FTI99BARA. - Z3127 T575P0

Astron. Astrophys. 312, 525-538 (1996)

ASTRONOMY
AND
ASTROPHYSICS

NLTE models for synthetic spectra of type Ia supernovae

The influence of line blocking

A.W.A. Pauldrach!, M. Duschinger®!, P.A. Mazzali’, J. Puls', M. Lennon!, and D.L. Miller*

! Institut fiir Astronomie und Astrophysik, Scheinerstr. 1, D-81679 Miinchen, Germany

2 Max-Planck-Institut fiir Astrophysik, Karl-Schwarzschild-Str. 1, D-85748 Garching b. Miinchen, Germany

3 Osservatorio Astronomico, Via G.B. Tiepolo, 11, I-34131 Trieste, Italy

* Department of Physics and Astronomy, University of Pittsburgh, 3941 O’ Hara Street, Pittsburgh, PA 15260, USA

Received 12 September 1995 / Accepted 16 December 1995

Abstract. A method to compute a NLTE model of the atmo-
sphere of a type Ia supernova (SN Ia) near maximum light is
presented. The determination of the level populations is carried
out using detailed atomic models, and including all important
contributions to the rate equations: Thomson scattering, bound-
free (from ground and excited levels) and free-free opacities,
line absorption and emission processes. Dielectronic recombi-
nation is included. The spherical radiation transfer is solved at
up to 400 frequency points and 41 depth points. Finally, a syn-
thetic spectrum is computed using a formal integral solution of
the transfer equation based on a spatial microgrid.

It is found that the SN atmosphere is electron scattering-
dominated, and that the high velocity of the apparent photo-
sphere (~ 8000 km/s) is due to the pseudo-continuum opacity
created by the thick line forest which blocks the flux in the UV
and optical part of the spectrum. Increasingly more sophisti-
cated treatments of the process of flux blocking in the UV (line
blocking) are discussed. The necessity of treating the far-UV
flux correctly is demonstrated. Line blocking in the region 800
1300 A reduces the photoionization from the excited levels of
several important ions (e.g. Fe 11, Co 11, Si 11, Ca 11), thus de-
creasing the overall degree of ionization. This effect is clearly
seen in the synthetic emergent spectra.

Synthetic spectra obtained with the various methods adopted
for line blocking are shown, and compared to one another. When
line blocking is properly treated, the synthetic spectrum repro-
duces well the spectrum of the ‘normal’ SN Ia 1992A from the
UV to the near-IR.
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1. Introduction

Supernovae (SNe) are interesting objects in astrophysics be-
cause they represent the most drastic end-point of stellar evo-
lution. They feed back the heavy elements synthesized in stel-
lar interiors from the primordial H and He into the interstellar
medium and thus give rise to the process of chemical evolution
of galaxies. Because of their large energy release, SNe are very
bright events, and can be observed at cosmological distances.

Type Ia SNe (SNe Ia) appear to be the brightest SNe, and
to form the most homogeneous group both photometrically and
spectroscopically. Their light curve shows a rapid rise to maxi-
mum (15-20 days) followed initially by a fast drop and subse-
quently by an exponential tail, which is governed by the deposi-
tion of the y-rays produced by the decay of *Co. Their spectra
show no H lines, but rather a strong Si 11 line near 6100 A, and
lines of Fe 11, Co 11 and Ca 11. SNe Ia were soon identified as
potentially strong candidates for standard candles in cosmic dis-
tance studies. It is therefore extremely important to understand
the process giving rise to these objects and the properties of the
progenitor stars.

In the standard picture, SNe Ia are thought to be the result
of the explosion of CO white dwarfs (WDs) in binary systems,
the explosion occurring when the WD approaches the Chan-
drasekhar mass limit of 1.4M by accretion from an evolved
companion (Nomoto et al. 1984). The burning front is supposed
to proceed subsonically (deflagration wave), burning the core
matter into nuclear statistical equilibrium and producing about
0.7M¢, of 3Ni. Outside the °Ni core Intermediate Mass Ele-
ments (Si, Ca, S, Mg) are synthesized, while a thin outer CO
layer is supposed to remain unburned.

