25  245 ± 120 291 
60  1195 ± 350 1250 

100  1265 ± 990 1250 

(-120) 
65Í 72 

44+17° 

characterized by an emissivity ocA-15 and a mass-absorption 
coefficient, /c, with optical constants given by Draine and Lee 
(1984). This generic dust model represents a mixuture of graph- 
ite and silicate dust properties. Given the emissivity law, the 
ratios of flux densities in adjacent bands i, and j were used to 
derive initial color temperatures 7],. (Throughout this work, we 
shall use i and j = 1, 2, 3, and 4 to indicate the IRAS bands at 
12, 25, 60, and 100 pm respectively.) These color temperatures 
were then used to derive the color-correction factors in each 
band (IRAS Explanatory Supplement 1985). The color- 
corrected flux densities are listed in Table 2. The errors for the 
flux densities were generously estimated by assuming that the 
“ 3 <7 ” deviations derived in § II could occur in the same direc- 
tion across the entire extent of the SNR. At 12 pm we only 
present an upper limit of 100 Jy (the 12 pm “3 <7” deviation 
times the solid angle of the SNR), since the only location across 
Puppis A which exhibits any 12 pm emission is the eastern 
knot, and even that is faint and confused. 

We found dust color temperatures of T12 « 120 K, T23 = 
65Í72 K, and T34 = 44Í J^0 K, where the range for each tem- 
perature reflects the “3 <7 ” uncertainties of the flux densities. 
The temperature derived from the 12 and 25 pm flux densities 
(T12) was determined only from the emission of the east knot, 
and thus may not represent the rest of the SNR. The differences 
between the derived color temperatures using different /RAS 
bands are expected since the temperature of a grain is a func- 
tion of its size, and since the temperatures of smaller grains can 
fluctuate significantly (see Dwek 1986, 1987). Thus, the dust 
grains within a SNR exhibit a range of fluctuating tem- 
peratures. All SNRs visible in the IR (except a few of the 
youngest) exhibit similar variations between the color tem- 
peratures derived from different bands (Arendt 1989). We also 
checked for spatial variations of the color temperatures on 
scales of 7' across the remnant. We found no variations of T23 
or T34 which exceeded the expected range due to uncertainties 
in the measured flux densities. 

Temperatures can be derived for other sources in the field, 
however these are not as reliable as those for the SNR, since no 
attempt was made to make the background subtraction accu- 
rate away from Puppis A itself. With this caveat, the tem- 
peratures derived for the east cloud are T12 = 250 K, T23 = 65 
K, and T34 = 23 K; for the tail T12 = 240 K, T23 = 65 K, and 
T34 = 33 K; and for the reflection nebula T12 = 200 K, T23 = 
60 K, and T34 = 28 K. The color temperatures for the east 
cloud and the tail are very similar to those derived for IR cirrus 
clouds (Low et al 1984; Verter et al. 1990), which are heated by 
the interstellar radiation field (ISRF). The color temperatures 
for the IR emission around the Puppis R1 association are 
similar to those found for other reflection nebulae (see Luan et 
al. 1989, and references therein). 

The total infrared flux received from Puppis A is FIR = 1.1 
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x 10“7 ergs s~1 cm-2. This is determined by adding the fluxes 
from each of the IRAS bands, and correcting for the fact that 
only ~55% of the total flux from blackbody sources between 
about 26 and 100 K is detected in the IRAS bands. The correc- 
tion was derived from filter parameters listed in the IRAS 
Explanatory Supplement (1985), and is consistent with the cor- 
rection used by Casoli et al. (1986). We estimate the uncer- 
tainty in the IR flux to be on the order ~2.5. The total IR flux 
we find here is ~ 60% higher than that estimated by Dwek et 
al. (1987) through fitting a single-temperature generic dust 
spectrum to be independently measured IRAS flux densities. 

b) Global Remnant Properties 
The infrared emission from Puppis A as a whole can be used 

to estimate various global or average physical properties of the 
remnant and the surrounding ISM. Assuming the distance to 
Puppis A is reasonably well-determined, the radius and IR 
luminosity of the SNR are found from basic geometry. We can 
estimate the mass of the dust (Md) responsible for the IR emis- 
sion from the relation : 

4nd2Sv = 4MdKvnBv(Tä), (1) 

where d is the distance to the SNR, Sx is the flux density, kv is 
the mass-absorption coefficient, and Bv(Td) is the blackbody 
emissivity at a dust temperature Td. The mass of gas, Mg, is 
simply related to the dust mass by a dust-to-gas mass ratio, Zd. 
Inside the remnant this ratio may be modified from its pre- 
shock value by sputtering. The gas mass divided by the volume 
of the SNR yields the mean initial density (n0) within the 
volume now occupied by the SNR. For strong adiabatic 
shocks, the density of the IR emitting gas will be given by rc ä 4 
n0. The temperature of a collisionally-heated dust particle of 
radius a is a simple function of gas temperature and density 
(e.g., Dwek 1987) which can be inverted to give the gas tem- 
perature in terms of the other quantities as : 

T6 = 7.33 x 10-6Td fi-2/3a2/3 , (2) 

where T6 is the gas temperature in units of 106 K, and a is given 
in pm. Equation (2) assumes that all electrons are stopped in 
the grains, and is strictly applicable to gas temperatures below 
< 107 K, and grain sizes larger than 0.05 pm (see Fig. 3 of 
Dwek 1987). With estimates of the remnant radius, gas tem- 
perature, and initial density, we can apply the standard Sedov 
phase relations to solve for the age (t) of the SNR and the 
initial energy (E). 

