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Table 1. Far-infrared line flux ratios to the dereddened 5007 Å line as derived from different theoretical models and observations. (See text for
details).

λ, µm I/I(5007) fPIR
I-H BS-F BS-DC SD-200∗ Observed∗∗ SD-200∗

[O ] 25.91 0.0051 5.0 0.53 8.1 0.20 0.995
[O ] 51.81 0.031 1.34 0.72 0.67 0.25 0.999
[O ] 63.19 1.30 170 12 – 0.07 –
[O ] 88.36 0.028 0.22 0.11 0.55 0.10 0.999
[O ] 145.5 0.038 7.8 0.75 – <0.0024 –

∗ Derived in Sects. 2.1 and 2.2; ∗∗ obtained in Sects. 3.1 and 3.2.1.
Notes: the last column lists contribution to the line flux in the SD-200 model arising from the photoionized region (PIR) before the shock.
Derivation of the observed line flux ratio values is described in Sect. 3. The model-predicted [O ] lines are sensitive to the pre-shock ion number
density in the model, see Sect. 4.1.2.

(FIR) fine-structure oxygen line fluxes to the flux in the opti-
cal [O ] 5007 Å line with their observational values, and show
that all of the predictions are incorrect by a factor of several for
one or several flux ratios. It should be remembered, however,
that the theoretical models predict the deviations of ionic abun-
dances from their collisional equilibrium values by several or-
ders of magnitude. Therefore, inconsistencies of the observed
order suggest that some corrections should be applied to the ex-
isting models, while the general picture described in the models
is entirely correct.

The infrared fine-structure line flux ratios of other element
(in addition to oxygen) ions are currently the most reliable tool
available for direct studies of the physical parameters in the
FMKs. We attempted to estimate these parameters using avail-
able observational data. As a result, parameters of the post-shock
photoionized region were estimated observationally for the first
time, confirming qualitatively the predictions of the theoretical
models, but again highlighting some quantitative differences.

The FIR lines will provide even more important probe in the
future, as several far-infrared observatories, such as the Herschel
Space Observatory and SOFIA, begin their operation. These
telescopes will provide far higher quality FIR data ofhigher sen-
sitivity and angular resolution, allowing us to constrain the FMK
models more tightly. Results of this present study are also impor-
tant to understand the small-scale structure of other oxygen-rich
supernova remnants, such as Puppis A, N132D, and G292+1.8.

The paper structure is the following. In the next section,
we describe briefly the existing theoretical models of the FMKs
and estimate oxygen infrared line fluxes in one of these models.
Section 3 describes the archival infrared observations of Cas A
and their analysis. In Sect. 4, we estimate the physical conditions
and abundances in different regions of FMKs from the observed
line flux ratios. We also discuss these results and compare them
with values predicted by the models. In Sect. 5, we analyze spec-
tral line ratios to obtain a consistent model of the post-shock
photoionized region. Section 6 is devoted to the predictions of
the mid- and far-infrared recombination line intensities. Finally,
in Sect. 7 we present our conclusions.

2. Theoretical models of fast-moving knots

The first detailed model of fast-moving knot emission, describ-
ing it as originating from the passage of a shock through the pure
oxygen medium, was constructed by Itoh (1981a,b). The predic-
tions of his model H were compared with measurements of the
[O ] filament optical spectrum in the northern part of the Cas A
supernova remnant (SNR) shell, and were found to reproduce all
four measured oxygen [O ], [O ], and [O ] optical line flux
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Fig. 1. Schematic representation of the FMK temperature structure,
induced by its interaction with the reverse shock. Negative column
densities corresponding to the pre-shock regions are in linear scale;
positive (post-shock) column densities are on a logarithmic scale. The
post-shock photoionized region (PIR) parameters are given as derived in
Sect. 5 (solid line) and according to the Borkowski & Shull (1990) mod-
els (dashed line). Shock is moving to the left. Because of the FMK high
density, the reverse shock in it has slowed down to about 200 km s−1.

ratios to within a factor of two. The infrared line ratios to the
[O ] 5007 Å line2 for this theoretical model (denoted I-H) and
other models described below are given in Table 1.

In this and other theoretical models, the rapidly cooling re-
gion just after the shock front produces high ionizing radiation
flux that in its turn produces two photoionized regions (PIRs),
before and after the shock front (see Fig. 1).

Itoh (1986) found that the model neutral oxygen optical line
intensities originating in the PIR after the shock front are much
too high compared to the observed spectra of the oxygen-rich
supernova remnant Cas A and Puppis A ejecta. He suggested
that emission from this region is damped because the region it-
self is truncated due to some hydrodynamical phenomena. This
truncation affects essentially only neutral oxygen lines, as all
the other ions have already recombined in the dense post-shock
plasma before reaching the photoionized region. This possibly
ensures that the [O ] lines are the least reliable for direct com-
parison with model predictions, since all existing models are
one-dimensional.

Another group of theoretical FMK models was proposed
by Borkowski & Shull (1990). In contrast to the Itoh models,

2 The 5007 Å line is three times brighter than the other [O ] doublet
component at 4959 Å (e.g., Osterbrock & Ferland 2006). Note that in
some papers the line intensities are compared to the sum of the doublet
components.
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