In recent years, a number of SNe Ia have been discovered
which do not fit the standard Ia description, especially from the
spectral point of view. In particular, SN 1991T showed before
maximum lines of Fe 1II rather than the usual Fe 11 and Si.11
ones, and was probably an overluminous object (Mazzali et al.
1995), while SNe 1991bg and 1986G were redder than normal
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and displayed spectral peculiarities which lead to the conclu-
sion that they are subluminous (Filippenko et al. 1992, Mazzali
et al. 1996, in prep.). Since these objects are identified as non-
standard mostly from their spectra, it becomes very important to
develop a model for the formation of SN spectra that describes
as accurately as possible all physical processes present in the
objects. This is at the basis of the present work.

For about one month after explosion the SN is in the ‘photo-
spheric’ epoch. This is the epoch when the density in the ejecta
is still high enough that a pseudo-photosphere appears to form,
while the expanding ejecta above that photosphere leave their
mark in the form of broad P-Cygni profiles, much as in the winds
of hot stars. The main difference here is that the expansion ve-
locities are very large (> 10000 km/s), while the photospheric
temperature is not so high (I" ~ 10000 K).

The spectra at this epoch contain useful information on the
energetics of the explosion (luminosity, velocity) and on the nu-
cleosynthesis in the intermediate and outer part of the WD, i.e.
in the shells that lie above the momentary pseudo-photosphere.
In the past, several groups have computed synthetic spectra for
SNe Ia in the photospheric epoch, all of them using some sim-
plifying assumptions: in particular, Branch et al. (1985) adopted
parameterized level populations to model SN Ia spectra, while
Jeffery et al. (1992) and Kirshner et al. (1993) used an LTE
code, none of which incorporated continuum transfer. Harkness
(1991) also assumed LTE conditions in his spectrum synthe-
sis calculations, but additionally included continuum transfer.
Nugent et al. (1995) calculated synthetic spectra for SNe Ia in
NLTE, but only for Ca 11, Mg 11 and Na 1. Hoflich (1995) also
performed a NLTE calculation, but considered only C 11, O 11,
Ne 1, Na1, Mg 1i, Si 1t S 11, Ca 11 and Fe 11. Finally, Mazzali
& Lucy (1993) used a quasi-NLTE model, where the radia-
tion transport was performed by means of a Monte Carlo (MC)
method.

In this work, we describe the computation of synthetic spec-
tra for SNe Ia using a NLTE code, which includes, in addition
to the inherent radiative transfer required for the computations
of the rate equations, a formal integral solution of the transfer
equation based on a spatial microgrid which is used to calculate
the synthetic spectrum. The code was developed to compute
consistent models for expanding envelopes of hot stars (Paul-
drach 1987, hereafter Paper III; Pauldrach et al. 1994, hereafter
Paper XII). In the following sections we discuss the basic con-
cept (Sect. 2) and how the code had to be adapted so that it
could deal with a SN atmosphere, extending the method already
outlined in Branch et al. (1991, hereafter ELBA) (Sect. 3). In
Sect. 4 we discuss the SN Ia against whose spectrum we com-
pare our models, SN 1992A, and its importance as a test of line
blocking calculations, and present the treatment of line blocking
in the UV. We then discuss (Sect. 5) the various methods used
to compute line blocking, and show the fits to the spectrum of
SN 1992A from the UV to the near-IR.
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Table 1. Summary of atomic data

Ion Number of Number  Total Total Lines
packed levels oflevels NLTE lines
Ci 36 88 284 11005
O1 48 184 534 18399
O 50 142 595 39206
O 11 50 118 565 26493
Mgu 26 52 104 3778
Sin 40 92 293 4560
Si 11 50 98 480 4046
S 50 138 592 27767
Canl 28 56 133 3067
Ti 50 136 509 56684
Ti 111 50 100 482 8786
Cr i1 50 160 321 221932
Crii 50 130 447 165517
Criv 50 134 486 63757
Mni 50 156 305 227761
Mn i1 50 158 364 223333
Fe 11 50 176 405 227550
Feir 50 150 246 264366
Co 11 50 140 482 189859
Comr 50 164 469 236656
Ni 11 50 152 419 129792
Niimr 40 112 281 133249

2. Basic concept

In order to compute synthetic SN Ia spectra we have adapted
our stellar wind code. This code is based on the concept of a
homogeneous, stationary, spherically symmetric outflow, which
describes the time average mean of most features in the UV
spectrum of hot stars, and was described in several papers (Paper
III, Paper XII). The analogy between a hot star wind and a SN
in the photospheric epoch is that in both cases the spectrum is
the result of the superposition on the photospheric continuum
of the spectral lines formed within an expanding atmosphere,
but there are important differences, which we list below.