Remnant parameters derived through this approach are pre- 
sented in Table 3. The first column in the table is the dust 
temperature, Td, taken to be equal to r34 = 44 K. Some of the 
derived results can be strong functions of dust temperature 
(~Td). Therefore to illustrate the sensitivity of our results to 
uncertainties in Td, we calculated parameters using +4 K 

variations in this quantity. While the actual Td may well be 
outside the range of 44 ± 4 K, it is very unlikely to lie near the 
extremes of the formal range quoted in Table 2, since such 
values (particularly at the high-temperature end) would lead to 
a very peculiar spectrum which could not be a sum of black- 
body spectra, and also these extreme temperatures would yield 
improbable derived parameters. The second column is the dis- 
tance to the remnant, taken to be 2 kpc. The derived quantities 
are never more sensitive to the assumed distance than d3. Even 
so, we allowed for ± 0.4 kpc variations in this quantity as well. 
The radius of the remnant was derived from the distance by 
assuming a mean angular radius of 28'. The total infrared 
luminosity represents the total IR flux scaled by the adopted 
distance of the remnant. To derive the dust mass we have 
normalized the mass absorption coefficient to /c = 120 cm2 g -1 

at 60 pm. We made these calculations using 60 pm data since 
the flux density is more reliable than that at 100 pm, and it 
should still be unaffected by the transient heating and emission 
of small grains which strongly influences the 12 and 25 pm flux 
densities. The gas mass was derived from that of the dust by 
assuming an average interstellar dust-to-gas mass ratio of 
0.0077, ie., we neglected the effect of grain destruction in the 
shocked gas. (This effect will be considered in detail in the 
following sections.) We assumed that the ejected mass of the 
progenitor star is small compared to the mass of the swept up 
interstellar medium, and derived the ambient gas density, n0, 
from Mg for a mean molecular weight of 1.26. The shell density, 
n, is simply An0, its adiabatic value immediately behind the 
shock. The gas temperature was then derived by using equa- 
tion (2) for an average grain size of 0.1 pm. The remnant age, t, 
and explosion energy E, were derived from the Sedov solution. 

The results derived from our adopted 7^ = 44 K and d = 2.0 
kpc are listed on the first line of Table 3. The rest of Table 3 
illustrates that errors in the dust temperature will most strong- 
ly affect the derived gas temperature, masses, and densities, 
while errors in the distance will affect the explosion energy, 
luminosity, and masses. 

IV. THE PHYSICAL MODEL FOR THE IR EMISSION 

The infrared flux density (SA) from a region of volume V is 
given by (e.g., Dwek 1986): 

= (And2) 

r 

11 r«.-' i Jo 
;(a)V4na2QiX(a) 

nBx(Td)Gi(a, Tä)dTd -Jda , (3) 

where n^a) is the number density of grains of composition i and 
size a, Qitx(a) is the emissivity for grains of composition i and 
size a, and Gf(a, Td) is the probability of finding a grain of 
composition i and size a at the temperature Td. A physical 

TABLE 3 
Results from Generic Dust Model as Functions of Distance and Dust Temperature“ 

Td 
(K) 

d 
(kpc) 

Rs 
(pc) 

^IR 
(¿o) 

Md 
(M0) 

«n 
(M0) (cm-3) 

n 
(cm_ Te 

(106 K) 
t E 

(yr) (1051 ergs) 

44 
44 
44 
40 
48 

2.0 
1.6 
2.4 
2.0 
2.0 

16 
13 
20 
16 
16 

14000 0.25 
8600 0.16 

19000 0.36 
14000 0.43 
14000 0.16 

33 
21 
47 
56 
21 

0.060 
0.074 
0.045 
0.11 
0.040 

0.24 
0.30 
0.18 
0.42 
0.16 

15 
13 
19 
7.2 

28 

6000 
5200 
6700 
8600 
4400 

0.56 
0.33 
1.0 
0.50 
0.69 

a The preferred values are in boldface type. 
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model of the infrared emission therefore requires knowledge of 
the grain size distribution and composition, and of the flux of 
particles/photons that heat the dust and determine the func- 
tion Gi. Inside the remnant, the temperature probability dis- 
tribution Gf(a, 7^) is calculated, assuming that the dust is 
collisionally heated. Therefore, G^a, Td) is determined by the 
temperature and density of the plasma in which the dust is 
immersed. Outside of the SNR the gas is much cooler, and the 
dust is primarily heated by the ambient ISRF. Qualitatively, 
Gt{a9 T¿) behaves similarly for radiative heating as for col- 
lisional heating. Small grains cool rapidly between collisions 
and thus have high probabilities of being found at low tem- 
peratures, but they also have low heat capacities which creates 
a significant high-temperature tail on Gf(a, Td). For larger 
grains there is less cooling between collisions, and individual 
collisions have smaller effects upon the dust temperatures, 
which generally remain near their equilibrium values. We used 
the approximation Gf(a, Td) = ö(T — Teq), for grains large 
enough that the FWHM of Gt{a, Td) was less than 15% of the 
equilibrium temperature Tcq. For collisionally heated dust this 
limiting grain size is ~0.05 //m, whereas for dust heated by the 
ISRF this grain size is 0.02 jum. 

From the comparison of the theoretically calculated IR flux 
density, SA, with the observations, we can derive the dust mass 
and the physical dimension of the emitting region along the 
observer’s line of sight. The infrared flux density is proportion- 
al to nd V/d2, where nd is the number density of dust particles in 
the emitting region. For a given distance and grain model, nd V 
is simply related to the dust mass. The total mass of shocked 
gas is simply derived from Mg = Md/ÔZd, where Zd is the dust- 
to-gas mass ratio, and the ô is the dust depletion caused by 
sputtering, defined as the ratio of the present dust mass to the 
initial dust mass. The volume V of the emitting region is Q d2L, 
where Q is its angular size (in sr) and L is its linear dimension 
along the line of sight. The observations will therefore yield the 
value of the column density ndL (or equivalently nL if the 
dust-to-gas mass ratio is known) independent of the adopted 
distance to the remnant. With n constrained by the X-ray 
observations and the dust temperature, the physical model will 
yield the value of L, the thickness of the emitting region. 
Finally, the total IR luminosity from each region is simply the 
integral of the modeled flux density LIR = 4nd2 $ Sv dv, and is 
largely insensitive to the details of the dust model. 

In modeling the dust we adopted the Mathis, Rumpl, and 
Nordsieck (1977; hereafter MRN) dust model which consists of 
a mixture of bare silicate and graphite grains with optical con- 
stants given by Draine and Lee (1984) and Draine (1987). For 
the grain size distribution, we adopted the functional form 
proposed by MRN, i.e., n^d)da ~ a-3,5 da for amin < a < amax. 
Generally, we took umin = 3 Â (Draine and Anderson 1985) 
and tfmax = 0.25 //m (MRN); in the rest of this paper we refer to 
this as an “ extended ” MRN or “ eMRN ” grain size distribu- 
tion. In some cases we allowed the possibility of a break to a 
steeper power-law distribution for the sizes of the smaller 
grains (a < ab); we refer to distributions with such an enhanced 
population of very small grains as “eMRN + VSG” distribu- 
tions. Draine and Anderson (1985) found this sort of enhance- 
ment of small grain abundances necessary for modeling the 
emission from infrared cirrus clouds. The depletion of the 
various refractory elements into dust can vary in different 
regions of the ISM. In this paper, we adopted a dust-to-gas 
mass ratio from the models of Draine and Lee (1984), and find 
^graphite = 0.0029 and Zsilicate = 0.0048, giving a total dust-to- 

gas mass ratio of Zd = 0.0077. Comparing to the average solar 
elemental abundances (Cameron 1982), these ratios imply that 
~75% of the carbon and 96% of the Mg, Si, and Fe is con- 
tained in grains. 

