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ABSTRACT
We present a theoretical interpretation of the broad silicon and iron ultraviolet absorption features

observed with the Hubble Space T elescope (HST ) in the spectrum of the Schweizer-Middleditch star
behind the remnant of SN 1006. These features are caused by supernova ejecta in SN 1006.

We propose that the redshifted Si II 1260 feature consists of both unshocked and shocked Si II. TheA�
sharp red edge of the line at 7070 km s~1 indicates the position of the reverse shock, while its Gaussian
blue edge reveals shocked Si with a mean velocity of 5050 km s~1 and a dispersion of 1240 km s~1,
which implies a reverse shock velocity of 2860 km s~1. The measured velocities satisfy the energy jump
condition for a strong shock, provided that all the shock energy goes into ions, with little or no colli-
sionless heating of electrons.

The line proÐles of the Si III and Si IV absorption features indicate that they arise mostly from shocked
Si. The total mass of shocked and unshocked Si inferred from the Si II, Si III, and Si IV proÐles is MSi\0.25^ 0.01 on the assumption of spherical symmetry. Unshocked Si extends upward from 5600 kmM

_s~1. Although there appears to be some Fe mixed with the Si at lower velocities km s~1, the[7070
absence of Fe II absorption with the same proÐle as the shocked Si II suggests little Fe mixed with Si at
higher (before being shocked) velocities. The column density of shocked Si II is close to that expected for
Si II undergoing steady state collisional ionization behind the reverse shock, provided that the electron
to Si II ratio is low, from which we infer that most of the shocked Si is likely to be of a fairly high degree
of purity, unmixed with other elements. We propose that the ambient interstellar density on the far side
of SN 1006 is anomalously low compared to the density around the rest of the remnant. This would
simultaneously explain the high velocity of the redshifted Si absorption, the absence of blueshifted Si
absorption, and the low density of the absorbing Si compared to the high Si density required to produce
the observed Si X-ray line emission.

We have reanalyzed the Fe II absorption lines and have concluded that the earlier evidence for high-
velocity blueshifted Fe II extending to D[8000 km s~1 is not compelling. We interpret the blue edge on
the Fe II proÐles at [4200 km s~1 as the position of the reverse shock on the near side of SN 1006. The
mass of Fe II inferred from the red edge of the Fe II proÐle is up to 7070 kmMFe II\ 0.029 ^ 0.004 M

_s~1, if spherical symmetry is assumed. The low ionization state of unshocked Si inferred from our
analysis of the silicon features, Si II/Si \ 0.92^ 0.07, suggests a correspondingly low ionization state of
unshocked iron, with Fe If this is correct, then the total mass of Fe up to 7070 km s~1II/Fe\ 0.66~0.22`0.29.
is with a 3 p upper limit of Such a low ionization state andMFe \ 0.044~0.013`0.022 M

_
MFe \ 0.16 M

_
.

mass of iron is consistent with the recent observation of Fe III 1123 with the Hopkins UltravioletA�
Telescope (HUT), which indicates Fe III/Fe II \ 1.1^ 0.9 but conÑicts with the expected presence of
several tenths of a solar mass of iron in this suspected Type Ia supernova remnant. However, the infer-
ence from the present HST data is too indirect, and the HUT data are too noisy, to rule out a large mass
of iron. Reobservation of the Fe III 1123 line at higher signal-to-noise ratio with Far Ultraviolet SpaceA�
Explorer will be important in determining the degree of ionization and hence mass of iron in SN 1006.
Subject headings : ISM: kinematics and dynamics È shock waves È supernovae : individual (SN 1006) È

supernova remnants È ultraviolet : ISM

1 Based on observations made with the NASA/ESA Hubble Space T elescope, obtained at the Space Telescope Science Institute, which is operated by the
Association of Universities for Research in Astronomy, Inc., under NASA contract NAS 5-26555.
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1. INTRODUCTION

In two previous papers, we (Wu et al. here-1993, 1997 ;
after described Hubble SpaceWCFHS93, WCHFLS97)
T elescope (HST ) FOS observations of the UV spectrum of
the SM star & Middleditch that lies(Schweizer 1980)
behind and close to the projected center of the remnant of
SN 1006. In the present paper, we o†er a theoretical inter-
pretation of the broad silicon and iron UV absorption fea-
tures observed with HST . These features are almost
certainly caused by supernova ejecta in SN 1006, as orig-
inally proposed by et al. who Ðrst observed theWu (1983),
features with IUE.

Detailed theoretical analysis of the Fe II features observed
with IUE has been presented previously by &Hamilton
Fesen hereafter The main purpose of that(1988, HF88).
paper was to try to explain the apparent conÑict between
the low B0.015 mass of Fe II inferred from the IUEM

_observations of SN 1006 et al. with the(Fesen 1988)
expected presence of several tenths of a solar mass of iron

& Khokhlov in this suspected Type Ia super-(Ho� Ñich 1996)
nova remnant (Minkowski 1966 ; Schaefer 1996). HF88
demonstrated that ambient UV starlight and UV and X-ray
emission from reverse-shocked ejecta could photoionize
unshocked iron mainly to Fe III, Fe IV, and Fe V, resolving
the conÑict.

Recently, Long, & Raymond used theBlair, (1996)
Hopkins Ultraviolet Telescope (HUT) to measure Fe III

1123 absorption in the spectrum of the SM star. TheyA�
found Fe III/Fe II \ 1.1^ 0.9, which neither conÐrms, nor
excludes, the ratio Fe III/Fe II \ 2.6 predicted by HF88.

The HST spectra, particularly the silicon features, prove
to be a rich source of information beyond the reach of
IUEÏs capabilities. In the Ðrst half of this paper, we°2,
analyze the Si absorption features. We Ðnd that the(° 2.1)
proÐle of the redshifted Si II 1260 feature, with its sharpA�
red edge and Gaussian blue edge, appears to be attributable
to the presence of both unshocked and shocked silicon. We
then develop a chain of inferences, Ðrst about the reverse
shock and collisionless heating then about the(° 2.2) (° 2.3),
column density and mass (°° purity and2.4, 2.7), (° 2.5),
ionization state of the silicon. We argue that the(° 2.6) (° 2.8)
ambient interstellar density on the far of SN 1006 is anom-
alously low compared to density around the rest of the
remnant, which explains the high velocity of the redshifted
Si, the absence of corresponding blueshifted Si and(° 2.9),
some other observational puzzles.

In the second half of the paper, we discuss the broad° 3,
Fe II absorption features. reported blueshiftedWCFHS93
Fe II absorption up to D[8000 km s~1. Finding the
presence of such high-velocity blueshifted absorption
difficult to understand in the light of other observational
evidence, we detail a reanalysis of the Fe II features in ° 3.1.
We conclude that the evidence for high-velocity(° 3.2)
blueshifted absorption is not compelling, and we propose

that the sharp blue edge on the Fe II proÐles at(° 3.3)
[4200 km s~1 represents the position of the reverse shock
on the near side. In the remainder of the section, °° 3.4È3.6,
we address the issue of the ionization state and mass of the
iron.

We attempt in this paper to construct a consistent
theoretical picture, but there remain some discrepancies,
and we highlight these in summarizes the° 4. Section 5
conclusions.

2. SILICON

There are three possibilities for the origin of the broad Si
absorption features in the spectrum of the SM star, if it is
accepted that these features arise from the remnant of SN
1006.

The Ðrst possibility is that the absorption arises from
cool, dense, fast-moving knots of ejecta, as suggested by

et al. and further discussed by & Ham-Fesen (1988) Fesen
ilton However, there has been no signiÐcant change(1988).
in the features over 12 yr, from the original detection of the
features with IUE in 1982 et al. through their(Wu 1983),
reobservation with IUE in 1986 and 1988 & Ham-(Fesen
ilton up to the FOS observation with HST in 19941988),

Furthermore, the relative strengths of the(WCHFLS97).
redshifted Si II 1260 1304 and 1527 features areA� , A� , A�
approximately proportional to their oscillator strengths
times wavelengths, which indicates that the lines are not
saturated. This constancy in time and lack of saturation
argues against the absorption features being caused by
small, dense knots. We do not consider this hypothesis
further in this paper.

A second possibility is that the Si absorption is from
shocked ejecta in which the collisional ionization timescale
is so long that the observed low-ionization species Si II, Si
III, and Si IV can survive. At Ðrst sight, the high D5000 km
s~1 velocity of the observed absorption makes this possi-
bility seem unlikely, because shocked ejecta should be
moving no faster than the velocity of gas behind the inter-
stellar shock, which in the northwest sector of the remnant
can be inferred from the 2310 km s~1 FWHM of the Balmer
broad-line emission to be 1800È2400 km s~1 (this is 3/4 of
the shock velocity), depending on the extent to which
electron-ion equilibration takes place Winkler, &(Kirshner,
Chevalier Blair, & van den Bergh1987 ; Long, 1988 ; Smith
et al. Blair, & Long However, below1991 ; Raymond, 1995).
we will conclude that it is likely that much, in fact most, of
the Si absorption is from shocked ejecta and that the ISM
surrounding SN 1006 may be quite inhomogeneous.

A third possibility is that the Si absorption arises from
unshocked supernova ejecta freely expanding in SN 1006,
which is consistent with the high velocity of the absorption.
The low ionization state of the Si, predominantly Si II, with
some Si III and Si IV, is at least qualitatively consistent with
the expectations of models in which the unshocked ejecta
are photoionized by ambient UV starlight and by UV and
X-ray emission from shocked ejecta Neutral Si is(HF88).
neither observed, e.g., at Si I 1845 nor expected, since itA� ,
should be quickly (D20 yr) photoionized by ambient UV
starlight. Recombination is negligible at the low densities
here. At the outset, therefore, this possibility seems most
likely, and we pursue the idea further in the next subsection.

et al. pointed out that the redshifted Si IIFesen (1988)
1260 feature (at D1280 in the IUE data appeared to beA� A� )
somewhat too strong compared to the weaker redshifted Si
II 1527 feature. The discrepancy appears to be conÐrmedA�
by the HST observations Fesen et al. pro-(WCHFLS97).
posed that some of the Si II 1260 feature may come from SA�
II 1260, 1254, 1251 redshifted by B800 km s~1 relative toA�
the Si II, a possibility also addressed by In theWCHFLS97.
present paper, we regard the possibility of any signiÐcant
contribution from S II as unlikely, notwithstanding the dis-
crepancy between the Si II proÐles. The oscillator strengths
of the S II 1260, 1254, 1251 lines are f \ 0.01624, 0.01088,A�
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0.005453, whose combined strength is only 1/30 of the oscil-
lator strength f\ 1.007 of the Si II 1260 lineA� (Morton

In models of Type Ia supernovae, such as SN 1006 is1991).
believed to be, silicon and sulfur occur typically in the same
region of space, with a relative abundance of Si :SB 2 :1
(see, e.g., Thielemann, & Yokoi Thus, S IINomoto, 1984).
might be expected to contribute only D1/60 of the optical
depth of Si II in the 1260 feature, assuming a similarA�
ionization state of Si and S. In the remainder of this paper,
we ignore any possible contribution of S II to the Si II 1260

feature. In this we follow et al.Ïs original identi-A� Wu (1983)
Ðcation of the 1280 absorption feature as redshifted Si.A�

2.1. T he Redshifted Si II 1260 FeatureA�
Given that SN 1006 shows a well-developed interstellar

blast wave in both radio (Reynolds & Gilmore 1986, 1993)
and X-rays et al. et al. it is(Koyama 1995 ; Willingale 1996),
inevitable that a reverse shock must be propagating into
any unshocked ejecta.

If the observed UV Si absorption is from unshocked
ejecta, then there should be a sharp cuto† in the line proÐle
at the expansion velocity of the reverse shock, because the
shock should ““ instantaneously ÏÏ decelerate the ejecta to
lower bulk velocity. In fact the Si II 1260 feature doesA�
show a steep red edge at 7070 ^ 50 km s~1, albeit with a
possible tail to higher velocities. Tentatively, we take the
presence of the steep red edge as evidence that at least some
of the Si II is unshocked.

Once shocked, how long will Si II last before being col-
lisionally ionized to higher levels ? The ionization timescale
of Si II entering the reverse shock can be inferred from the
optical depth of the Si II 1260 absorption just inside itsA�
steep red edge at 7070 km s~1, which putatively represents
the position of the reverse shock. In freely expanding ejecta
where radius equals velocity times age, r \ vt, the column
density per unit velocity dN/dv of any species is equal to the
density n \ dN/dr times age t. For freely expanding ejecta,
the optical depth q in a line of wavelength j and oscillator
strength f is then proportional to nt :

q\ ne2
m

e
c

fj
dN
dv

\ ne2
m

e
c

fjnt . (1)

The optical depth of the Si II 1260.4221 line ( f\ 1.007 ;A�
just inside its steep red edge is qB 1. ThisMorton 1991)

implies, from a preshock Si II density times ageequation (1),
of The postshock Si II densitynSi IIpresh t \ 3.0] 106 cm~3 s.
times age would then be 4 times higher for a strong shock,

cm~3 s. At a collisional ionization ratenSi II t \ 1.2 ] 107
for Si II of cm 3s~1 et al.SpvTSi II\ 6 ] 10~8 (Lennon 1988 ;
see below for further discussion of this rate), the ratio° 2.5
of the Si II ionization timescale to thetSi II4 (n

e
SpvTSi II)~1

age of the remnant, t, is (the following estimate is revised
below; eq. [3])

tSi II
t

\ 1
n
e
tSpvTSi II

\ nSi II
n
e

1
nSi II tSpvTSi II

\ 1.4
nSi II
n
e

. (2)

Since the ratio of electron to Si II density in then
e
/nSi IIpostshock gas should be greater than but of order unity,

this estimate indicates that the collisional timescale(eq. [2])
of Si II is of the order of the age of the remnant. It follows
that shocked Si II is likely also to contribute to the observed
Si II absorption.