First, in a SN the photosphere is actually not a physical
boundary, and is not constant in position (in both radius and
velocity coordinates) with time. Nevertheless, at any given time
snapshot the analogy can be made.

Secondly, in SN Ia ejecta the dominating elements are not H
and He, with their relatively simple atomic structure, but much
heavier ones, like O, Si, Fe, Co. In view also of the low tem-
perature in a SN atmosphere, it becomes very important then to
use accurate atomic models in the NLTE code even for singly
and doubly ionized species.

Thirdly, due to the large velocity gradients in a SN envelope
(v x 1), the UV part of a SN Ia spectrum, which is otherwise
almost free from continuous absorption (the redmost important
ground state ionization edge for the typical composition of the
SN Iaejectabeing Ca 11 at 1044A), is effectively blocked by the
superposition within the expanding envelope of the thousands
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of strong metal absorption lines. Since the SN is in a state of
homologous expansion, each point within the envelope sees all
the other points receding from it. Thus, a photon emitted at
the photosphere will be redshifted in the co-moving frame as
it moves outwards in the envelope, and it will be brought into
resonance with redder and redder lines. The number of such
lines can be very large, since the envelope matter can reach
velocities of the order of 20,000 km/s. In the UV, where the
metal lines crowd very densely, this line overlap becomes in
practice a source of continuum opacity. A UV photon can only
escape if it scatters its way out, becoming a redder photon, until
it finds a low-opacity window in the spectrum.

An appropriate treatment of such an effect is of great im-
portance for the computation of synthetic SN spectra, because
the blocking occurs just in the wavelength region where the
radiation emitted from the photosphere reaches its peak inten-
sity (photospheric temperatures are typically of the order of
10000 K near maximum light). The high velocities complicate
the problem compared to O stars, since the number of spectral
lines which are brought into resonance at different depths in the
envelope is much larger. On the other hand, the large velocity
gradient and the linear dependence of velocity on radius sim-
plifies the problem, since it does not favour a large line overlap
and makes the calculation of resonant surfaces much easier than
in the case of an accelerating flow, typical of stellar winds.

The effect of line blocking is to reduce the intensity of the
radiation field in the UV. An important difference is that in
SNe Ia the spectral region where the important line blocking
process occurs falls in the near UV (1000-3500 A), since the
photospheric temperature of a SN Ia near maximum' light is
cooler than in hot stars, and so the ionization regime is lower
and line blocking is due mostly to species such as Fe 11, Co 11,
Si 11. This spectral region is accessible to orbiting telescopes
(IUE, HST). In O stars, on the other hand, the strong blocking
occurs at A < 911 A, and such regions cannot be observed. The
observation of the flux in the line blocking region allows line
blocking calculations to be directly compared with observations,
instead of having to rely blindly on models.

Line blocking has an effect not only on the emergent spec-
tra but also, indirectly, on the level populations, since the rate
of ionization from excited levels occuring at wavelengths corre-
sponding to the line-blocked region is reduced. Thus, an iterative
scheme including line blocking is required to compute the level
populations and the radiation field consistently.

3. Method

The method used for our calculations was briefly described in
ELBA, and, for the O star case, in Paper XII. Here we discuss
the major improvements implemented since that work.

First we select velocity and density profiles from a SN ex-
plosion model (in our case the ‘standard’ deflagration model
W7(Nomoto et al. 1984)), then we solve iteratively the rate
equations in NLTE and the equation of radiative transfer in the
SN atmosphere using an Accelerated Lambda Iteration (ALI)
(Pauldrach & Herrero 1988).
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Fig. 1. Grotrian diagram of Si 11 as used in the calculations.

We now describe the main characteristics of the SN atmo-
sphere model needed to compute synthetic spectra that take the
SN physical conditions into proper account.