The size distribution of a population of dust particles that 
has been subjected to thermal sputtering is given by n'^a') = 
n¡(a), where n^a) is the original power-law distribution of grain 
sizes, and a' = a —Aa, where Aa is the change in the grain 
radius due to sputtering. Sputtering was assumed to be inde- 
pendent of initial grain size, so that all grains within a hot gas 
of density n are after t years reduced in size by an amount Aa 
given by (Draine and Salpeter 1979): 

A jtcjQag) 
v ' 200 

Grains were assumed to be destroyed if their sizes became less 
than 3 Â. The dust depletion (<5) can be calculated analytically 
from Aa for any grain size distribution of interest. 

If Aa can be determined from the observations, then equa- 
tion (4) will yield the length of time the dust particles have been 
subjected to sputtering in a given parcel of gas. This time will 
be about equal to the time since the gas was swept up by the 
shock, and will therefore be a strict lower limit to the age of the 
remnant. 

V. APPLICATIONS OF THE PHYSICAL MODEL 

Using the physical model described above, we have modeled 
the emission from a cloud near Puppis A, from several local- 
ized regions of the remnant, and from the entire SNR. 

The east cloud, a region outside the remnant (see Fig. 1)* is in 
the process of being swept up by Puppis A, as evidenced by its 
proximity to the remnant and the morphological correlations 
between the cloud and the SNR (see Paper I). If we determine 
the nature (i.e., size distribution) of the dust in the cloud, then 
we have an accurate picture of the initial characteristics of the 
dust before it is processed by the SNR. Thus, we first modeled 

Fig. 1.—Contour map of Puppis A and its surroundings at 60 /¿m (levels 
are at 5.5, 16.5, and 66 x 10-8 W m-2 sr-1). The heavy contours, adapted 
from Dubner and Arnal (1988), indicate CO emission from the east cloud 
(depicted as antenna temperatures, linearly, from 1 to 5 K km-1 s-1). The 6' 
diameter regions observed by Szymkowiaic (1985) using the Einstein Observa- 
tory's solid state spectrometer (SSS) are indicated. 
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the east cloud assuming that the dust in this neutral and molec- 
ular cloud (Dubner and Arnal 1988) is heated by the ISRF. 
Radiative heating of the dust by the emission of the SNR was 
neglected, since the relevant optical and UV integrated fluxes 
are not well-known. Furthermore, the total optical emission is 
unlikely to be able to significantly heat the bulk of the cloud 
(which is ~20' or ~12 pc from the SNR), and we see no 
obvious signs of heating in the portion of the cloud nearest the 
remnant when compared to portions farther away. 

Next we modeled regions inside the remnant whose gas den- 
sities and temperatures are constrained from X-ray studies. 
The most suitable regions were those observed with the solid 
state spectrometer (SSS) of the Einstein Observatory (Giacconi 
et al. 1979) and analyzed by Szymkowiak (1985). The Einstein 
Observatory obtained SSS spectra of Puppis A at eight regions 
across the SNR. The locations and designations of these 
regions are indicated in Figure 1. The regions are 6' in diameter 
(corresponding to 3.5 pc at a 2 kpc distance), which is a good 
match to the resolution of the IR data (see § II). Szymkowiak 
(1985) combined the data from regions with similar spectra, 
resulting in four distinct spectra (designated C, R, I, and N) 
which he fit with nonequilibrium ionization (NIE) models. 
Each NIE model is characterized by whether or not the elec- 
tron and ion temperatures have equilibrated behind the shock 
(Te = 7] or Te # 7¡). The models yield two sets of shock tem- 
perature (Ts) and collisional time scale parameter (rj = n% E, 
where n0 is the ambient density and E is the explosion energy) 
which provided the best fits to the data. In Table 4 we list the 
X-ray derived gas properties applicable to the various regions. 
For sake of simplicity, we took the gas temperature in the 
regions to be equal to the shock temperature Ts, even though 
the relevant temperature is that of the electrons which may (or 
may not) be equilibrated with that of the ions (Itoh 1978; 
Hamilton, Sarazin, and Chevalier 1983). Furthermore, we took 
the electron density to be equal to 4n0 — 4[^/F]1/2, and the 
explosion energy E to be equal to 1051 ergs. The best gas 
parameters for X-ray spectra of regions II, 12,13, and N are not 
unique (and depend on whether the electron-ion temperature 
equilibrated behind the shock). An important goal of this 
paper is to examine to what extent the IR observations of these 
select regions can resolve the ambiguity in their gas param- 
eters. 

The modeling of the spectrum from region C was of particu- 
lar interest since this region, which contains the eastern knot, is 
the portion of the remnant most directly associated with the 
east cloud. Dust giving rise to the IR emission from this region 
is probably shock-processed dust from the east cloud. Thus, by 
comparing the dust in the east cloud with that in region C, we 
can gain excellent “ before-and-after ” pictures of dust as it 
passes through a strong shock. 

We also modeled the integrated IR emission of the entire 
SNR. As indicated by analysis of both Einstein and EX OS AT 

TABLE 4 
Parameters of Best X-Ray Models (from Szymkowiak 1985) 

Model Regions log Ts log rj ne 
Designation Modeled (K) (ergs cm-6) (cm-3) 

C   C 6.50 51 4.0 
R   R1 + R2 + R3 6.50 50 1.3 
I   Il+ 12 + 13 6.75 50 1.3 
N   N 7.00 50 1.3 
NI   N, Il +12 + 13 7.00 49 0.4 

results (Szymkowiak 1985; Petre et al. 1982; Aschenbach 
1985), there is no single temperature or density which applies 
to the entire SNR. The temperature, density, and grain size 
distribution required to fit the integrated spectrum of Puppis A 
might not be those of any particular region within the SNR. In 
this case, the physical model will serve as a guide to the differ- 
ences that can arise when one can only study the integrated 
emission of an inhomogeneous source. 