Shocked Si II will be decelerated by the reverse shock to
lower velocities than the freely expanding unshocked ejecta.

Shocked Si II should have a broad thermal proÐle, unlike
the unshocked Si II. Examining the redshifted Si II 1260 A�
proÐle, we see that the blue edge extends down to about
] 2500 km s~1, with a shape that looks Gaussian. Fitting
the blue edge to a Gaussian, we Ðnd a best Ðt to a Gaussian
centered at 5050 km s~1, with a dispersion (standard
deviation) of p \ 1240 km s~1. This Ðt is shown in Figure 1.
Having started from the point of view that the Si II was
likely to be unshocked, we were surprised to see that,
according to the Ðt, it is shocked Si II that causes most of the
absorption, although an appreciable quantity of unshocked
Si is also present, at velocities extending upward from 5600
km s~1. The slight tail of Si II absorption to high velocities
[7070 km s~1 is naturally produced by the tail of the
Gaussian proÐle of the shocked Si II.

The estimate of the collisional ionization time-(eq. [2])
scale of Si II presumed that all the Si II 1260 absorptionA�
was from unshocked Si II, whereas the picture now is that
only some of the absorption is from unshocked Si II.
According to the Ðt in the optical depth ofFigure 1,
unshocked Si II at the reverse shock front is q\ 0.56^ 0.07,
a little over half that adopted in so a revisedequation (2),
estimate of the ionization timescale of Si II is not quite
double that of the original estimate (eq. [2]) :

tSi II
t

\ 2.5
nSi II
n
e

. (3)

Evidently the conclusion remains that the ionization time-
scale of Si II is comparable to the age of the remnant.

FIG. 1.ÈHST G130H spectrum relative to the stellar continuum
around the redshifted Si II 1260.4221 feature, showing the best-Ðt Gauss-A�
ian proÐle of shocked Si II and the residual unshocked Si II. Upper axis
shows velocity in the rest frame of the Si II line. Measured parameters of
the feature are given in As elsewhere in this paper, we assume aTable 1.
stellar continuum that is linear in log FÈlog j, and we Ðt the continuum
to ostensibly uncontaminated regions around the line. The adop-
ted stellar continuum is log F\ log (4.1] 10~14 ergs s~1 cm~2 A� ~1)
[ 2.3 log (j/1260 A� ).
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2.2. Shock Jump Conditions
The Ðtted proÐle of the Si II 1260 feature inA� Figure 1

includes both unshocked and shocked components. The
consistency of the Ðtted parameters can be checked against
the jump conditions for a strong shock. The shock jump
conditions predict that the three-dimensional velocity dis-
persion 31@2p of the ions should be related to the deceler-
ation *v of the shocked gas by energy conservation

31@2p \ *v (4)

provided that all the shock energy goes into ions. The
observed dispersion is

31@2p \ 31@2 ] (1240 ^ 40 km s~1) \ 2140 ^ 70 km s~1
(5)

(quoted uncertainties throughout this paper are 1 p) while
the observed deceleration is

*v\ (7070 ^ 50 km s~1) [ (5050 ^ 60 km s~1)
\ 2020 ^ 80 km s~1 .

(6)

These agree remarkably well, which encourages us to
believe that this interpretation is along the right lines. The
reverse shock velocity, corresponding to the observedv

s
,

dispersion is

v
s
\ (16/3)1@2p \ 2860 ^ 100 km s~1 . (7)

We prefer to infer the shock velocity from the observed
dispersion rather than from the observed deceleration *v,
since the latter may underestimate the true deceleration, if,
as is likely, the shocked Si is moving on average slightly
faster than the immediate postshock gas (see below).

The predicted between the decelerationequality (4)
and ion dispersion holds provided that all the shock energy
goes into ions and that the bulk velocity and dispersion of
the ions in the shocked gas are equal to their postshock
values. Since the shocked Si II can last for a time compara-
ble to the age of the remnant it cannot be assumed(eq. [3]),
automatically that the bulk velocity and dispersion of the
observed Si II ions are necessarily equal to those imme-
diately behind the reverse shock front. We discuss Ðrst the
issue of the bulk velocity, then the dispersion, and Ðnally the
question of collisionless heating in ° 2.3.

Consider Ðrst the bulk velocity of the shocked ions. In
realistic hydrodynamic models, the velocity of shocked gas
increases outward from the reverse shock. Indeed, the fact
that the observed dispersion 31@2p is larger than the
observed deceleration *v by 120 ^ 130 km s~1 (the uncer-
tainty here takes into account the correlation between the
uncertainties in p and *v) is consistent with the notion that
the shocked Si II is moving on average 120^ 130 km s~1
faster than the immediate postshock gas. This modest veloc-
ity is consistent with expectations from one-dimensional
hydrodynamic simulations appropriate to SN 1006 (see

Fig. 2), according to which shocked ejecta remainHF88,
relatively close to the reverse shock front. However, the
deceleration of ejecta is generally Rayleigh-Taylor unstable
(see, e.g., Blondin, & Emmering whichChevalier, 1992),
instabilities could have caused shocked Si II to appear at
velocities many hundred km s~1 faster than the immediate
postshock gas. Since the observations do not show this, it
suggests, though by no means proves, either that Rayleigh-
Taylor instabilities are not very important, or perhaps that

the line of sight through SN 1006 to the SM star happens to
lie between Rayleigh-Taylor plumes.

What about the ion dispersion? If there were a range of
ion dispersions in the shocked gas, then the line proÐle
would tend to be more peaked and have broader wings than
a simple Gaussian. The observed proÐle of the blue edge of
the redshifted Si II 1260 feature is consistent with a Gauss-A�
ian, which suggests, again weakly, that the ion dispersion
does not vary by a large factor over the bulk of the shocked
Si II.

While the observations agree well with the simplest pos-
sible interpretation, it is certainly possible to arrange situ-
ations in which a combination of Rayleigh-Taylor
instabilities, spatially varying ion dispersion, and collision-
less heating conspire to produce fortuitous agreement of the
observations with the jump condition (4).

2.3. Collisionless Heating
The shock jump is valid provided thatcondition (4)

all the shock energy goes into the ions, rather than into
electrons, magnetic Ðelds, or relativistic particles. The time-
scale for equilibration by Coulomb collisions between elec-
trons and ions or between ions and ions is much longer
than the age of SN 1006. However, collisionless processes in
the shock may also transfer energy, and the extent to which
these may accomplish equilibration remains uncertain (see

et al. for a recent review). The prevailingLaming 1996
weight of evidence favors little if any collisionless heating of
electrons in the fast shocks in SN 1006. et al.Raymond

Ðnd similar velocity widths in emission lines of H I(1995)
(Lyb), He II, C IV, N V, and O VI observed by HUT from the
interstellar shock along the northwest sector of SN 1006.
They conclude that there has been little equilibration
between ions, though this does not rule out substantial elec-
tron heating. From the same data, et al.Laming (1996)
argue that the ratio of C IV (which is excited mainly by
protons) to He II (which is excited mainly by electrons) is
again consistent with little or no electron-ion equilibration.

et al. present spectral and imaging evidenceKoyama (1995)
from ASCA that the high-energy component of the X-ray
spectrum of SN 1006 is nonthermal synchrotron radiation,
which obviates the need for collisionless electron heating
(see also Reynolds 1996).

The results reported here, equations and tend to(5) (6),
support the conclusion that virtually all the shock energy is
deposited into the ions. If some of the shock energy were
channeled into electrons, magnetic Ðelds, or relativistic par-
ticles, then the ion dispersion would be lower than predicted
by the observed deceleration, whereas the opposite is
observedÈthe ion dispersion is slightly higher.

2.4. Column Density and Mass of Si II

The numbers given in this subsection are summarized in
Quoted 1 p uncertainties in column densities andTable 1.

masses here and throughout this paper exclude uncer-
tainties in oscillator strengths and systematic uncertainties
from placement of the continuum. The uncertainties in the
oscillator strengths of Si II 1260 are 17% and of Si III 1206A�

and Si IV 1394, 1403 are 10% TheA� A� (Morton 1991).
systematic uncertainties arising from placement of the con-
tinuum are difficult to assess in the absence of a reliable
observational or theoretical stellar template but could
easily exceed the statistical uncertainty, perhaps by a factor
of 2 or more.
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TABLE 1

PARAMETERS MEASURED FROM REDSHIFTED Si II 1260 FEATUREA�

Parameter Value

Expansion velocity into reverse shock . . . . . . 7070 ^ 50 km s~1
Mean velocity of shocked Si II . . . . . . . . . . . . . . 5050 ^ 60 km s~1
Dispersion of shocked Si II . . . . . . . . . . . . . . . . . . 1240 ^ 40 km s~1
Reverse shock velocity . . . . . . . . . . . . . . . . . . . . . . . 2860 ^ 100 km s~1
Lower edge of unshocked Si II . . . . . . . . . . . . . . 5600 ^ 100 km s~1
Preshock density of Si II . . . . . . . . . . . . . . . . . . . . . 5.4 ^ 0.7] 10~5 cm~3
Column density of shocked Si II . . . . . . . . . . . . 9.0^ 0.3] 1014 cm~2
Column density of unshocked Si II . . . . . . . . . 1.5^ 0.2] 1014 cm~2
Column density of all Si II . . . . . . . . . . . . . . . . . . . 10.5^ 0.1] 1014 cm~2
Mass of shocked Si II . . . . . . . . . . . . . . . . . . . . . . . . . 0.127^ 0.006 M

_Mass of unshocked Si II . . . . . . . . . . . . . . . . . . . . . . 0.017^ 0.002 M
_

NOTES.È(1) Masses assume spherical symmetry. For simplicity, veloci-
ties and masses have not been adjusted for the small o†set of the SM star
from the projected center of the remnant. (2) All uncertainties are statistical
1 p errors (see for a more detailed speciÐcation of the uncertainties).°2.4

In all Ðts, the formal s2 per degree of freedom computed
from photon-counting noise, as tabulated in the HST spec-
tral data Ðle, exceeded the expected value of 1 by a factor
that was 1.7 for Si II 1260 2.1 for Si III 1206 and 2.8 forA� , A� ,
Si IV 1394, 1403 This suggests either that there is someA� .
additional source of noiseÈperhaps unresolved stellar
linesÈor else that the noise is correlated between adjacent
spectral bins. Whatever the case, all uncertainties quoted in
this paper are based on the higher noise level inferred from
the Ðts, rather than on the nominal photon noise.

The column density of shocked and unshocked Si II

follows from integrating over the line proÐles shown in
The column density of shocked Si II isFigure 1. NSi IIsh

NSi IIsh \ m
e
c

ne2fj (2n)1@2pq0\ 9.0^ 0.3] 1014 cm~2 , (8)

where is the optical depth at line center ofq0\ 0.98^ 0.02
the Ðtted Gaussian proÐle of the shocked Si II, and the
factor (2n)1@2p comes from integrating over the Gaussian
proÐle. The proÐle of unshocked Si II is the residual after the
shocked Si II is subtracted from the total, and we measure
its column density by integrating the unshockedNSi IIunsh
proÐle over the velocity range 5600È7200 km s~1 :

NSi IIunsh\ m
e
c

ne2fj
P

qunsh dv\ 1.5^ 0.2] 1014 cm~2 (9)

where the uncertainty is largely from uncertainty in the Ðt
to the shocked Si II. Integrating the full Si II proÐle over
1000È8200 km s~1 yields the total column density of Si II

NSi II\ 10.5^ 0.1] 1014 cm~2 , (10)

where the uncertainty is from photon counts and is smaller
than the uncertainties in either of the shocked or unshocked
Si II column densities individually (because there is some
uncertainty in allocating the total column density between
the shocked and unshocked components). WCHFLS97
quote a Si II column density of 6.7^ 0.6] 1014 cm~2,
which is substantially smaller than the above value.

column density is measured from the weakerWCHFLS97Ïs
Si II 1527 feature because of concern over possible con-A�
tamination of the Si II 1260 feature by S II 1260, 1254,A�
1251 Here we take the point of view that the columnA� .
density of the stronger feature is more reliable than that of
the weaker line, especially since the latter is partially con-
fused by C IV and C I absorption (see Fig. 2).WCHFLS97,
The discrepancy in the column densities highlights the fact

that ambiguities in the stellar continuum comprise a source
of systematic uncertainty that may dominate the statistical
uncertainty.

The masses of shocked and unshocked Si II can also be
inferred from the observed Si II 1260 proÐle, if it isA�
assumed that the Si was originally ejected spherically sym-
metrically. In we will argue that the absence of blue-° 2.8,
shifted Si II absorption can be explained if the reverse shock
has passed entirely through the Si on the near side of SN
1006 and Si has been collisionally ionized to high ion stages.
Thus the absence of blueshifted Si II need not conÑict with
spherical symmetry of Si ejected in the supernova explosion.
If the shocked ejecta are taken to lie in a thin shell at a free
expansion radius of v\ 7200 km s~1 (slightly outside the
position of reverse shockÈsee the argument in paragraph 3
of then the mass of shocked Si II is° 2.2),

MSi IIsh \ 4nmSi II(vt)2NSi IIsh \ 0.127^ 0.006 M
_

, (11)

where the uncertainty includes only the uncertainty in the
column density of shocked Si II. This value should perhaps
be modiÐed to to allow for uncer-MSi IIsh \ 0.13 ^ 0.01 M

_tainty in the radial position of the shocked Si II. The mass of
unshocked Si II is an integral over the unshocked line proÐle

MSi IIunsh\ 4nmSi II t2
P

v2 dNSi IIunsh\ 0.017^ 0.002 M
_

,

(12)

where the uncertainty is largely from uncertainty in the Ðt
to the shocked Si II.

2.5. Purity of Shocked Si
We show below that the observed column density of Si II

is close to the column density that would be predicted under
the simple assumption of steady state collisional ionization
downstream of the shock (note that recombination is
negligible). Now the assumption of steady state ionization is
surely false, since the timescale to ionize Si II is comparable
to the age of the remnant, Below, we will argueequation (3).
that the e†ect of nonÈsteady state is generally such as to
reduce the column density below the steady state value. The
constraint that the observed column density should be less
than or comparable to the steady state value then leads to
an upper limit on the electron-to-ion ratio, equation (14).
The fact that this upper limit is not much greater than unity
leads to the interesting conclusion that the bulk of the
observed shocked Si II must be fairly pure, since admixtures
of other elements would increase the electron to ion ratio
above the limit.

If the postshock number density of Si II ions is (whichnSi IIis 4 times the preshock number density), then at shock
velocity the number of Si II ions entering the reversev

s
,

shock per unit area and time is The Si II ions arenSi II vs/4.
collisionally ionized by electrons in the shocked gas at a
rate ionizations per unit time. For kmn

e
SpvTSi II v

s
\ 2860

s~1 and it follows that theSpvTSi II\ 6.1] 10~8cm3s~1,
column density of shocked Si II in steady state shouldNSi IIsteady
be

NSi IIsteady \ nSi II vs
4n

e
SpvTSi II

\ 1.2] 1015 cm~2 nSi II
n
e

. (13)

If, as will be argued below, the actual (nonÈsteady state)
column density of shocked Si II is less than or(eq. [8])
comparable to the steady state value then the(eq. [13]),
mean ratio of electron to Si II density in the shocked gas
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satisÐes

n
e

nSi II
[ 1.3 . (14)

The ratio must of course also satisfy since eachn
e
/nSi IIº 1,

Si II ion itself donates one electron. Such a low value (eq.
of the electronÈtoÈSi II ratio in the shocked Si II would[14])

indicate that the bulk of the shocked Si II must be of a rather
high degree of purity, since the presence of signiÐcant quan-
tities of other elements or higher ionization states of Si
would increase the number of electrons per Si II ion above
the Indeed, even if the Si II entering the shocklimit (14).
were initially pure, ionization to Si III and higher states
would release additional electrons. In steady state, the mean
electronÈtoÈSi II ratio experienced by Si II during its ioniza-
tion from an initially pure Si II state is alreadyn

e
/nSi II\ 1.5,

slightly larger than the limit (14).
The on the electronÈtoÈSi II ratio is so lowlimit (14)

as to make it difficult to include even modest quantities of
other elements with the silicon. This may be a problem.
While Si is generally the most abundant element in Si-rich
material produced by explosive nucleosynthesis, other ele-
ments, notably sulfur, usually accompany the silicon. For
example, the deÑagrated white dwarf model W7 of Nomoto
et al. contains 0.16 of Si mostly in a layer that is(1984) M

_about 60% Si, 30% S by mass. At this elemental abundance,
and assuming similar ionization states for all elements, the
expected mean electronÈtoÈSi II ratio in steady state would
be almost twice the limit given byn

e
/nSi II\ 1.5/0.6 \ 2.5,

Because of this potential difficulty, we discussequation (14).
carefully below how robust is the First weconstraint (14).
address the accuracy of the predicted value of the(eq. [13])
steady state column density, and then we discuss the nonÈ
steady state case.

The electronÈtoÈSi II ratio could be increased if the pre-
dicted steady state column density were increased,(eq. [13])
either by increasing the shock velocity or by reducing thev

scollisional ionization rate We consider the formerSpvTSi II.Ðrst, then the latter. The shock velocity isv
s
\ 2860 km s~1

inferred from the observed ion dispersion in the Si II 1260 A�
line, This should give a fair estimate of theequation (7).
mean shock velocity of the observed shocked Si II, except
for a small correction from the fact that the ion dispersion
(temperature) in the past would have been higher because of
adiabatic expansion of the remnant. Goss, & Rey-Mo†et,
nolds Ðnd that the global radius R of the radio(1993)
remnant is currently increasing with time according to
RP t0.48B0.13. If the ambient ISM is assumed to be
uniform, this indicates that the pressure in the remnant is
varying with time as PP (R/t)2P t~1.04B0.26 ; hence that
the temperature is varying in Lagrangian gas elements as
T P P2@5P t~0.42B0.10 ; and hence that the ion dispersion
is varying as p P T 1@2 P t~0.21B0.05, a rather weak function
of time. If one supposes that the observed Si II was shocked
on average when SN 1006 was, say, half its current age, then
the dispersion, hence the reverse shock velocity, could have
been D20% higher than at present. The steady state
column density would then be D20% higher, and(eq. [13])
the constraint on the electronÈtoÈSi II ratio would(eq. [14])
be relaxed slightly to n

e
/nSi II[ 1.5.

The collisional ionization rate SpvTSi II\ 6.1] 10~8
cm3s~1 used in comes from integrating theequation (13)
cross sections of et al. over a MaxwellianLennon (1988)

distribution of electrons at a temperature of 83 eV. The
quoted error in the cross sections is 60%, the large uncer-
tainty arising from the fact that the cross sections for Si II

are derived from isoelectronic scaling rather than from real
data. Reducing the ionization rate by 0.2 dex would relax
the constraint (14) to n

e
/nSi II[ 2.0.

The temperature of 83 eV used in the collisional ioniza-
tion rate above is the temperature reached by electrons as a
result of Coulomb collisions with Si II ions over the col-
lisional ionization timescale of Si II. The assumption here
that there is no collisionless heating of electrons in the
shock is in accordance with the arguments given in ° 2.3.
Actually, the ionization rate of Si II by electron impact, as
derived from the cross sections of Lennon et al., has a broad
maximum at an electron temperature of D200 eV and
varies over only 5È7 ] 10~8 cm3 s~1 for electron tem-
peratures 40È1000 eV. Thus uncertainty in the electron tem-
perature does not lead to much uncertainty in the
collisional ionization rate, unless there is substantial colli-
sionless heating of electrons to temperatures much higher
than 1 keV.

We have argued against signiÐcant collisionless electron
heating in However, if collisionless electron heating to° 2.3.
temperatures greater than 1 keV did occur, it would imply
both a higher shock velocity, since the observed ion disper-
sion would underestimate the shock energy, and a lower
collisional ionization rate, both of which act to increase the
steady state column density Thus, collisionless(eq. [13]).
electron heating, if it occurs, would allow a larger electronÈ
toÈSi II ratio than given by equation (14).

We now turn to the argument that in a nonÈsteady state
situation, as here, the column density of shocked Si II is
likely to be less than the steady state column density (eq.

which leads to the on the mean[13]), constraint (14)
electronÈtoÈSi II ratio in the shocked Si II. In the Ðrst place,
simply truncating the Si at some point downstream of the
shock will give a lower column density than the steady state
value. Second, geometric e†ects tend to reduce the column
density below the steady state value. That is, the column
density of Si II is diluted by the squared ratio of the(r

s
/r)2

original radius of the gas at the time it was shocked tor
sthe present radius r of this shocked gas. Third, if the([r

s
)

density proÐle of shocked Si at the present time increases
outward, then the faster ionization of the denser, earlier
shocked, gas reduces its column density per interval of ion-
ization time, and the net column density is again lower than
steady state (a more rigorous demonstration of this is given
in the Appendix). Conversely, if the density proÐle of
shocked Si decreases outward, then the net column density
can be higher than steady state but only if the Ñow is
allowed to continue for sufficiently longer than a collisional
ionization time. However, according to theequation (3),
ionization timescale at the present Si II density is compara-
ble to the age of the remnant, and the ionization timescale
would be longer at lower density, so there is not much room
for increasing the column density this way either.

So is there any way that the actual column density of Si II

could be higher than the steady state value? Clearly yes,
given sufficient freedom with the density proÐle of shocked
Si. For example, one possibility is that there is a ““ hump ÏÏ in
the shocked Si II density proÐle, such that the density
increases outward of the present position of the reverse
shock front but then declines at larger radii. Some tuning is
required to ensure that the density on both near and far
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sides of the hump is high enough to produce signiÐcant
column density but not so high as to ionize Si above Si II.
The higher the column density, the more Ðne-tuning is
required.

We thus conclude that while some violation of the limit
on the mean electronÈtoÈSi II ratio in the shocked(14)

Si II is possible, greater violations, exceeding, say, a factor of
2, are less likely. It then follows that the bulk of the shocked
Si II is likely to be of a fairly high degree of purity. In
particular, there is unlikely to be much iron mixed in with
the shocked silicon, a conclusion that is consistent with the
absence of Fe II absorption with the same proÐle as the
shocked Si II, as discussed in To avoid misunder-° 3.4.
standing, this statement refers only to the shocked Si II : iron
could be mixed with the unshocked Si, and indeed the
absorption proÐle of Fe II, below, does suggest thatFigure 6
there is some Fe mixed with unshocked Si.

2.6. Si III and Si IV L ine ProÐles
Given that shocked Si II apparently persists for a time

comparable to its ionization time, it is difficult to avoid
producing an appreciable quantity of Si III and Si IV as the
result of collisional ionization of Si II in the shocked ejecta.
We thus conclude that it is likely that most of the observed
Si III and Si IV absorption arises from shocked ejecta. This is
consistent with the observed line proÐles, as will now be
discussed.

Figures and show Ðts to the redshifted Si III 12062 3 A�
and Si IV 1394, 1403 features using as templates theA�
shocked and unshocked proÐles of Si II 1260 shown inA�

gives the Ðtted column densities ofFigure 1. Table 2
shocked and unshocked Si III and Si IV, expressed relative to
the respective best-Ðt column densities of shocked and
unshocked Si II given in Table 1.

The Si III 1206 proÐle appears to be mostly shocked.A�
There is some indication of unshocked Si III over 5500È7000
km s~1 at the 2 p level, as suggested by the residualTable 2,
proÐle after subtraction of shocked Si III plotted in Figure 2.
The dispersion of the Ðtted Gaussian proÐle of the Si III,
if allowed to be a free parameter, is 1290^ 60 km s~1 if
unshocked Si III is excluded, or 1210^ 60 km s~1 if
unshocked Si III is admitted, which are in good agreement
with the 1240 ^ 40 km s~1 dispersion of the Si II.

The proÐle of the Si IV 1394, 1403 feature, isA� Figure 3,
consistent with containing no unshocked Si IV. The absence
of unshocked Si IV accounts for the di†erence between the
proÐles of the Si II 1260 and Si IV features remarked byA�

and shown clearly in their Figure 2. If the lineWCHFLS97
center and width of the Gaussian pair Ðtted to the Si IV

TABLE 2

COLUMN DENSITIES OF SHOCKED AND UNSHOCKED Si III AND

Si IV, RELATIVE TO BEST-FIT COLUMN DENSITIES OF Si II

Type Si II Si III Si IV

Shocked . . . . . . . . . 1 ^ 0.03 0.43^ 0.02 0.41 ^ 0.02
Unshocked . . . . . . 1 ^ 0.13 0.065^ 0.035 0.02 ^ 0.07

NOTES.ÈAbsolute column densities of shocked and unshocked
Si II are given in Column densities of Si IV relative to Si IITable 1.
are for Ðts in which the dispersion of Si IV is constrained to be that
of Si II 1260 namely 1240 km s~1. The column densities of Si IVA� ,
become 0.46^ 0.02 (shocked) and [0.06^ 0.06 (unshocked) if
instead the dispersion of the Si IV is taken to have the best-Ðt value
1700 ^ 100 km s~1.

FIG. 2.ÈHST G130H spectrum (solid line) relative to the adopted
stellar continuum around the redshifted Si III 1206.500 ( f \ 1.669)A�
feature. Upper axis shows velocity in the rest frame of the Si III line. The
position and width of the Ðtted Gaussian proÐle of Si III (dotted line) have
been constrained to be the same as that of the Si II 1260 feature. AlsoA�
shown is the residual (dashed line) after subtraction both of the Si III Ðtted
Gaussian and of the contribution of redshifted Si II 1193, 1190 (dottedA�
line) assumed to have the same proÐle as the Si II 1260 feature. TheA�
residual shows, besides Lya emission and absorption, a weak indication of
absorption by unshocked Si III at velocities 5500È7000 km s~1. The
adopted stellar continuum is the same as that for the Si II 1260 featureA�
in Fig. 1.