The relative sizes of the uncertainties in the flux densities are 
smaller for most of the SSS regions than for the whole remnant 
because the regions are small and (generally) have higher 
average surface brightnesses. As demonstrated below, this 
allows us to make finer distinctions in the modeling of the 6' 
SSS regions than the 56' remnant. The results of the physical 
modelling are presented in Tables 5 and 6, with some specific 
description of the individual cases given below. 

a) The East Cloud: Enhancement of Small Grains 
The east cloud was modeled under the assumption that the 

dust is heated only by the ISRF as specified by Mathis, 
Mezger, and Panagia (1978). Grains at their equilibrium tem- 
peratures can reproduce the observed 60 and 100 fim emission 
of the east cloud, but the observed emission at 12 and 25 /zm 
can only be modeled by small grains (a < 100 Â) with their 
fluctuating (and occasionally quite high) temperatures. Using 
the eMRN grain size distribution (§ IV), we find that the pre- 
dicted emission at 12 and 25 /zm is too low by factors of ~20 
and ~2, respectively. Including a break in the grain size dis- 
tribution for graphite grains at 30 Â to a steeper power law 
(/c = — 5.0) at small sizes (similar to results found by Draine 
and Anderson 1985) improves the fit at 25 /zm, but is still low at 
12 jum by a factor of ~5. For this eMRN + VSG distribution 
over one-third of the graphite (by mass) is in the abundant 
small grains. We also tried to apply an eMRN distribution 
with an additional component of small graphite grains (3-10 
Â) with a steep spectrum (k = — 5.0), as proposed by Weiland 
et al. (1986). Here the size spectrum of the very small grains 
was not constrained to merge continuously into the eMRN 
size distribution. This gives a slightly better fit than the 
eMRN + VSG distribution, though it is still low by a factor of 2 
at 12 /zm. This distribution assumes that about 40% of the dust 
mass is in the eMRN component, and the remaining 60% 
resides in the additional small grain component. 

Figure 2 shows the resultant spectra from ISRF heating of 
MRN grain size distributions with lower limits of 100 Â (dotted 
line), and 3 Â (dashed line), and from the eMRN + VSG dis- 
tribution (solid line). 

b) Region C: Sputtering of Dust Grains 
This region, containing the eastern knot, is the brightest 

portion of the remnant in the IR, and is the only place at which 
12 /zm emission is detected (see Fig. 3). The emission at 12 /zm is 
very sensitive to the abundance of small dust grains and the 
amount of sputtering. Thus, for this region we have the best 12 
/zm constraint on sputtering, in addition to the constraints 
which arise from the relatively small errors on the 25 and 60 
/zm flux densities. Region C is also immediately adjacent to the 
east cloud. This proximity to the east cloud means that our 
initially measured flux densities were probably contaminated 
by emission from the east cloud. Therefore, we assumed that 
the east cloud contributed emission across the area of region C 
at the same brightness as is observed in the immediately ad- 
joining area exterior to the remnant. Each band was adjusted 
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Fig. 2.—Model spectra of the east cloud. Observed data are represented by 
open circles with error bars. Model spectra are indicated by the lines. Crosses 
( x ) denote the model spectra convolved with the IRAS spectral response in 
each band. These should be compared to the observed data points. Large 
grains (a > 100 Â) are essentially at their equilibrium temperatures, and 
cannot reproduce the observed 12 and 25 /zm emission {dotted line). Extending 
the MRN distribution to grains as small as 3 À (eMRN distribution, see text) 
gives a better fit, but still underestimates the 12 /zm emission {dashed line). 
Including an additional enhancement of small grains (eMRN + VSG distribu- 
tion, see text) enables the best fit to the data {solid line). 

independently, and the estimated errors of the flux densities 
were increased to reflect the uncertainties in the amount of 
emission contributed by the east cloud. These changes were 
most significant at 12 and 100 jum. Recently, it has become 
apparent that interaction with the east cloud is the cause of the 
enhanced X-ray, IR and optical brightness of the SNR in the 

Fig. 3.—This logarithmic gray-scale map depicts a close-up of the region 
surrounding the eastern knot at 25 ¿zm. The contours of 0, 2, 4, 6, 8, 10, 12, 14, 
16, and 18 x 10“8 W m-2 sr_1 indicate the 12 /um emission in this area. 
Notice that there is a weak, but distinct, peak in the 12 /zm emission at the 
location of the eastern knot (a = 8h22m25s, ô = — 42°48!5). 

area of Region C. Petre et al. (1982) and Dubner and Arnal 
(1988) present X-ray and radio observations indicating that the 
eastern knot is material from the east cloud which has been 
swept up into the remnant. (The case for this interaction from 
these observations and the IR data has been discussed in Paper 
I.) Therefore, we have assumed that the grains of Region C 
followed the same eMRN + VSG size distribution as the east 
cloud when they were initially engulfed by the SNR. 

With this enhanced population of small grains, and the 
plasma conditions given by Szymkowiak (1985), we find the 
dust emits too strongly at 12 and 25 jum to fit the observed 
emission (see Fig. 4). Amounts of sputtering between ~ 5 and 
~ 25 Â give rise to spectra with the right slope between 25 and 
60 fim, and which fit the observed 12 /un emission. The best fit, 
occurring with Aa = 18 Â of sputtering, is also illustrated in 
Figure 4. The model described above is, however, not unique. 
An equally good fit to the data can be achieved with an eMRN 
grain size distribution (without any initial VSG component) 
and less sputtering (Aa = 15 Â). 

c) Regions II, 12, IS, and N: Plasma Conditions 
Szymkowiak (1985) found two different sets of Ts and rj 

which could be used to model the X-ray spectra of these 
regions. For regions II, 12, and 13 he found that the conditions 
of model I (Ts = 5.6 x 106 K, rj = 1050 ergs cm-6) provided a 
better fit than the conditions of model NI (Ts = 107 K, 
rj = 1049 ergs cm-6) to the combined X-ray emission of these 
regions. Our models of the IR emission using each of these sets 
of plasma conditions supports Szymkowiak’s (1985) finding. 
The conditions of model I can provide a good fit to the 
observed IR flux densities using the eMRN grain size distribu- 
tion subjected to ~2-3 Â of sputtering. For the same grain size 
distribution conditions of model NI lead to IR spectra which 
are too steep in the 25-60 //m range to fit the observations, 
even when no sputtering is considered. The comparison of 
these two sets of plasma conditions is shown in Figure 5. There 
is a slight improvement of the fit from Region II to 12 to 13, but 
there are no definite implications for systematic variations of 

Fig. 4.—Model spectra of region C. The symbols are as in Fig. 2. These 
spectra are fit to the observed data after emission from the east cloud has been 
subtracted. The dashed line is the spectrum produced by the eMRN + VSG 
grain size distribution without any sputtering. It is clearly not steep enough 
between 12 and 60 /zm to fit the observations. If the size distribution has been 
sputtered by 18 Â, the spectrum steepens and a good fit is obtained {solid line). 
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Fig. 5.—Model spectra for region 13. The symbols are as in Fig. 2, except at 
12 yum the observed upper limit is indicated by the downward arrow. The solid 
line shows the spectrum modeled from the plasma parameters of model I with 
3 Â of sputtering (derived results listed in Table 5). The dashed line indicates 
the spectrum from model NI with no sputtering. 

the temperature, density, or amount of sputtering. The 
improvement could be due to less contamination of the mea- 
sured flux densities with increasing distance from the east 
cloud. 