1394, 1403 doublet are allowed to be free, then the centerA�
remains close to 5050 km s~1, the same as for Si II 1260 A� ,
but the best-Ðt dispersion of the Si IV is 1700^ 100 km s~1,
which is 4.5 p higher than the 1240 km s~1 dispersion of Si
II 1260 The broader dispersion suggests that the Si IVA� .
may be in slightly lower density gas than the Si II, since the
pressure is presumably the same for both. It is not clear,
however, that the observed di†erence in velocity width
between Si IV and Si II is real. One problem is that the
continuum around Si IV appears less well deÐned than for
the Si II and Si III features. As elsewhere in this paper, we
assume a stellar continuum that is linear in log FÈ log j,
but in fact there is a hint of curvature, a large-scale depres-
sion in the continuum around Si IV 1394, 1403 (seeA�

Fig. 1). If we have systematically misjudgedWCHFLS97,
the continuum, then it is possible that we have underesti-
mated the uncertainties in the parameters of Si IV given

perhaps by as much as a factor of 2 or 3. TheTable 2,
Gaussian proÐle shown in is constrained to haveFigure 3
the same center and 1240 km s~1 dispersion as the Si II 1260

feature. Visually, at least, the Ðt appears satisfactory.A�

2.7. T otal Si Mass
In we showed that the observed column density of° 2.5,

shocked Si II is close to the theoretical steady state value. Is
the same also true for Si III and Si IV? The answer is no. In
steady state, the predicted column densities of shocked ionic
species are inversely proportional to their respective col-
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FIG. 3.ÈHST G130H spectrum relative to the adopted stellar contin-
uum around the redshifted Si IV 1393.755, 1402.770 ( f \ 0.5140, 0.2553)A�
feature. Upper axis shows velocity in the rest frame of the weighted mean
wavelength of the feature. Dotted lines show the best Ðt to a Gaussian pair
with line center and dispersion constrained to be that of Si II 1260 forA�
each component of the doublet, and with optical depths Ðxed equal to the
ratio of oscillator strengths times wavelengths of the doublet. The best-Ðt
dispersion of the Si IV is 1700^ 100 km s~1, which is 4.5 p larger than the
1240 km s~1 dispersion of the Ðt shown here. There is no evidence
of unshocked Si IV. The adopted stellar continuum is log F\
log (2.9] 10~14 ergs s~1 cm~2 A� ~1)[ 1.4 log (j/1397 A� ).

lisional ionization rates SpvT, modiÐed by an appropriate
electron to ion ratio (see Adopting rateseq. [13]).
6.1] 10~8 cm3 s~1, 2.2] 10~8 cm3 s~1, and 1.1 ] 10~8
cm3 s~1 for Si II, Si III, and Si IV, respectively et al.(Lennon

and assuming a nominal i electrons per ion for Si`i,1988)
yields relative column densities in steady state

NSi II :NSi III :NSi IV \ 1 :1.4 :1.8 . (15)

By comparison, the observed shocked column densities are
according to Evi-NSi II :NSi III :NSi IV \ 1 :0.43 :0.41, Table 2.

dently, the observed abundances of shocked Si III and Si IV

relative to Si II are several times less than predicted in
steady state.

As discussed in there are several ways to reduce the° 2.5,
column density below the steady state value, of which the
most obvious is to truncate the column density, as is strong-
ly suggested by the fact that the ionization timescales of Si
III and Si IV are becoming long compared to the age of the
remnant. In fact, these ionization timescales are in precisely
the same ratio (see as the steady state column den-eq. [2])
sities (eq. [15])

tSi II : tSi III : tSi IV \ 1 :1.4 :1.8 , (16)

and it has already been seen that the ionization timescale
of Si II is comparable to the age of the remnant,tSi IIequation (3).

If it is true that it is the long ionization times that cause
the column densities of Si III and Si IV to be lower than

steady state, then this suggests that there may be little Si in
higher ionization states in the shocked gas on the far side of
SN 1006. Thus, it appears plausible that we are observing in
UV absorption essentially all the Si there is on the far side
of SN 1006 along the line of sight to the background SM
star. To avoid confusion, it should be understood that this
statement refers speciÐcally to Si on the far side along this
particular line of sight. Higher ionization states of Si are
indicated by the observed Si X-ray line emission (Koyama
et al. which could arise from denser shocked gas in1995),
other parts of the remnant.

The mass of Si can be inferred from the observed column
densities of Si II, Si III, and Si IV if it is assumed that silicon
was ejected spherically symmetrically by the supernova
explosion. We will argue in that the absence of blue-° 2.8
shifted absorbing Si is not inconsistent with spherical sym-
metry. Taking the shocked and unshocked masses of Si II

from and the ratios of Si II, Si III, and Si IV fromTable 1
yields a total inferred Si mass ofTable 2

MSi\ 0.127(1] 0.43] 0.41) M
_

] 0.017(1] 0.065) M
_

\ 0.25^ 0.01 M
_

. (17)

This is comparable to the 0.16 of Si in model W7 ofM
_et al. It is also consistent with the 0.20Nomoto (1984). M

_of Si inferred from the strength of the Si K line observed
with ASCA et al. Koyama et al. do not(Koyama 1995).
quote a mass, but they do state that the measured surface
brightness of the Si K line is 5 times higher than that in the

of Sarazin, & Szymkowiak seemodel2 Hamilton, (1986 ;
also et al. which had 0.04 of Si.Hamilton 1985), M

_

2.8. No Blueshifted SiÈEvidence for an Inhomogeneous
ISM?

There is no evidence for blueshifted Si absorption in the
UV spectrum. At best, there is a possible hint of a broad
shallow depression around D[5000 km s~1, from 1365 A�
to 1390 on the blue side of the Si IV 1394, 1403 line (seeA� , A�

Fig. 1). The possibility that some high-WCHFLS97,
velocity blueshifted Si II 1260 is hidden in the red wing ofA�
Si III 1206 is excluded by the absence of correspondingA�
blueshifted Si II 1527 A� .

There are two possible reasons for the asymmetry in the
observed Si absorption. One is that there was an intrinsic
asymmetry in the supernova explosion. According to

& Woosley the nuclear runaway thatGarcia-Senz (1995),
culminates in the explosion of a nearly Chandrasekhar mass
white dwarf begins as stable convective carbon burning,
and ignition is likely to occur o†-center at one or more
points over a volume of the order of a pressure scale height.
The subsequent propagation of the convectively driven
burning front is Rayleigh-Taylor unstable (Livne 1993 ;

& Hillebrandt althoughKhokhlov 1995 ; Niemeyer 1995),
& Livne Ðnd that in delayed detonationArnett (1994)

models the second, detonation, phase of the explosion tends
to restore spherical symmetry.

2 Hamilton et al. took the strength of the Si K line to be (the upper limit
to) that measured from the Einstein Solid State Spectrometer (SSS) (Becker
et al. so there is a discrepancy between the ASCA and SSS data.1980),
However, Hamilton et al. also noted in their Fig. 6 a marked discrepancy
between the SSS and HEAO-1 data of Venkatesan, & GarmireGalas,

so it is reasonable to suspect an error in the normalization of the(1982),
SSS data.
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Thus, asymmetry in the explosion is possible, perhaps
even likely, as an explanation of the asymmetry in the Si
absorption, especially since the absorption samples only a
narrow line of sight through SN 1006 to the background
SM star. However, we do not pursue this possibility further,
in part because in abandoning spherical symmetry we lose
any predictive power, and in part because there is another
explanation which is more attractive because it resolves
some other observational problems.

The other possible cause of the asymmetry in the Si
absorption is that the ISM around SN 1006 is inhomoge-
neous, with the ISM on the far side of SN 1006 having a
signiÐcantly lower density than the near side. According to
this hypothesis, the low density on the far side is such that
the reverse shock on the far side has reached inward only to
a free expansion radius of 7070 km s~1, whereas the higher
density on the near side is such that the reverse shock on the
near side has passed entirely through the Si layer, and Si has
been collisionally ionized to stages higher than Si IV, which
makes it unobservable in UV absorption.

A serious objection to the reverse shock on the near side
being farther in than the reverse shock on the far side is the
observation by of blueshifted Fe II absorptionWCFHS93
certainly to velocities [7000 km s~1, perhaps to velocities
[9000 km s~1. We will review the observational evidence
for such high velocity blueshifted Fe II in below, where° 3
we will argue that the evidence is not compelling.

An inhomogeneous ISM around SN 1006 is indicated by
other observations. et al. and subsequent authorsWu (1983)
have remarked on the difficulty of Ðtting the observed high-
velocity (D7000 km s~1) Si within the conÐnes of the
observed interstellar blast wave, if spherical symmetry is
assumed. At a distance of 1.8 ^ 0.3 kpc et al.(Laming 1996),
the remnantÏs observed 15@ radius (Reynolds & Gilmore

see also et al. at 980 yr1986, 1993 ; Willingale 1996) old3
corresponds to a free expansion radius of 7700 ^ 1300 km
s~1. The difficulty is resolved if the remnant of SN 1006
bulges out on the far side, because of the lower density
there.

A second piece of evidence that suggests inhomogeneity is
the high 5050 km s~1 velocity of the shocked ejecta behind
the reverse shock on the far side of SN 1006 inferred from
the present observations, compared with the 1800È2400 km
s~1 (the lower velocity corresponds to no collisionless elec-
tron heating, which is the preferred case) velocity of shocked
gas behind the interstellar shock inferred from Ha and UV
emission-line widths along the northwest sector of the
remnant et al. et al. et al.(Kirshner 1987 ; Long 1988 ; Smith

et al. These two velocities, 5050 km1991 ; Raymond 1995).
s~1 versus 1800È2400 km s~1, appear incompatible, espe-
cially as the velocity of shocked gas is expected in realistic
hydrodynamic models to increase outward from the reverse
shock to the interstellar shock (see, for example, Fig.HF88,
2). The incompatibility is resolved if the ISM around SN
1006 is inhomogeneous, with the density on the far side of
SN 1006 being substantially lower than the density at the
northwest edge.

A Ðnal piece of evidence supporting inhomogeneity
comes from the observation of Si K line emission in X-rays

et al. This emission is likely to be from(Koyama 1995).

3 Note there is a 23 yr light-travel time across one radius of the
remnant, so really we are seeing the far side at an age 23 yr younger, and
the near side 23 yr older, than the mean age.

ejecta, since the inferred abundance of Si is stated to be an
order of magnitude higher than that of O, Ne, or Fe. To
ionize Si to high ionization states in the age of SN 1006, and
to produce Si K line emission at the observed luminosity,
requires densities cm~3 (i.e., cm~3nSiZ 10~2 neZ 10~1
since the Si is highly ionized), substantially higher than the
postshock density of deduced herenSi II\ 2 ] 10~4 cm~3
from the redshifted Si II 1260 absorption proÐle. It isA�
difficult to see how the required high Si density could be
achieved if the reverse shock everywhere around the
remnant is at a radius as high as 7070 km s~1, whereas
higher densities would occur naturally if the reverse shock
around most of the remnant were farther in, since then
ejecta would have been shocked at earlier times when its
density (Pt~3 in free expansion) was higher.

All these arguments point to the notion that the ISM
density on the far side of SN 1006 is anomalously low com-
pared to the density around the rest of the remnant.

2.9. Ionization of Si on the Near Side
In we will argue that the Fe II absorption proÐles° 3,

suggest that the reverse shock on the near side of SN 1006
may be at a free expansion radius of 4200 km s~1 (as with
the Hubble expansion of the universe, it is often convenient
to think in a comoving frame expanding freely with the
ejecta, so that a free expansion velocity v\ r/t can be
thought of as a radius). Here we estimate whether Si could
have ionized beyond Si IV, as required by the absence of
observed blueshifted Si absorption, if the reverse shock on
the near side is indeed at 4200 km s~1.

In our Ðrst estimate, we Ðnd that blueshifted Si IV should
be observable, with a column density D40% that of the
observed redshifted Si IV absorption. However, the column
density is somewhat sensitive to the assumptions made, and
it is not hard to bring the column density down below
observable levels.

The line proÐle of any blueshifted absorbing Si would
have a width comparable to that of the observed broad
redshifted Si absorption, but the centroid would be shifted
to lower velocities, to D[2000 km s~1, if it assumed that
the reverse shock velocity on the near side is comparable to
that, km s~1, observed on the far side. To avoidv

s
\ 2860

being observed at, say, 3 p, the column density of blue-
shifted Si IV should be less than 0.6 ] 1014 cm~2.

To estimate the ionization of Si, it is necessary to adopt a
hydrodynamic model. Now one interesting aspect of hydro-
dynamical models of deÑagrated white dwarfs expanding
into a uniform ambient medium is that the reverse shock
velocity remains almost constant in time (this conclusionv

sis based on hydrodynamic simulations carried out by
In model W7 of et al. the reverseHF88). Nomoto (1984),

shock velocity varies (nonmonotonically) between 3300 km
and 5200 km s~1 as it propagates inward from a free expan-
sion radius of 13,000 to 700 km s~1, after which the shock
velocity accelerates. Similarly in model CDTG7 (S. E.
Woosley 1987, private communication), which is similar to
model CDTG5 of & Weaver the reverseWoosley (1987),
shock velocity varies between 3200 and 4100 km s~1 as it
propagates inward from a free expansion radius of 10,000 to
1500 km s~1. These numbers do not depend on the density
of the ambient medium, although they do depend on the
ambient density being uniform. If the reverse shock velocity

remains constant in time, then the radius r of the reversev
sshock evolves with time t according to dr/dt \ r/t[ v

s
,
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from which it follows that the free expansion radius r/t of
the reverse shock varies with time as

r
t
\ v

s
ln
At

*
t
B

, (18)

where is the age at which the reverse shock eventuallyt
*hits the center of the remnant.

The assumption that the reverse shock is constant inv
stime may not be correct for SN 1006, but it provides a

convenient simpliÐcation to estimate the ionization of Si on
the near side. Let us Ðrst estimate the ionization state of Si
that was originally at a free expansion radius of 7070 km
s~1, the current location of the reverse shock on the far side.
If the reverse shock on the near side is currently at a free
expansion radius of r/t \ 4200 km s~1, and if it has moved
at a constant the measured value on thev

s
\ 2860 km s~1,

far side (recall that the reverse shock velocity is independent
of the ambient density, for uniform ambient density), then it
would have passed through a free expansion radius of 7070
km s~1 when the age of SN 1006 was [(4200 kmt

s
t
s
/t \ exp

s~1[ 7070 km s~1)/2860 km s~1]\ 0.37 times its present
age t, according to The postshock density ofequation (18).
Si ions at that time would have been times(t/t

s
)3\ 20

higher than the presently observed postshock density of
cm~3. The ion density in the parcelnSi II\ 2.2 ] 10~4

of gas shocked at that time has been decreasing because of
adiabatic expansion. The rate of decrease of density by
adiabatic expansion can be inferred from the observed
global rate of expansion of the remnant et al.(Mo†et 1993)

RP t a, a \ 0.48^ 0.13 , (19)

which for an assumed uniform ambient density would imply
that the pressure is decreasing as PP (R/t)2P t2a~2 ; hence,
that the density in Lagrangian gas elements is varying as
n P P3@5 P t6(a~1)@5. The current ionization time q4 /

ts
t ndt

of the parcel of gas originally at free expansion radius 7070
km s~1 that was shocked at an age is thent

s
/t \ 0.37

q\ nSi II t
(6a [ 1)/5

A t
t
s

B2CA t
t
s

B(6a~1)@5[ 1
D

\ 6.0] 107 cm~3 s , (20)

where cm~3 s is the present postshocknSi II t \ 6.6] 106
density of Si II ions times age at the radius 7070 km s~1. If
the Si is assumed unmixed with other elements and initially
singly ionized, then the ionization time yields ion(eq. [20])
fractions 5% Si III, 34% Si IV, and the remaining 61% in
higher stages.

Since this ionization state is close to (just past) the peak in
the Si IV fraction, it should be a good approximation to
estimate the column density of Si IV by expanding locally
about the conditions at 7070 km s~1. The expected column
density is the steady state column density, multiplied by a
geometric factor, and further multiplied by a ““ density
proÐle ÏÏ factor as shown in the Appendix,[1] cq/(n

s
t
s
)]~1,

The steady column density isequation (A7). NSi IVsteady \
cm~2 assuming anSi IV v

s
/(4n

e
SpvTSi IV) \ 22 ] 1014

nominal The geometric factor isn
e
/nSi IV \ 3.

which is the squared ratio of the(7070t
s
/4200t)2\ 0.38,

radius of the gas at the time it was shocked to its radius att
sthe present time t. For the density proÐle factor, equation

gives(20) q/(n
s
t
s
) \ [(t/t

s
)(6a~1)@5 [ 1]/[(6a [ 1)/5]\ 1.22,

while the logarithmic slope of thec\ [L ln n/L ln t
s
o
t

shocked density proÐle, is c\ 3equation (A3),
the 3 coming from] v

s
L ln nunsh/L(r/t)] 6(a [ 1)/5 \ 3.7,

free expansion, the from thev
s
L ln nunsh/L(r/t) \ 1.37

observed unshocked Si II density proÐle (see ateq. [27])
7070 km s~1 along with and the 6(a [ 1)/equation (18),
5 \ [0.62 from the reduction in density caused by adia-
batic expansion. The resulting density proÐle factor is

The expected column density of[1] cq/(n
s
t
s
)]~1 \ 0.18.

blueshifted Si IV is then cm~2, which isNSi IV\ 1.5] 1014
40% of the observed column density of redshifted Si IV, and
2.5 times the minimum (3 p) observable column density of
blueshifted Si IV.

Thus, under a reasonable set of simplifying assumptions,
there should be an observable column density of blueshifted
Si IV, contrary to observation. However, the expected
column density is sensitive to the assumed parameters. For
example, reducing the shock velocity on the near side by
20% to 2300 km s~1 reduces the column density by a factor
2.5 to the observable limit cm~2.NSi IV\ 0.6] 1014
Whether the shock velocity on the near side is less or more
than that on the far side depends on the unshocked density
proÐle of ejecta (generally, a shorter exponential scale
length of unshocked density with velocity yields lower
shock velocities). The expected column density is also sensi-
tive to the shocked density proÐle, as might be guessed from
the fact that the density proÐle factor of 0.18 estimated
above di†ers substantially from unity.

Alternatively, the column density of Si IV could be
reduced below the observable limit by mixing the Si with a
comparable mass of other elements, such as iron, since this
would increase the number of electrons per silicon ion,
causing more rapid ionization. The possibility that there is
iron mixed with Si at velocities km s~1 gains some[7070
support from the observed density proÐle of Fe II, shown in

below. Note that this does not conÑict with theFigure 6
argument in that most of the shocked Si (which was° 2.5
originally at higher free expansion velocities) is probably
fairly pure, with little admixture of other elements such as
iron.

3. IRON

We have argued above that an attractive explanation for
the presence of redshifted Si absorption and absence of
blueshifted absorption is that the ISM on the near side of
SN 1006 is much denser than that on the far side, so that a
reverse shock has already passed all the way through the Si
layer on the near side, ionizing it to high ionization stages,
whereas the reverse shock is still moving through the Si
layer on the far side. This picture appears to conÑict with
our previously reported result according to(WCFHS93),
which blueshifted Fe II is present to velocities D[8000 km
s~1. In this section we reexamine the Fe II absorption lines
to see how robust is this result.

In the average broad Fe II proÐle shown in Figure 3 of
redshifted Fe II seems to extend up to aboutWCFHS93,

7000 km s~1, but not much farther. This is consistent with
the argument of the present paper, which is that the reverse
shock on the far side of SN 1006 lies at 7070 km s~1. The
problem lies on the blueshifted side of the Fe II proÐle,
which appears to extend clearly to [7000 km s~1, possibly
to [9000 km s~1.

Figure 2 of shows separately the two broadWCFHS93
Fe II 2383, 2344, 2374 and Fe II 2600, 2587 features. TheA� A�
Fe II 2600, 2587 feature appears to have a fairly abruptA�
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blue edge, although there is perhaps a tail to higher veloci-
ties depending on where the continuum is placed. The blue
edge is at a velocity of [4200 km s~1 with respect to the
stronger 2600 component of the doublet, and the sameA�
edge appears at this velocity in the average Fe II proÐle
shown in Figure 3. We will argue that thisWCFHS93Ïs
edge plausibly represents the position of the reverse shock
on the near side of SN 1006.

In contrast to Fe II 2600 the deconvolved proÐle of theA� ,
Fe II 2383 feature, plotted in the bottom curve ofA�

Figure 2, shows blueshifted absorption clearlyWCFHS93Ïs
extending to km s~1. We note that the second[7000
strongest component of the triplet, 2344 with one-thirdA� ,
the oscillator strength of the principal 2383 component,A�
lies at [4900 km s~1 blueward of the principal line, and
uncertainty involved in removing the secondary component
in the deconvolution procedure could tend to obscure any
sharp blue edge at [4200 km s~1 on the principal com-
ponent.

3.1. Fe II Analysis
In this subsection we present details of a reanalysis of the

Fe II absorption lines in the HST G190H and G270H
spectra originally analyzed by The obser-WCFHS93.
vations are described by and here we describeWCFHS93,
the di†erences between the analysis here and that of

In carrying out the reanalysis, we paid particu-WCFHS93.
lar attention to procedures that might a†ect the blue wing
of the Fe II 2383 feature.A�

The G190H and G270H spectra overlap over the wave-
length range 2222È2330 and we merged the two spectraA� ,
in this region using inverse variance weighting, whereas

chose to abut the spectra at 2277 In mergingWCFHS93 A� .
the spectra, we interpolated the G270H data to the same
bin size as the G190 spectrum, which has higher resolution
(2 versus 2.8 and higher signal-to-noise ratio than theA� A� ),
G270H spectrum in the overlap region. According to the
FOS handbook, there is contamination at the level of a few
percent in the G190H spectrum above 2300 from secondA�
order, but, given the absence of strong features over 1150È
1165 we accept this contamination in the interests ofA� ,
obtaining higher signal-to-noise ratio. The merged spec-
trum is noticeably less choppy than the G270H spectrum
alone in the overlap region.

The 2200 extinction bump is close to the blue wing ofA�
the Fe II 2383 feature, so we reexamined the reddeningA�
correction. In practice, the changes made here had little
e†ect on the proÐle of the Fe II 2383 feature. We dered-A�
dened the G190H and G270H spectra using the extinction
curve of Clayton, & Mathis adoptingCardelli, (1989),

which is the best-Ðtting value determined byE
B~V

\ 0.119,
et al. from HUT data, andBlair (1996) R4A

V
/E

B~V
\ 3.0.

The value of is slightly higher than the valueE
B~V

E
B~V

\
measured by using the extinction0.1^ 0.02 WCFHS93

curve of & Mathis comment thatSavage (1979). WCFHS93
their dereddening leaves a bump from 1900 to 2100 and aA�
shallow trough from 2100 to 2300 We ÐndA� .
the same difficulty here : the slightly higher value of E

B~Vadopted here does slightly better at removing the 2200 A�
depression but at the expense of producing a bigger bump
at 2000 The choice of R makes little di†erence, but lowerA� .
values help to reduce the bump marginally. The value
R\ 3.0 adopted here is slightly below the ““ standard ÏÏ value
R\ 3.1.

Ðtted the continuum Ñux to a quadratic func-WCFHS93
tion of wavelength. The simple quadratic form does impres-
sively well in Ðtting the dereddened spectrum over the full
range 1600È3300 (see and Fig. 2).A� Fig. 4 WCFHS93,
However, the quadratic form does not Ðt perfectly, and
there remains a residual discrepancy that is not well Ðtted
by a low-order polynomial and that may possibly result
from imperfect modeling of the extinction, especially
around the 2200 bump. The imperfection mainly a†ectsA�
the Fe II 2383 feature : the quadratic continuum appearsA�
too steep compared to the ““ true ÏÏ continuum around this
feature. Here we resolve the difficulty by the expedient of
Ðtting the dereddened continua around each of the two
broad Fe II features separately to two di†erent linear func-
tions in log FÈ log j. The adopted continua are shown in
Figure 4.

An important di†erence between the present analysis and
that of is in the treatment of narrow lines.WCFHS93

procedure was to identify all lines with anWCFHS93Ïs
equivalent width, deÐned relative to a local continuum,
greater than 3 times the expected error. thenWCFHS93
subtracted the best-Ðtting Gaussian for each such line,
treating the position, width, and strength of each line as free
parameters. Here we adopt a di†erent policy, requiring that
the positions, widths, and strengths of narrow lines conform
to prior expectation. That is, for each identiÐed narrow line,
we subtract a Gaussian proÐle in which the wavelength is
set equal to the expected wavelength (modulo an overall
]36 km s~1 shift for all lines), the width is set equal to the
instrumental resolution (2.8 FWHM for G270H), and theA�
strengths are required to be mutually consistent with other
narrow lines of the same ion.

The relevant narrow lines are those in and near the broad
Fe II features. In the Fe II 2383, 2344, 2374 feature, besidesA�
the narrow (presumed interstellar) components of the Fe II

lines themselves, we identify the narrow line at 2298 asA�
stellar C III 2297.578 Kondo, & McCluskeyA� (Bruhweiler,

subtracted an unidentiÐed narrow line at1981). WCFHS93
2316 but the G190H spectrum does not conÐrm theA� ,
reality of this line in the G270H spectrum, and here we leave
it unsubtracted. In the Fe II 2600, 2587 feature, besides theA�
narrow Fe II lines themselves, we identify narrow lines of
Mn II 2577, 2594, 2606 as didA� , WCFHS93.

The mean velocity shift of the three most prominent
narrow Fe II lines, those at 2383, 2600, and 2587 isA� ,
]36 ^ 24 km s~1, and we adopt this velocity shift for all
the narrow Fe II and Mn II lines. We allow the stellar C III

2298 line its own best-Ðt velocity shift of ]19 km s~1,A�
since there is no reason to assume that the stellar and inter-
stellar velocities coincide exactly.

The observed equivalent widths of the Mn II lines are
approximately proportional to their oscillator strengths
times wavelengths, which suggests the lines are unsaturated,
so we Ðx the ratios of the Ðtted Mn II lines at their unsatu-
rated values.

Of the Ðve narrow Fe II lines, the two principal lines Fe II

2383 and Fe II 2600 and also the line with the fourthA� A� ,
largest oscillator strength, Fe II 2587 have approximatelyA� ,
equal observed equivalent widths (in velocity units) relative
to a local continuum, kmW2383, W2600, W2587 \ 85 ^ 6
s~1, 64^ 6 km s~1, 62^ 6 km s~1, respectively (at Ðxed
centroid and dispersion), which suggests the lines are satu-
rated. The Ðfth and weakest line, Fe II 2374 has anA� ,
observed equivalent width about half that of the strong
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FIG. 4.ÈG190H and G270H spectra, with the calibrated spectra at bottom and the dereddened spectra at top. Also shown are the continua linear
in log FÈ log j (solid lines) adopted in the present paper for each of the Fe II 2600 and Fe II 2383 features, and a continuum quadratic in F-j (dashed line)A� A�
similar (but not identical, because of the slightly di†erent reddening) to that adopted by The linear continua are log F\ log (1.89 ] 10~14 ergsWCFHS93.
s~1 cm~2 for the Fe II 2383 feature, and log F\ log (1.38] 10~14 ergs s~1 cm~2 for the Fe II 2600A� ~1)[ 2.7 log (j/2383 A� ) A� A� ~1)[ 3.65 log (j/2600 A� )

feature.A�

lines, which is consistent with the weak line being margin-
ally optically thin and the strong lines again being saturat-
ed. For these four lines, we allow the strength of the Ðtted
line to take its best-Ðt value, since they are mutually consis-
tent within the uncertainties.