For region N, Szymkowiak (1985) found that the conditions 
of models N (Ts = 107 K, rç = 1050 ergs cm-6) and NI (Ts = 
107 K, 77 = 1049 ergs cm-6) led to equally good models of the 
X-ray spectrum. Applying these conditions to modeling the IR 
data, we find that the conditions of model N are the most 
appropriate. The best fit results if we assume the eMRN dis- 
tribution has been subjected to 4 Â of sputtering. The condi- 
tions of model NI produce IR spectra which are too steep 
between 25 and 60 fim even if no sputtering is included (see Fig. 
6). If we apply a grain size distribution with enhanced abun- 
dances of small grains (as found for the east cloud), the fit for 

Fig. 6.—Model spectra for region N. The symbols are as in Fig. 2, except at 
12 yum the observed upper limit is indicated by the downward arrow. The solid 
line shows the spectrum modeled from the plasma parameters of model N with 
4 Â of sputtering (derived results listed in Table 5). The dashed line indicates 
the spectrum from model NI with no sputtering. 

the conditions of model NI can be improved, but a better fit is 
still found using model N. 

d) Region R3 : Possible Large Grains 
Region R3 is located in the “ hook ” of Puppis A. This region 

differs from the rest of Puppis A in that its IR emission is very 
weak relative to its radio emission (Paper I). Like region C it is 
also located near the east cloud, and may also be a result of the 
interaction between the cloud and remnant. (While regions R1 
and R2 show X-ray spectra similar to, though weaker than, 
that of region R3, their IR intensities are too low for any 
meaningful analysis.) 

Models of the IR emission are not tightly constrained 
because of the relatively large uncertainties in the flux densities 
(due to fainter emission at this location). The best fit for the 
eMRN size distribution is with Aasput = 4 Â, although with 
sputtering between 0 and ~35 Â, either the eMRN or the 
eMRN +VSG grain size distributions can fit the observations, 
except at 100 /mi. If the 25 and 60 jum flux data are fit well, then 
the modeled IR emission at 100 /mi is lower than the observed 
emission by more than the estimated 3 cr error. This difference 
can be reduced if there are more large grains in this region than 
elsewhere within the SNR. Changing the upper limit of the 
eMRN grain size distribution from 0.25 /am to 1.0 /mi, adds 
enough large grains to bring the 100 //m flux density within the 
3 a error. This change is illustrated in Figure 7. Note that the 
additional large grains do not affect the fit at 12 or 25 /mi 
significantly. However, we have no other evidence from other 
regions of the remnant or from the east cloud, that large grains 
might be present in the vicinity of Puppis A. It is only the 
peculiar (and unexplained) relative radio, IR, and X-ray bright- 
nesses of this portion of the remnant (Paper I), which allow us 
to speculate that there may be peculiarities in the dust as well. 

Lying near the east cloud, it is also possible that much of the 
problem in fitting the 100 /mi flux density of region R3 is due to 
contamination by emission from the cloud, as we assumed for 
region C. If this is the case, models of the IR emission without 

Fig. 7.—Model spectra for region R3. The symbols are as in Fig. 2, except 
at 12 fim the observed upper limit is indicated by the downward arrow. The 
solid line indicates the spectrum from the eMRN grain size distribution with 
4 Â of sputtering (derived results listed in Table 5). The dashed line shows the 
spectrum modeled from the eMRN size distribution extended to include grains 
up to 1.0 /mi, also with 4 Â of sputtering. This latter spectrum has been 
normalized to match the eMRN spectrum at the shorter wavelengths. 
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the additional large grains can reproduce the observed spec- 
trum fairly well. Conversely, if the cloud does not actually 
extend slightly in front of or behind the remnant, then the fits 
for region C can be improved with the assumption of addi- 
tional large grains. 

e) Total SNR : Global Average 
The total IR emission of the SNR can also be modeled in the 

same manner as the individual regions. In this case, no definite 
temperature and density can be assigned to the remnant in 
advance. However, since there are no dramatic spectral differ- 
ences across the SNR, and since the SSS observed regions 
account for almost 20% of the total emission, we constrained 
the models by the temperature-density combinations found by 
Szymkowiak (1985). We also used the eMRN grain size dis- 
tribution, which seems to be an acceptable initial distribution 
for the entire remnant. With no sputtering, all of the plasma 
conditions led to models which fit within the errors, but the 
best fit to the total emission came from the conditions of model 
I (Ts = 5.6 x 106 K, rç = 1050 ergs cm-6). Figure 8a illustrates 
the best and extreme models with no sputtering included. For 
the conditions of model I, sputtering by ~ 2 Â improves the fit 
slightly, although it takes ~30 Â of sputtering before the 
model cannot fit within the errors (see Fig. 86). The best fit 
allowing sputtering is from the conditions of model R (7¡ = 3.2 
x 106K, f7 = 1050 ergs cm-6) with 5 Â of sputtering (see Fig. 
86). The conditions of model C (Ts — 3.2 x 106 K, rj = 1051 

ergs cm - 6) can provide a fit almost as good if the sputtering is 
assumed to be ~ 18 Â. 

VI. DISCUSSION 

In the analysis of Puppis A we made two important assump- 
tions : that the distance to the remnant is 2.0 kpc, and that the 
remnant is spherically symmetric. The adopted distance of 2.0 
kpc is close to the kinematic distance (2.2 kpc, Dubner and 
Arnal 1988) and £—D distances (2.4 kpc, Caswell and Lerche 
1979; 1.8 kpc, Milne 1979). Optical observations of the 
motions of filaments within Puppis A (Winkler et al. 1988) are 

also consistent with a distance of 2 kpc. The only derived 
quantities that are directly affected by this first assumption are 
the infrared luminosity and mass of the swept-up gas and dust. 