The line with the third largest oscillator strength, Fe II

2344 appears anomalous, since the observed line has anA� ,
equivalent width less than one-fourth that of the strong
lines, or one-half that of the intrinsically weaker Fe II 2374

line. In the Ðt, we force the equivalent width of the anom-A�
alous Fe II 2344 narrow line to be the saturated valueA�
measured from the Fe II 2600 and Fe II 2587 lines,A� A�
multiplied by 0.8 to allow for a 2 p uncertainty in this value.
The Ðt gives the impression that the anomalous Fe II 2344 A�
line is oversubtracted, but the e†ect is to bring the proÐle of
the deconvolved broad Fe II 2383 line into closer agree-A�
ment with that of Fe II 2600 A� .

We deconvolved the broad Fe II 2383, 2344, 2374 andA�
Fe II 2600, 2587 features by subtracting the contributionsA�
from the weaker components, using the following analytic
procedure. In a two-component line, the observed optical
depth q(v) at velocity v with respect to the principal com-
ponent is a sum of the line proÐle /(v) of the principal
component and the line proÐle v/(v] *v) of the secondary
component, where *v is the velocity shift of the secondary
relative to the principal component, and v\ f2j2/( f1j1)\ 1
is the ratio of oscillator strengths times wavelengths :

q(v)\ /(v)] v/(v] *v) . (21)

inverts toEquation (21)

/(v) \ q(v) [ vq(v] *v) ] v2q(v] 2*v) ] . . . , (22)

which can conveniently be solved iteratively by

/1(v) \ q(v) [ vq(v] *v) ,

/
n`1(v) \ /

n
(v) ] v2n/

n
(v] 2n*v) .

(23)

The iterative procedure converges rapidly to the solution,
as n increases ; we stop at To avoid irrelevant/

n
] /, /3.parts of the spectrum outside the line proÐle from propagat-

ing through the solution, we set the optical depth to zero,
q(v) \ 0 in at velocities v[ 10, 000 km s~1.equation (23),
The above procedure works for a two-component line such
as Fe II 2600, 2587 and a slightly more complicatedA� ,
generalization works for a three-component line such as Fe
II 2383, 2344, 2374 A� .

3.2. Fe II L ine ProÐles
shows the results of our reanalysis. sum-Figure 5 Table 3

marizes some of the measured parameters. The upper
curves in the Ðgure show the deconvolved Fe II 2383 andA�
Fe II 2600 line proÐles, and these deconvolved proÐlesA�
agree well with each other. The deconvolved Fe II 2600 A�
proÐle here also agrees well with that of WCFHS93.
However, the revised Fe II 2383 proÐle no longer showsA�
compelling evidence for high-velocity blueshifted absorp-
tion beyond [4500 km s~1, although the presence of some
absorption is not excluded.

What causes the di†erence between the Fe II 2383 lineA�
proÐle shown in versus that of OneFigure 5 WCFHS93?
factor is that we adopt di†erent continua, as illustrated in

single quadratic Ðt to the continuumFigure 4. WCFHS93Ïs
over the entire spectrum is certainly more elegant than the
two separate linear Ðts to each of the two broad Fe II fea-
tures that we adopt here. The advantage of the Ðt here is
that it removes the apparent tilt in the Fe II 2383 lineA�
proÐle left by the quadratic Ðt, evident in Figures 2 and 3 of
WCFHS93.

However, the major di†erence between the two analyses

TABLE 3

PARAMETERS MEASURED FROM Fe II PROFILE

Parameter Value

Position of reverse shock on near side . . . [4200 ^ 100 km s~1
Column density of Fe II . . . . . . . . . . . . . . . . . . . 10.8^ 0.9] 1014 cm~2
Mass of Fe II up to 7070 km s~1 . . . . . . . . . 0.029^ 0.004 M

_

NOTE.ÈFe II mass is from red side of proÐle and assumes spherical
symmetry.
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FIG. 5.ÈFe II 2382.765, 2344.214, 2374.4612 ( f \ 0.3006, 0.1097, 0.02818 ; we ignore an unobserved fourth component Fe II 2367.5905 withA� A�
f\ 1.6] 10~4) feature, and at right the Fe II 2600.1729, 2586.6500 ( f \ 0.2239, 0.06457) feature Below 2330 the spectrum is anA� (Morton 1991). A� ,
inverse-varianceÈweighted merger of G190H and G270H spectra. The lower curve shows the dereddened spectrum, scaled to a continuum, with narrow
interstellar Fe II, stellar C III 2297.578 and interstellar Mn II 2576.877, 2594.499, 2606.462 ( f \ 0.3508, 0.2710, 0.1927) lines subtracted as indicated byA� , A�
dashed lines. The upper curve (o†set by log 1.15) shows the deconvolved spectra, after removal of the weaker components of the broad Fe II lines. The
velocity scales shown on the upper axis are with respect to the rest frames of the principal component of each of the features, the Fe II 2383 line on the left,A�
and the Fe II 2600 line on the right. The adopted continua are as shown inA� Fig. 4.

is the subtraction here of the narrow Fe II 2344 inter-A�
stellar line with a strength 0.8 times the saturated line
strength observed in the Fe II 2600 and 2587 narrowA� A�
lines. By comparison, subtracted the narrowWCFHS93
Fe II 2344 line using the observed strength of the line,A�
which is anomalously weak compared to the other four
narrow Fe II lines.

shows the Fe II density inferred from the mean ofFigure 6
the two deconvolved Fe II features. The Fe II column density
inferred from the mean proÐle, integrated from [4500 km
s~1 to ]7100 km s~1, is

NFe II \ 10.8^ 0.9] 1014 cm~2 . (24)

Most of the uncertainty, based here on the scatter between
the two deconvolved proÐles, comes from the blue side of
the proÐle : the column density on the blue side from [4500
to 0 km s~1 is while theNFe II\ 5.2^ 0.8] 1014 cm~2,
column density on the red side from 0 to ]7100 km s~1 is
NFe II\ 5.6^ 0.2] 1014 cm~2.

In estimating the mass of Fe II from the density proÐle in
we take into account the small correction thatFigure 6,

results from the fact that the SM star is o†set by 2@.45 ^ 0@.25
southward from the projected center of the 15@ radius
remnant & Middleditch The o†set corre-(Schweizer 1980).
sponds to a free expansion velocity of v

M
\ 1300 ^ 250 km

at the 1.8 ^ 0.3 kpc distance of the remnant. If spher-s~1
ical symmetry is assumed, then the mass is an integral over
the density o(v) at line-of-sight velocity v :

M \ M(\v
M
) ] t3

P
0

vmaxo(v)(v2] v
M
2)1@2v dv , (25)

where is the mass inside the free-expansion velocityM(\v
M
)

At a constant central density ofv
M
. oFe II \ 0.005] 10~24

g cm~3, the mass inside would bev
M

\ 1300 km s~1
and the actual Fe II mass isMFe II(\v

M
)\ 0.0007 M

_
,

probably slightly higher, given that the density is increasing
mildly inward. The masses given below, equation (26),

include a Ðxed The factorMFe II(\v
M
) \ 0.001 M

_
.

rather than v in increases the Fe II(v2 ] v
M
2)1@2 equation (25)

masses by a further 0.002 so the masses quoted inM
_

,
are altogether 0.003 larger than theyequation (26) M

_would be if no adjustment for the o†set of the SM star were
applied.

The total mass of Fe II inferred from the cleaner, red side

FIG. 6.ÈInferred density proÐle of ejecta in SN 1006. The Fe II proÐle is
from the mean of the two deconvolved broad Fe II absorption features
shown in The dotted line at ]5600È7070 km s~1 is the proÐle ofFig. 5.
unshocked Si II from the redshifted Si II 1260 absorption feature inA� Fig. 1.
The dashed line above 7070 km s~1 is a plausible extrapolation of the total
Si density before it was shocked : it is a quadratic function of velocity, eq.

which approximately reproduces the observed proÐle of unshocked Si(27),
II, and which contains the observed total Si mass of 0.25 (assumingM

_spherical symmetry), eq. (17).
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of the proÐle, assuming spherical symmetry, is then

MFe II\
70.0156^ 0.0009 M

_
0.0195^ 0.0013 M

_
0.029^ 0.004 M

_

(v¹ 4200 km s~1)
(v¹ 5000 km s~1)
(v¹ 7070 km s~1) .

(26)

Note that these are total Fe II masses, even though only the
red side of the proÐle is used to estimate them. The uncer-
tainties here are based on the scatter between the two
deconvolved Fe II proÐles and do not include systematic
uncertainties arising from placement of the continuum,
which mostly a†ects the outer, high-velocity parts of the
proÐle. obtained a totalWCFHS93 MFe II\ 0.014 M

_from the red side of the mean Fe II proÐle, which is lower
than the obtained here mainly becauseMFe II\ 0.029 M

_of the di†erent placement of the continuum, especially on
the red side of the Fe II 2383 feature (see andA� Fig. 4,
compare to Fig. 3), and to a small degreeFig. 5 WCFHS93,
because of the adjustment applied here for the o†set of the
SM star.

also shows for comparison the density ofFigure 6
unshocked Si. Below 7070 km s~1, the Si density proÐle is
just the unshocked proÐle inferred from the Si II 1260 A�
absorption, Above 7070 km s~1, the Si density is aFigure 1.
plausible extrapolation that is consistent with observational
constraints : it is a quadratic function of the free expansion
velocity v

nSi\ 0.00413] 10~24 g cm~3

]
(v[ 5600 km s~1)(12,000 km s~1[ v)

(3200 km s~1)2 , (27)

which approximately reproduces the observed proÐle of
unshocked Si II and which contains, on the assumption of
spherical symmetry, a total Si mass of 0.25 in accord-M

_
,

ance with equation (17).

3.3. Reverse Shock on the Near Side
If the reanalysis of the Fe II lines here is accepted, then it

is natural to interpret the sharp blue edge on the broad Fe II

lines at [4200 km s~1 as representing the free expansion
radius of the reverse shock on the near side of SN 1006. This
identiÐcation is not as convincing as the identiÐcation of the
sharp red edge on the Si II 1260 feature as representingA�
the radius of the reverse shock on the far side at 7070 km
s~1.

illustrates schematically the inferred structure ofFigure 7
the remnant of SN 1006. The picture is intended to be
approximately to scale, and in it the diameter of SN 1006
along the line of sight is roughly 20% larger than the diam-
eter transverse to the line of sight. By comparison, the diam-
eter of the observed radio and X-ray remnant varies by
10%, from a minimum of 30@ to a maximum of 33@
(Reynolds & Gilmore or 34@ et al.1986, 1993) (Willingale
1996).

As already discussed in °° and if the position of2.8 2.9,
the reverse shock on the near side at 4200 km s~1 is typical
of the rest of the remnant, while the 7070 km s~1 position of
the reverse shock on the far side is anomalously high
because the interstellar density on the far side is low, then it
would resolve several observational puzzles. In summary,
these observational puzzles are (1) how to Ðt gas expanding
at D7000 km s~1 within the conÐnes of the interstellar

FIG. 7.ÈSchematic diagram, approximately to scale, of the structure of
the remnant of SN 1006 inferred in this paper. The remnant on the far side
bulges out because of the low interstellar density there. Shaded regions
represent silicon ejecta, both shocked and unshocked. Iron, both shocked
and unshocked, lies inside the silicon. The background SM star is o†set
slightly from the projected center of the remnant.

shock (answer : the remnant bulges out on the far side
because of the low density) ; (2) how the 5050 km s~1 veloc-
ity of shocked Si on the far side could be so much higher
than the 1800 km s~1 velocity (assuming no collisionless
electron heating) of gas behind the interstellar shock along
the northwest Ðlament (answer : velocities on the far side are
anomalously high because the interstellar density there is
anomalously low) ; (3) how to achieve Si densities nSiZ10~2 cm~2 necessary to produce the observed Si X-ray
emission, compared to the postshock Si density of
2.2] 10~4 cm~2 measured from the Si II absorption on the
far side (answer : gas shocked at earlier times is denser
because density decreases as o P t~3 in free expansion) ; and
(4) why there is strong redshifted Si absorption but no blue-
shifted absorption (answer : Si on the near side has been
shocked and collisionally ionized above Si IV). As regards
the second of these problems, if the reverse shock on the
near side is indeed at 4200 km s~1, then the velocity of
reverse-shocked gas on the near side would be of order 2000
km s~1, much more in keeping with the 1800 km s~1 veloc-
ity of shocked gas in the northwest Ðlament.

3.4. Contribution of Shocked Fe to Absorption
In °° and we concluded that most of the observed2.1 2.6,

absorption by Si ions is from shocked Si. Does shocked Fe
also contribute to the observed broad Fe II absorption pro-
Ðles? The answer, on both observational and theoretical
grounds, is probably not much.