The assumption of spherical geometry, and hence the 
concept of remnant radius, are clearly a simplification of the 
actual appearance of the remnant. However, the location of the 
expansion center determined by the motions of optical fila- 
ments (Winkler et al. 1988) is near the center of the observed 
infrared emission. Therefore, the best estimate of the radius for 
our purposes is the average extent of emission outward from 
the center of the remnant, which is ~28'. At a distance of 2.0 
kpc this corresponds to 16.3 pc. The quantities most affected 
by this second assumption are those derived from the Sedov 
solution, including the age of the remnant, the energy of the 
explosion, and the average density of the ambient ISM. 

In the following sections, we discuss the results of our paper, 
and describe their sensitivity to the assumptions. 

a) Evidence for Grain Processing 
To make any inferences on grain processing inside the 

remnant, we must assume that we have a reasonable know- 
ledge of the grain size distribution ahead of the shock. IRAS 
observations of a variety of astrophysical environments, 
including diffuse clouds (e.g. Weiland et al. 1986) and reflection 
nebulae (Luan et al. 1989), suggest that the grain size distribu- 
tion in the diffuse ISM can be characterized by an 
eMRN-hVSG distribution. Conservatively, we adopted an 
eMRN distribution in most of our models except for region C, 
since the material from this region probably originated from 
the east cloud, which is best modeled by an eMRN + VSG 
distribution. The results show that in order to fit the IR émis- 
sion from the remnant, the initial grain sizes have to be sput- 
tered by amounts of 5-30 Â, depending on the assumed density 
and gas temperature of the remnant. Of course, the amount of 
sputtering is dependent upon the assumed initial abundance of 
small grains. The strongest evidence for grain processing is 
provided by the IR emission from region C which is imme- 
diately adjacent to the east cloud. An initial eMRN + VSG 

Fig. 8a Fig. 86 
Fig. 8.—Model spectra for the total emission of Puppis A. The symbols are as in Fig. 2, except at 12 /zm the observed upper limit is indicated by the downward 

arrow, (a) All spectra are calculated using the eMRN distribution with no sputtering. The best fit was calculated using T6 = 5.6 (106 K), n = 1.3 cm-3 (conditions I, 
solid line). The dotted and dashed lines represent the extreme fits calculated from the conditions of models C and N, respectively. (6) The solid line shows the spectrum 
of the eMRN distribution after 5 Â of sputtering for the conditions of model R. This is the best fit of any model to these data. Another good fit is provided by the 
eMRN distribution after 18 Á of sputtering for conditions of model C {dashed line). 
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TABLE 5 
Detailed Modeling of the East Cloud and Regions of Puppis A 

Region : East Cloud 12 13 N R3 

IRAS Flux Densities (Jy)a 12 fim . 
25 /mi 
60 fim 

100 /mi 

Gas Density (cm-3)b  
Gas Temperature (106 K)b 

Grain Size Distribution0 .. 
Aûsput(Â)   

Model Flux Densities (Jy) 12 //m 
25 /mi 
60 /mi 

100 /mi 

Observations 
29.6 
20.3 

107. 
619. 

1.22 
14.8 
63.2 
36.3 

Sputtering Age, i (yr)   
Radiating Dust Mass (10" 3 M0)d   
Dust Depletion, ¿   
Shocked Gas Mass (M0)d  
Effective Thickness of Emitting Region (pc) 

Model Input Parameters 
4.0 
3.2 

eMRN + VSG eMRN + VSG 
0 18 
Model Spectra 
9.91 0.97 

24.8 14.8 
115. 63.2 
538. 34.2 

Derived Parameters 
0 900 

23500 6.56 
1.0 0.69 

3140 1.23 
1.0 

4080 668 

<1.56 
13.1 
50.7 
44.6 

1.3 
5.6 

eMRN 
3 

1.51 
11.5 
54.4 
33.0 

450 
7.96 
0.93 
1.11 
2.8 

588 

<1.56 
10.2 
44.7 
31.7 

1.3 
5.6 

eMRN 
2 

1.47 
9.98 

45.3 
27.4 

300 
6.64 
0.95 
0.908 
2.3 

504 

<1.56 
7.2 

33.7 
16.9 

1.3 
5.6 

eMRN 
3 

0.94 
7.11 

33.7 
20.4 

450 
4.92 
0.93 
0.687 
1.7 

363 

<1.56 
7.7 

37.9 
19.2 

1.3 
10. 

eMRN 
2 

0.77 
7.75 

37.7 
20.0 

300 
3.54 
0.95 
0.484 
1.2 

394 

<1.56 
2.0 
8.9 

19.7 

1.3 
3.2 

eMRN 
4 

0.37 
2.13 
9.31 
6.65 

600 
2.40 
0.91 
0.343 
0.86 

107 
a Errors for the east cloud were taken to be 33% in all bands. Errors for the SSS regions are 0.77,0.94, 3.9, and 11 Jy at 12,25, 60, and 100 /mi. 
b From Szymkowiak 1985. 
c eMRN -► n/a) ~ a~25, 3 Â < a < 0.25 /mi; 

eMRN-I-VSG -► n^a) ~ a-5 0, 3 Â < u < 30 Â; n^a) ~ a-3 5,30 Â < u < 0.25/mi (graphite grains); 
n£a) ~ a~3-5,3 k < a < 0.25/mi(silicategrains). 

d Normalized to a distance of 2 kpc. 

grain size distribution has to be sputtered by an amount of 
Aa æ 18 Â to reproduce the observed IR spectra. We note that 
even without the VSG component, sputtering is still required to 
produce the best fitting spectrum. In this case the amount of 
sputtering is slightly less (Aa « 15 Â). 

Sputtering will destroy the smallest grains while leaving the 
largest grains essentially unchanged, and will noticeably alter 
the IR spectrum at the shorter wavelengths, even when the 
mass depletion of the dust is as small as 10%. The depletion 
factors found in the physical models generally indicate that 
<10% of the dust (by mass) has been sputtered away and 
returned to the gas phase (see Tables 5 and 6). At the location 
of region C, as much as 30% of the dust mass has been 
destroyed. 

b) Dust Temperature 
The most basic quantity we derived from our analysis is the 

dust color temperature as determined from the 2 to 3, and 3 to 
4 band ratios. We found that the IR emission, integrated across 
the entire SNR, has color temperatures of T23 = 65 K and 
T34 = 44 K. There were no indications that these color tem- 
peratures varied across the remnant on scales of > 7', but the 
uncertainties involved (especially for T34) could obscure actual 
variations which may be present. 