On the red side of the Fe II proÐle, shocked Fe II would
have a Gaussian line proÐle centered at 5050 km s~1, the
same as observed for shocked Si. No absorption with this
proÐle is observed ; see Figures or Since the collisional5 6.
ionization rates of Fe II and Si II are similar et al.(Lennon

the absence of such Fe II absorption implies that1988),
there cannot be much iron mixed in with the shocked Si.
This is consistent with the argument in that the bulk of° 2.5,
the shocked Si II must be fairly pure, unmixed with other
elements.

On the other hand, the observed Fe II proÐle, Figure 6,
does suggest the presence of some Fe II mixed with
unshocked Si, at velocities km s~1. The picture then[7070
is that there is Fe mixed with Si at lower velocities but not
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at higher velocities. This is consistent with SN Ia models,
such as W7 of et al. in which the transitionNomoto (1984),
from the inner Fe-rich layer to the Si-rich layer is gradual,
rather than abrupt.

On the blue side of the Fe II proÐle, if the reverse shock is
at [4200 km s~1, then shocked Fe II should have a Gauss-
ian proÐle centered at D[2000 km s~1, with a width com-
parable to that of the broad redshifted Si features. While
some such absorption may be present, the similarity
between the blueshifted and redshifted sides of the Fe II

absorption suggests that the contribution to the blue side
from shocked Fe II is not large. This is consistent with
expectation from the density proÐle of unshocked Fe II on
the red side. The mass of Fe II at velocities 4200È7070 km
s~1 inferred from the red side of the proÐle on the assump-
tion of spherical symmetry is 0.013 If this mass of Fe IIM

_
.

is supposed shocked on the blue side and placed at the
reverse shock radius of [4200 km s~1, the resulting Fe
column density is 1.3] 1014 cm~2, which translates into a
peak Fe density of 0.0013 ] 10~24 g cm~3 at velocity
[2200 km s~1, for an assumed dispersion of 1240 km s~1
like that of the redshifted Si features. This density of
shocked Fe is low enough that it makes only a minor con-
tribution to the Fe II proÐle in Figure 6.

In practice, collisional ionization of shocked Fe II reduces
its contribution further. For pure iron with an initial ioniza-
tion state of, say, 50% Fe II, 50% Fe III (see we Ðnd° 3.5),
that the column density of shocked Fe II is reduced by a
factor 0.6 to 0.8] 1014 cm~2, which translates into a peak
Fe II density of 0.0008] 10~24 g cm~3 at velocity [2200
km s~1. The shocked column density would be even lower if
the initial ionization state is higher, or if there are other
elements mixed in with the Fe, since a higher electronÈtoÈ
Fe II ratio would make collisional ionization faster. If the
initial ionization state of the iron is as high as proposed by

then the shocked Fe II column density of Fe couldHF88,
be as low as 0.1 ] 1014 cm~2, for a peak density
of 0.0001] 10~24 g cm~3 at velocity [2200 km s~1 in
Figure 6.

3.5. Photoionization
The mass of Fe II inferred here from the Fe II proÐle is,

according to 0.0195^ 0.0013 up to 5000equation (26), M
_km s~1, and 0.029^ 0.004 up to 7070 km s~1.M

_Historical and circumstantial evidence suggests that SN
1006 was a Type Ia supernova (Minkowski 1966 ; Schaefer

Exploded white dwarf models of Type Ia supernovae1996).
predict that several tenths of a solar mass of iron ejecta
should be present, as required to explain Type Ia supernova
light curves & Khokhlov Thus, as empha-(Ho� Ñich 1996).
sized by et al. and by the observed massFesen (1988) HF88,
of Fe II in SN 1006 is only a fraction of the expected([1/10)
total Fe mass.

& Sarazin pointed out that unshockedHamilton (1984)
SN ejecta will be subject to photoionization by UV starlight
and by UV and X-ray emission from the reverse shock.
Recombination is negligible at the low densities here. HF88
presented detailed calculations of the time-dependent
photoionization of unshocked ejecta in SN 1006, using def-
lagrated white dwarf models W7 of et al.Nomoto (1984)
and CDTG7 of S. E. Woosley (1987, private
communication), evolved by hydrodynamic simulation into
a uniform interstellar medium. found that in theseHF88
models most of the unshocked Fe was photoionized to

Fe III, Fe IV, and Fe V. While model W7 produced consider-
ably more Fe II than observed in SN 1006, model CDTG7,
which is less centrally concentrated than W7, produced an
Fe II proÐle in excellent agreement with the IUE Fe II 2600

feature. concluded that several tenths of a solarA� HF88
mass of unshocked Fe could be present at velocities [5000
km s~1 in SN 1006, as predicted by Type Ia supernova
models.

However, the low ionization state of unshocked Si
inferred from the present HST observations does not
support the high ionization state of Fe advocated by HF88.
According to the ion fractions given in unshockedTable 2,
Si is 92%^ 7% Si II. By comparison, arguedHF88
that unshocked Fe is only D10% Fe II. We now show that
these ionization states of Si II and Fe II are not mutually
consistent.

The ionizations of unshocked Si II and Fe II are related
according to their relative photoionization cross sections
and by the energy distribution of the photoionizing radi-
ation. Neutral Si and Fe can be neglected here, since they
have ionization potentials below the Lyman limit and are
quickly ionized by UV starlight (Si I in D20 yr, Fe I in
D100 yr if the starlight is comparable to that in the solar
neighborhood), once the ejecta start to become optically
thin to photoionizing radiation, at D100È200 yr.

Photoionization cross sections of Si II and Fe II, taken
from & Manson and adapted to includeReilman (1979)
autoionizing photoionization as described by areHF88,
shown in The Figure shows that the photoioniza-Figure 8.
tion cross section of Fe II is about an order of magnitude
larger than that of Si II from the ionization potential up to
the L-shell (autoionizing) photoionization threshold of Si II

at 100 eV, above which the photoionization cross sections
are about equal, until the L-shell threshold of Fe II at 700
eV. According to (Table 6, together with Table 2 ofHF88

& Sarazin much of the photoionizing emis-Hamilton 1984),
sion from the reverse shock is in the UV below 100 eV.
However, there is also some soft X-ray emission above 100
eV, which is important for Si II because its L-shell photoion-
ization cross section is larger than that of the valence shell.
Averaging over the photoionizing photons tabulated by

we Ðnd that the e†ective photoionization crossHF88,
section of Fe II is about 5 times that of Si II, which is true
whether the source of the emission in the reverse shock is
oxygen, silicon, or iron.

If the e†ective photoionization cross section of Fe II is 5
times that of Si II, then an unshocked Si II fraction of
0.92^ 0.07 would predict an unshocked Fe II fraction of

considerably larger than the(0.92^ 0.07)5 \ 0.66~0.22`0.29,
desired unshocked Fe II fraction of 0.1. The 3 p lower limit
on the Si II fraction is 0.71, which would predict an
unshocked Fe II fraction of (0.71)5\ 0.18, closer to but still
higher than desired.

A higher ionization state of Fe compared to Si might be
achieved if the photoionizing emission could be concen-
trated entirely in the UV below 100 eV, since then the e†ec-
tive photoionization cross section of Fe II would be about
10 times that of Si II, as illustrated in This couldFigure 8.
occur if the photoionizing emission were mainly from He.
In this case, the predicted unshocked Fe II fraction would be

with a 3 p lower limit of(0.92^ 0.07)10 \ 0.43~0.27`0.47,
(0.71)10\ 0.03, which is satisfactory. To achieve this rela-
tively high level of Fe ionization requires that there be little
soft X-ray emission from heavy elements. It is not clear
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FIG. 8.ÈPhotoionization cross sections of Si II and Fe II &(Reilman
Manson adapted to include autoionizing photoionization as1979,
described by The ionization state of unshocked ejecta depends onHF88).
photoionization, and the plotted photoionization cross sections are impor-
tant in relating the ionization state of unshocked iron, characterized by the
ratio Fe II/Fe, to the ionization state of unshocked silicon, characterized by
the ratio Si II/Si.

whether this is possible, given the observed X-ray emission
from oxygen and silicon et al.(Koyama 1995).

Thus the low ionization state of unshocked Si inferred in
this paper is difficult to reconcile with the expected presence
of several tenths of a solar mass of Fe at velocities [5000
km s~1. Is it possible that the unshocked Si is substantially
more ionized than we have inferred? From Tables and1 2,
the total column densities of Si ions, shocked and
unshocked, are in the ratio

NSi II :NSi III :NSi IV \ 1 :0.39 :0.36 . (28)

If the ionization state of the unshocked Si were this high,
then a high ionization state of Fe would be allowed, and the
problem would be resolved. In fact, in photoionization
trials similar to those described by we Ðnd that theHF88,
unshocked Si fractions predicted by the CDTG7 model are
close to the ratio (eq. [28]).

However, in we argued both theoretically and from° 2.6,
the observed line proÐles that most of the observed Si III

and Si IV absorption is from shocked Si. Might this be
wrong, and could in fact much or most of the absorption be
from unshocked Si? And is then our interpretation of the
Si II 1260 proÐle as arising mostly from shocked Si II alsoA�
faulty? If so, then much of the tapestry of reasoning in this
paper begins to unravel. For example, we must regard as
merely coincidental the agreement, found in of the° 2.2,
measured parameters of the Si II 1260 proÐle with theA�
energy shock jump condition, equations We must(4)È(6).
also conclude that the observed asymmetry between the red
and blueshifted Si absorption arises from asymmetry in the
initial explosion, not (or not all) from asymmetry in the
ambient ISM. For if the blue edge of the redshifted Si II and
Si IV features (the blue edge of redshifted Si III is obscured by
Lya) arises from unshocked Si extending down to velocities
]2500 km s~1 (see Figs. and then there should be, on1 3),
the assumption of spherical symmetry, corresponding blue-

shifted Si absorption outward of [2500 km s~1, which is
not seen.

3.6. W here Is the Iron?
& KhokhlovÏs Table 1 presents a survey ofHo� Ñich (1996)

37 Type Ia supernova models, encompassing all currently
discussed explosion scenarios. In their models, the ejected
mass of 56Ni, which decays radioactively to iron, ranges
from 0.10 to 1.07 Models yielding ““ acceptable ÏÏ Ðts toM

_
.

the sample of 26 Type Ia supernovae considered by Ho� Ñich
& Khokhlov have ejected 56Ni masses of 0.49È0.83 forM

_normal Type Ia supernovae and 0.10È0.18 for sub-M
_luminous Type Ia superovae. In the subluminous models, a

comparable amount of Fe is ejected along with the 56Ni
Khokhlov, & Wheeler so the total iron(Ho� Ñich, 1995),

ejected in these cases is B0.2È0.3 M
_

.
In the previous subsection, we argued that the low ioniza-

tion state of unshocked Si inferred from the present obser-
vations suggests that the ionization state of unshocked Fe is
also likely to be low. SpeciÐcally, if the unshocked Si II

fraction is Si II/Si \ 0.92^ 0.07, from then the pre-Table 1,
dicted unshocked Fe II fraction is Fe Cor-II/Fe\ 0.66~0.22`0.29.
recting the Fe II mass of up toMFe II\ 0.029^ 0.004 M

_7070 km s~1, for the ionization state of the Feequation (26),
yields a total inferred Fe mass of upMFe\ 0.044~0.013`0.022 M

_to 7070 km s~1, with a 3 p upper limit of MFe \ 0.16 M
_

.
These Fe masses are lower than predicted by either normal
or subluminous models of Type Ia supernovae.

A low ionization state of Fe is supported by the HUT
observations of et al. who looked for Fe III 1123Blair (1996),

absorption in the background SM star. If there is a largeA�
mass of Fe in SN 1006, signiÐcantly larger than the
observed Fe II mass, then certainly Fe III should be more
abundant than Fe II, and from detailed models, pre-HF88
dicted Fe III/Fe II \ 2.6. Blair et al.Ïs best Ðt is Fe III/
Fe II \ 1.1^ 0.9, and their 3 p upper limit is Fe III/
Fe II \ 3.8. This result does not support, though it does not
yet deÐnitely exclude, prediction.HF88Ïs

Neither of the above two observational evidences favor-
ing a low ionization state of Fe, hence a low mass of Fe in
SN 1006, is yet deÐnitive. To settle the issue will require
reobservation of the Fe III 1123 line at a higher signal-to-A�
noise ratio. The FUSE should accomplish this.

4. WORRIES

In this paper we have attempted to present a consistent
theoretical interpretation of the broad Si and Fe absorption
features in SN 1006. While the overall picture appears to Ðt
together nicely, the pieces of the jigsaw do not Ðt perfectly
everywhere. In this section we highlight the ill Ðts.

What causes the discrepancy between the proÐles of the
redshifted Si II 1260 and Si II 1527 features? This dis-A� A�
crepancy was originally pointed out and discussed for the
IUE data by et al. and the discrepancyFesen (1988),
remains in the HST data The discrepancy is(WCHFLS97).
especially worrying for the present paper because the excess
in the Si II 1260 proÐle compared to Si II 1527 (seeA� A�

Fig. 2) looks a lot like what we have inter-WCHFLS97,
preted here as the unshocked component of the Si II 1260 A�
absorption (Fig. 1).

We have argued that the redshifted Si II, Si III, and Si IV

absorption is caused mostly by shocked Si, yet it is not clear
that the observed relative column densities are naturally
reproduced in collisionally ionized gas. SpeciÐcally, one
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might expect relatively more Si III, or relatively less Si II or
Si IV, in the shocked Si. On the other hand, the observed
relative column densities of Si are naturally reproduced in
unshocked, photoionized gas. Is our interpretation at fault ?