In the course of the physical analysis, we calculated Teq(a), 
the physical (equilibrium) temperatures of grains of various 
sizes a. The 60-100 jum color temperature derived from these 
physical models, which give the best fit to the observed 25-100 
pm fluxes, is generally much higher than the observed global 
value of 44 K. The fact that these models provide the best fit to 
the data underscores the large uncertainties in the 100 pm 
fluxes. The equilibrium dust temperature of 0.1 pm dust par- 

ticles is about 44 K, in reasonable agreement with the observed 
value of T34. This suggests that the results derived in our 
generic dust calculations, where we attributed the IR emission 
to a population of 0.1 pm sized dust particles radiating at 
Teq = 44 K, should be not far off those derived in the physical 
models. The 25-60 pm color temperature (T23) is generally 
higher than T34, reflecting the presence of a range of grain 
temperatures, and the effect of stochastically heated dust par- 
ticles on the short-wavelength emission. 

TABLE 6 
Physical Modeling of the Total Emission of Puppis A 

Model Input Parameters 
Plasma Model   
Gas Density (cm-3)   
Gas Temperature ( 106 K)   
Grain Size Distribution2   
Aa,put(

Â)   

Model Flux Densities (Jy) 
Model Spectra 

12 /an   
25 /mi   
60 /zm   

100 /mi   
Derived Parameters 

Sputtering Age, t (yr)   
Radiating Dust Mass (M0)b   
Dust Depletion, ô   
Shocked Gas Mass (M0)b   
Effective Thickness (pc)  
IR Luminosity (L0)b   

I 
1.3 
5.6 

eMRN 
0 

60.2 
306. 

1260 
. 752. 

0 
0.19 
1.0 

25. 
0.73 

15000 

R 
1.3 
3.2 

eMRN 
5 

46.4 
287. 

1290 
922. 

770 
0.34 
0.89 

50. 
1.5 

14000 
a eMRN -► n;(a) - a-3 5, 3 Â < a < 0.25/zm 
b Normalized to a distance of 2 kpc. 
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c) Infrared Luminosity, Dust and Gas Masses 
In both the generic dust and physical analyses of the inte- 

grated emission from Puppis A, the infrared luminosity is 
about 14,000 L0. The luminosity is nearly independent of the 
details of the modeling (other than the assumed distance) since 
it is directly proportional to the observed IR flux. The IR 
luminosity exceeds that in the X-ray regime by a factor of ~ 8, 
indicating that gas-grain collisions are the major gas cooling 
mechanism of the shocked ISM (Dwek et al 1987). The generic 
dust models (§ III) estimate a dust mass is in the range of 
0.16-0.43 M0, where this range is determined by our varia- 
tions in the dust temperature. The physical models (§ Ve) indi- 
cate a total mass of the remnant in the narrower range of 
0.19-0.34 M0. Here the range stems from our uncertainty in 
the plasma conditions. Of course, in both analyses the derived 
dust mass also depends on the assumed distance to Puppis A. 
In spite of the uncertainties, the dust masses derived from the 
generic dust and physical analyses are very similar, indicating 
the consistency of the assumptions made in the generic dust 
analysis. From the dust mass we can derive that of the gas by 
adopting a gas-to-dust mass ratio. For a ratio of 0.0077, the 
total mass of gas within Puppis A is between 21 and 56 M©. 

d) Remnant Density, Temperature, and Structure 
The IR emission from collisionally heated dust particles can 

be used to constrain the physical conditions of the shocked gas. 
At gas temperatures above ~ 107 K, the IR spectrum is mainly 
sensitive to the density of the shocked gas, which can therefore 
be directly determined from the IR observations. Below tem- 
peratures of ~ 107 K, as in the case of Puppis A, the IR obser- 
vations can only constrain the various gas temperature-density 
combinations that can produce the observed spectrum. It was 
therefore of interest to see if the gas parameters derived by 
Szymkowiak (1985) would be able to produce the observed IR 
flux, or, where the gas parameters were not uniquely deter- 
mined by the X-ray observations, if the IR observations could 
favor one set of parameters over the other. It is important to 
point out that any comparison between IR and X-ray observa- 
tions cannot prove the correctness (or uniqueness) of a given 
model, just its consistency. On the other hand, such compari- 
son can be used to definitely rule out sets of gas parameters 
which cannot reproduce both, the IR and X-ray spectra of the 
emitting region. 

We were successfully able to model the IR emission of the 
regions studied by Szymkowiak (1985) by using the local 
plasma temperatures and densities which he derived from the 
X-ray spectra. In fact, for region N, we were able to discrimi- 
nate between different sets of temperature and density, which 
yielded equally good fits to the X-ray spectra, by showing that 
one set produced a better IR spectrum (§ Vc). 

The physical models of the SSS regions indicate that den- 
sities of the X-ray emitting plasma ranges over at least ~ 1-4 
cm"3, and temperatures range at least over ~3-10 x 106 K. 
The highest density region (region C) possesses the lowest tem- 
perature, while lower density regions span the range of tem- 
peratures. The best physical models of the integrated emission 
indicate that a density of ~1.3 cm-3 and a temperature of 
3-6 x 106 K are appropriate averages for the IR emitting 
regions of the remnant. The implied ISM density is ~0.3 
cm-3. This figure is higher than the mean ISM density of <0.1 
cm_ 3 calculated using the generic dust model of § III. The 
lower density found in the generic dust model leads to the 
correspondingly higher gas temperature. 

The densities calculated by different techniques give us hints 
as to the original distribution of material in the vicinity of 
Puppis A. The globally determined density n0 < 0.1 cm-3 

(from § III) gives the mean density of all the material swept up 
by the SNR. The density of n0 « 0.3 cm " 3, which is compatible 
with the physical modelling of the integrated emission of 
Puppis A, indicates that most of the material was initially 
found in regions ~3 times denser than the average ISM 
density. This distribution of this denser material may have 
been clumps which were initially uniformly scattered through- 
out the region. Another possibility is that the expanding SNR 
has encountered denser than average material only recently. 
This possibility has the appeal that it would naturally explain 
why most regions of the SNR show relatively little sputtering. 
The dense material could be part of existing structures, i.e., the 
outer portions of the east cloud and the ridge, or it could have 
been in a structure which is no longer visible, such as a cavity 
which Puppis A has now filled or overfilled. The lack of large 
amounts of grain destruction indicates that most of the mass 
could not have been swept up when the SNR was very young. 