The best-Ðt dispersion of the redshifted Si IV feature,
is 1700 ^ 100 km s~1, which is 4.5 p larger thanFigure 3,

that of the Si II 1260 feature, 1240 ^ 40 km s~1. WhatA�
causes this discrepancy?

Does the density of shocked Si vary a little or a lot? In
we argued that the Gaussian proÐle of the shocked Si° 2.1,

suggests little temperature variation, hence little density
variation. On the other hand, the unshocked Si density
proÐle below 7070 km s~1 suggests a density proÐle(Fig. 1)
increasing steeply outward, and there are other clues
hinting at the same thing : the large column density of
shocked Si II, and the need for a high density to ionize° 2.5,
Si on the near side above Si IV, Is there an inconsis-° 2.9.
tency here?

In we argued that the high observed column density° 2.5,
of shocked Si II indicates a low mean electronÈtoÈSi II ratio,

Higher ratios would causen
e
/nSi II[ 1.3 ; equation (14).

more rapid collisional ionization of Si II, which would
reduce the column density below what is observed. This
limit on the electronÈtoÈSi II ratio is satisfactory as it stands
(the limit is somewhat soft, and at least it is not less than 1),
but it is uncomfortably low, which makes it difficult to
admit even modest quantities of other elements, such as
sulfur, which might be expected to be mixed with the silicon.
Is there a problem here, and if so have we perhaps overesti-
mated the contribution of shocked compared to unshocked
Si in the Si II absorption?

In we estimated that if the reverse shock on the near° 2.9,
side of SN 1006 is at [4200 km s~1, then under a
““ simplest ÏÏ set of assumptions, there should be an obser-
vable column density of blueshifted Si IV, contrary to obser-
vation. However, we also showed that the predicted column
density is sensitive to the assumptions and that it is not
difficult to bring the column density of Si IV below obser-
vable levels. Is this explanation adequate, or does the
absence of blueshifted Si absorption hint at asymmetry in
the supernova explosion?

Is the sharp blue edge on the Fe II features at [4200 km
s~1 real ? Further observations of the Fe II features at higher
resolution would be helpful in deciding this issue.

Notwithstanding our reanalysis of the Fe II features, there
remains some suggestion of high-velocity blueshifted
absorption outside [4200 km s~1, perhaps to [7000 km
s~1 or even farther, Figures and Is this absorption real ?5 6.
If so, then the arguments of fail, and the absence of° 2.8
blueshifted Si absorption must be attributed to intrinsic
asymmetry in the initial supernova explosion.

Finally, there is the problem discussed in where is° 3.6 :
the iron?

5. SUMMARY

We have presented a consistent interpretation of the
broad Si and Fe absorption features observed in SN 1006
against the background SM star & Middleditch(Schweizer
1980).

We have argued that the strong redshifted Si II 1260 A�
absorption feature arises from both unshocked and shocked
Si, with the sharp red edge of the feature at 7070 km s~1
representing the free expansion radius of the reverse shock
on the far side of SN 1006, and the Gaussian blue edge

signifying shocked Si Fitting to the Si II 1260 line(Fig. 1). A�
proÐle yields three velocities, the position of the reverse
shock, and the velocity and dispersion of the shocked gas,
which permits a test of the energy jump condition for a
strong shock. The measured velocities satisfy the condition
remarkably well, equations The Si II 1260 line thus(4)È(6). A�
provides direct evidence for the existence of a strong shock
under highly collisionless conditions.

The energy jump condition is satisÐed provided that vir-
tually all the shock energy goes into ions. This evidence
suggests little or no collisionless heating of electrons in the
shock, in agreement with recent evidence from UV line
widths and strengths et al. et al.(Raymond 1995 ; Laming
1996).

The observed column density of shocked Si II is close to
the column density expected for steady state collisional ion-
ization behind a shock, provided that the electronÈtoÈSi II

ion ratio is low. From the low electronÈtoÈSi II ratio, we
have argued that the shocked Si is probably of a fairly high
degree of purity, with little admixture of other elements.
More directly, the absence of Fe II absorption with the same
line proÐle as the shocked Si indicates that there is little Fe
mixed with the shocked Si. On the other hand, there is some
indication of absorption by Fe II at the velocity 5600È7070
km s~1 of the unshocked Si II, which suggests that some Fe
is mixed with Si in the lower velocity region of the Si layer.

We have proposed that the ambient interstellar density
on the far side of SN 1006 is anomalously low compared to
the density around the rest of the remnant, so that the
remnant bulges out on the far side This would(Fig. 7).
explain several observational puzzles. First, it would
explain the absence of blueshifted Si absorption matching
the observed redshifted Si absorption. If the interstellar
density on the near side is substantially larger than on the
far side, then the reverse shock on the near side would be
farther in, so that all the Si on the near side could have been
shocked and collisionally ionized above Si IV, making it
unobservable in absorption. Second, if the velocity on the
far side is anomalously high because of the low interstellar
density there, it would resolve the problem noted by etWu
al. and subsequent authors of how to Ðt gas expand-(1983)
ing at D7000 km s~1 within the conÐnes of the interstellar
shock. Third, a low density on the far side would explain
how the 5050 km s~1 velocity of shocked Si there could be
so much higher than the 1800 km s~1 velocity (assuming no
collisionless electron heating) of gas behind the interstellar
shock along the northwest Ðlament et al.(Smith 1991 ;

et al. Finally, the density of Si on the farRaymond 1995).
side inferred from the Si absorption proÐles is 1 or 2 orders
of magnitude too low to yield Si X-ray emission at the
observed level et al. Again, an anomalously(Koyama 1995).
low density on the far side is indicated.

The notion that the reverse shock on the near side has
moved inward much farther, to lower velocities, than on the
far side conÑicts with our earlier conclusion (WCFHS93)
that there is blueshifted Fe II absorption to velocities
D[8000 km s~1. Reanalyzing the Fe II data, we Ðnd that
the evidence for such high-velocity blueshifted Fe II absorp-
tion is not compelling. In the analysis, the mainWCFHS93
evidence for high-velocity blueshifted Fe II comes from the
Fe II 2383, 2344, 2374 feature. However, the 2344 com-A� A�
ponent, which lies at [4900 km s~1 relative to the principal
2383 component, confuses interpretation of the blue wingA�
of the feature. The Fe II 2600, 2587 feature is cleaner, andA�
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it shows a sharp blue edge at [4200 km s~1, which we
interpret as representing the free expansion radius of the
reverse shock on the near side of SN 1006. In our reanalysis
of the Fe II features, we adopt a rigorous approach to the
subtraction of narrow interstellar and stellar lines, requiring
that lines subtracted have the correct positions and disper-
sions and have mutually consistent strengths. In particular,
we subtract the narrow Fe II 2344 line with a strengthA�
consistent with the other narrow Fe II lines, which strength
is substantially greater than the apparent strength. Subtrac-
tion of this line introduces a sharp blue edge on the decon-
volved Fe II 2383, 2344, 2374 feature at the same place,A�
B[4200 km s~1, as the Fe II 2600, 2587 feature. TheA�
resulting deconvolved Fe II proÐles are in good(Fig. 5)
agreement with each other.

The mass and velocity distribution of Si and Fe inferred
in this paper provides useful information for modeling the
remnant of SN 1006 (see Freely expandingFig. 6).
unshocked Si on the far side extends from a low velocity of
5600 ^ 100 km s~1 up to the position of the reverse shock
at 7070 km s~1. Above this velocity, the Si is shocked, and
information about its detailed velocity distribution before
being shocked is lost. The total mass of Si, both unshocked
and shocked, inferred from the Si II, Si III, and Si IV lines is

on the assumption of spherical sym-MSi\ 0.25 ^ 0.01 M
_

,
metry.

We have argued that the observed broad Fe II absorption
arises almost entirely from unshocked freely expanding Fe.
The mass of Fe II inferred from the cleaner, red side of the
mean Fe II proÐle is up toMFe II \ 0.0195 ^ 0.0013 M

_5000 km s~1 and up to 7070 kmMFe II\ 0.029^ 0.004 M
_s~1, again on the assumption of spherical symmetry. These

masses include a small positive adjustment (0.003 M
_

)
resulting from the o†set of the SM star from the projected
center of the remnant.

Our analysis of the Si lines indicates a low ionization
state for the unshocked silicon, with Si II/Si \ 0.92^ 0.07.
Such a low state would imply a correspondingly low ioniza-
tion state of unshocked iron, with Fe IfII/Fe\ 0.66~0.22`0.29.
this is correct, then the total mass of Fe up to 7070 km s~1
is with a 3 p upper limit ofMFe \ 0.044~0.013`0.022 M

_
MFe \

0.16 The absence of Fe II absorption with a proÐle likeM
_

.
that of the shocked Si II suggests that there is not much
more Fe at higher velocities. Such a low mass of Fe conÑicts
with the expectation that there should be several tenths of a
solar mass of Fe in this suspected Type Ia supernova
remnant. A low ionization state of Fe and a correspond-
ingly low Fe mass is consistent with the low Fe III/
Fe II \ 1.1^ 0.9 ratio measured by et al. fromBlair (1996)
HUT observations of the Fe III 1123 line in the spectrumA�
of the SM star. However, neither the present observations
nor the HUT data are yet conclusive.

Reobservation of the Fe III 1123 line at higher signal-A�
to-noise ratio with FUSE will be important in determining
the ionization state of unshocked Fe in SN 1006, and in
resolving the question, Where is the iron?

We would like to thank Bill Blair for helpful correspon-
dence on the HUT data, and Graham Harper and Mike
Shull for advice on respectively stellar and interstellar lines.
Support for this work was provided by NASA through
grant GO-3621 from the Space Telescope Science Institute,
which is operated by AURA, Inc., under NASA contract
NAS 5-26555.

APPENDIX A

IONIZATION TIMES IN NONÈSTEADY STATE

This Appendix demonstrates the assertion made in that the column density per interval of ionization time is reduced° 2.5,
compared to the steady state value if the density of shocked gas increases downstream, and vice versa. The main result is
equation (A7).

DeÐne a collisional ionization time q (not to be confused with optical depth) by the integral over time of the number density
n in a Lagrangian gas element, from the time when the gas element was Ðrst shocked, to the present time t :t

s

q4
P
ts

t
ndt . (A1)

The density n in the deÐnition of the ionization time is the ion density. One might think to use the electron density(eq. [A1])
rather than the ion density, since the collisional ionization is by electron impact, but in fact the electron-to-ion ratio is itselfn

edetermined by the ionization time, for any given initial ionization state, so there is no loss of generality in the deÐnition (eq.
[A1]).

It is useful to regard the shock age as a Lagrangian coordinate labeling di†erent gas elements. Then the ionization time qt
sof di†erent gas elements at Ðxed time t varies according to

Lq
Lt

s

K
t
\ [n

s
]
P
ts

t Ln
Lt

s

K
t
dt , (A2)

where is the postshock density at the time the gas was shocked. The minus sign in front of reÑects the fact that gasn
s

n
selements farther downstream were shocked at earlier times. If the pressure is spatially constant, which should be a good

approximation, and if the gas density varies adiabatically as the pressure changes in time, then the densities n in di†erent
elements vary with time in proportion to each other. It follows that the logarithmic derivative of density n with respect to the
Lagrangian coordinate is independent of time. It is convenient to denote this dimensionless logarithmic derivative by c :t

s

c(t
s
) 4 [ L ln n

L ln t
s

K
t
, (A3)



856 HAMILTON ET AL.

which is positive if the density at Ðxed time t increases downstream. Then becomesequation (A2)

Lq
L ln t

s

K
t
\ [n

s
t
s
[ cq . (A4)

Now consider the column density N contributed by gas elements shocked at di†erent times The rate at which mass M oft
s
.

ions mass m enters the shock at time when the shock radius is ist
s
, r

s
,

M0 \ [ dM
dt

s
\ 4nmr

s
2 n

s
presh v

s
\ nmr

s
2 n

s
v
s
, (A5)

the postshock density being 4 times the preshock density for a strong shock, The minus sign here arisesn
s
\ 4n

s
presh. [dM/dt

sbecause we choose to label the interior mass so that it increases downstream of the shock, in the direction of decreasingM(t
s
)

Mass is conserved in Lagrangian elements, and the column density N at time t when the shock radius is r varies with ast
s
. t
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4
, (A6)

which is diluted by the geometric factor compared to the column density at the time when the gas was shocked.r
s
2/r2 t

sComparing the column density (A6) to the ionization time (A4) shows that the column density per interval of ionization
time observed at a time t is

LN
Lq
K
t
\ r

s
2 v

s
4r2

1
[1] cq/(n

s
t
s
)]

, (A7)

which is the principal result of this Appendix. In steady state, reduces to Compared to steadyequation (A7) LN/Lq o
t
\ v

s
/4.

state, the nonÈsteady state column density per unit ionization time (A7) thus contains two factors discussed in the° 2.5,
geometric dilution factor and the density proÐle factor Since q and are always positive, this latterr

s
2/r2, [1 ] cq/(n

s
t
s
)]~1. n

s
t
sfactor is less than or greater than 1 depending on whether c, is greater than or less than zero. In other words, ifequation (A3),

the density n increases downstream, c[ 0, then the column density is reduced compared to steady state, and vice versa, as was
to be proved.
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