The structure of the SNR itself is revealed through its 
density variations, morphology and line of sight thickness. The 
effective thicknesses of ~2-3 pc for regions 11-13 are in fair 
agreement with Szymkowiak’s (1985) estimate of ~3 pc thick- 
ness. If we are seeing emission from both sides of a shell of 
emitting material, the thickness of the shell, ~l-2 pc, is 
roughly 10% of the shell radius. With a shell-like geometry, we 
would expect regions near the edge to have higher effective 
thicknesses than regions near the center of the SNR. Contrary 
to these expectations, the higher density and lower thickness of 
Region C probably reflect that most of the emission here is 
from the small bright knot rather than the long line of sight 
offered through the edge of a uniform shell. A shell only 1-2 pc 
thick would appear with an angular thickness of ~ 2-3'. There- 
fore, with the IRAS data there would be little hope of resolving 
differences between the inner and outer edges of such a shell 
even if the geometry of the SNR were simpler than appears to 
be the case for Puppis A. Regardless of the actual distribution 
of material, the low effective thickness derived from the inte- 
grated emission (Table 6) indicates that the volume-filling 
factor of the IR emitting regions is less than 10%. 

e) Remnant Age and Explosion Energy 
The evidence for grain processing discussed above is 

extremely important, since, if attributed to thermal sputtering, 
it can yield information on the amount of time the dust par- 
ticles have been eroded by the ambient gas, that is, the time 
since the given parcel of gas was swept up by the expanding SN 
blast wave. Region C is the site of recent interaction with the 
east cloud, and should contain dust which has been subjected 
to sputtering for only a relatively short time. Other regions (N 
and 13 in particular) include longer lines of sight through the 
interior of the remnant and might be expected to contain dust 
which has been subjected to sputtering a large fraction of the 
age of the remnant. Since the sputtering ages for regions 13 and 
N are shorter than for region C, the IR emission must arise 
only from relatively recently swept-up dust in the shell and not 
from older dust in the interior portions of the SNR. Region C 
would still appear to be slightly older than other regions, even 
if we were to assume an initial enhancement of small grains 
across the entire remnant, rather than only at region C. This 
maximum sputtering age of ~ 900 yr places a lower limit to the 
age of Puppis A. This lower limit is consistent with recent 
estimates of 2000-5000 yr, (Milne et al. 1983), based on the 
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radio surface brightness and polarization characteristics, or of 
3700 + 300 yr (Winkler et al 1988), based on the proper 
motions of optical filaments. The 6000 yr age derived here by 
application of the Sedov solution in the generic dust model 
(§ III), is significantly longer than these estimates. However, we 
point out that this result is very sensitive to small changes in 
the adopted dust temperature. 

The initial kinetic energy of the explosion calculated using 
the generic dust model ranges from 0.3 x 1051 to lx 1051 

ergs. This figure is quite sensitive to both the assumed distance 
and dust temperature, and also assumes that the Sedov solu- 
tion applies to Puppis A at the present epoch. For the physical 
models (§ V), an initial kinetic energy had to be assumed. We 
adopted the canonical 1051 ergs, which yielded values for 
physical parameters that were generally consistent with the 
generic dust analysis and other estimates. 

VII. SUMMARY 
In this work we have used two methods to analyze the IR 

emission from the remnant and its surrounding medium. In the 
first method we did not concern ourselves with details of the 
dust properties or the heating mechanism. The advantage of 
this approach is that it is applied without the need for con- 
straints derived from X-ray observations, and that it yields 
global parameters of the SNR and the surrounding medium. 
The second method uses a physical approach to modeling the 
IR emission. In this method we employ the results of previous 
X-ray analysis to calculate the details of the dust heating 
mechanism, thereby deriving the grain size distribution, the 
dust mass, and the amount of grain destruction, as well as 
remnant and ISM parameters. 

Using the first modeling approach, we derived the following 
results: (a) the average dust color temperatures are T34 = 44 K, 
and T23 = 65 K; (b) the IR luminosity and dust mass (assuming 
a source distance of 2 kpc) are 14,000 L0 and 0.25 M0, respec- 
tively. The IR luminosity exceeds that in the X-rays by about a 
factor of 8. Adopting a dust-to-gas mass ratio of 0.0077, we 
derive a gas mass of 33 M© ; (c) assuming that the remnant is 

spherically symmetric with an angular radius of 28', we derive 
an ISM gas density of ~0.06 cm-3, and a postshock density of 
~0.24 cm-3. Combined with the dust temperature (44 K) and 
the fact that the dust is collisionally heated, we derive a post- 
shock gas temperature of ~1.5 x 107 K; (d) applying the 
Sedov solution to the remnant, we derive an age and explosion 
energy of 6,000 yr, and 0.6 x 1051 ergs respectively, for the 
remnant. 

Using a detailed physical model to describe the interaction 
between the gas and dust in the postshock region we derived 
the following results: (a) the MRN dust model needs to be 
extended to very small grain sizes in order to model the 
observed 25 and 60 /un emission from the remnant; (b) there is 
evidence for grain processing behind the shock. Comparing the 
initial grain size distribution (as derived from the IR emission 
of the eastern cloud which is being swept up by the remnant) 
with that required to model the IR emission from region C (the 
segment of the eastern cloud overrun by the shock) we find a 
decrease of 30% in the dust mass, and infer a sputtering time of 
900 yr; (c) modeling the IR emission from localized regions 
inside the remnant shows that the X-ray derived gas densities 
and temperatures are consistent with those required to account 
for the observed infrared spectrum ; (d) modeling the integrated 
IR fluxes gives average gas densities and temperatures of 1.3 
cm-3 and 3.2 x 106 K, respectively; (e) IR luminosities and 
dust masses are 14,000 L0 and 0.34 M0, respectively. The gas 
mass (assuming an initial dust-to-gas mass ratio of 0.0077) is 50 
M0;(/) The average depletion factor (by mass) of the dust is 
0.89, yielding a sputtering age of 770 yr; (g) The average thick- 
ness of the IR emitting region is ~1 pc, about 10% of the 
average radius of the remnant. 

J. Dickel has provided helpful discussion on aspects of this 
work. Much of the work presented here was used in a prelimi- 
nary form by R. G. A. as part of a Ph.D. dissertation at the 
University of Illinois. R. G. A. has been supported under the 
NASA Graduate Student Researchers Program (Grant NGT- 
50152), and NASA contract JPL958014. 
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