In a SN, the position of the photosphere changes with time
as the ejecta expand. Roughly speaking, a specific point (e.g.
Tross = 1) falls at a constant density, so that it moves deeper into
the ejecta (i.e. to lower velocities) with time. We adopt as an
inner boundary the diffusion approximation, and we compute
our model down to Tress ~ 10, which occurs almost at the centre
of the ejecta. In SN ejecta, in fact, the density does not become
very large at very low velocities since p(r) is a power law,
which is flatter than the exponential law that applies to stars.
All the important opacities and emissivities are included in the
calculation: Thomson scattering, bound-free (from ground and
excited levels) and free-free opacities and line absorption and
emission processes.

In the SN atmosphere the opacity due to lines from excited
levels is very important: the relatively flat density profile in a
SN favours the population of the excited levels, and, in gen-
eral, leads to a higher degree of ionization than is found in stars
of similar effective temperature, which have different effective
gravities and abundances. Photoionization from excited levels
is favoured over photoionization from the ground state because
the excited states absorb radiation from the optically thin part of
the spectrum. Consequently, and in contrast to photoionizations
from the ground state, the radiation temperature is much higher
than the local temperature, and photoionization from excited
levels proceeds efficiently. This is further enhanced since, with
the SN Ia atmosphere composition, there is a high abundance of
ions with high lying excited states from which photoionization
at optical wavelengths can occur. Then again it is important to
include very accurate atomic models. Our NLTE calculations
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were based on our revised set of atomic models, computed us-
ing the SUPERSTRUCTURE code (Eissner et al. 1974) as de-
scribed in Paper XII. We included the highly detailed models
(with accuracy £10%) described in Paper XII for the following
ions: O 1-111; C 1-1v; Si II-1v; S I-1V; Mg 11 and 1v; Ca I-1V;
Fe 111 and 1v; Co 111 and 1v; Ni 111 and 1v. Since we found that
the models by Kurucz (1992) are very similar to our calculations
for Ni 11 and 111, and are accurate to +20%, we used his models
for Fe 11; Co 11; Ni 11; Ti 11 and 111; Cr II-1V. In total, our line
list includes 5000 levels and more than 2,000,000 lines. In Ta-
ble 1 we recap our data, and in Fig. 1 we show a representative
Grotrian diagram for Si II that results from our calculations.

We use a static spherical grey temperature structure. In the
outer layers we fix the temperature at a constant value of about
6000 K, since otherwise it would decrease to arbitrarily low
values due to the nature of the spherical grey atmosphere. This
method describes the atmosphere of SNe Ia in sufficient detail,
since the conditions in the atmosphere depend mostly on the
radiation field.

The occupation numbers are determined by the rate equa-
tions containing collisional (C;;) and radiative (R;;) transition
rates. Apart from the lowest lying levels, where correct values
are used, the photoionization cross sections are approximated
as described in Papers III and XII. On the other hand, correct
dielectronic recombination rates are included.

Correct radiation transfer is necessary, since the radiation
field has the strongest effect on ionization and excitation, and
thus on the occupation numbers and on the line opacities. The
spherical transfer equation is solved, yielding the continuum
radiation field at up to 400 frequency points for 41 depth points,
including the deepest layers where the diffusion approximation
is applicable.

Our procedure is as follows:

a) Continuum. A first iteration cycle is performed using the
continuum opacities of the two most abundant elements, i.e.
silicon and oxygen. Then the entire mixed SN Ia composition
(9 elements: Si, O, C, S, Mg, Ca, Fe, Co, Ni, as given in ELBA
and derived from W7, plus other less abundant elements) is
used in a second iteration cycle until a converged radiation field
J,,(r) based on continuous opacity is obtained. Note here that
free-free absorption is never very important in the case of a SN.
Line opacity, which should be included at this stage, was kept
separate and dealt with as follows:

b) Lines. For the calculation of the radiative rates the
‘Sobolev with continuum’ approximation (Puls & Hummer
1988) is used throughout the envelope. This is a sound approx-
imation in a SN envelope, since the differential velocities at-
tained there are very large, much larger than in hot star winds
(Duschinger et al. 1995, Sellmaier & Pauldrach 1996, in prep.).
Note that during the final iterations a continuum radiation field
modified by line blocking (see below) is used in the Sobolev
approach.

c) Line blocking. After including the lines in the rate equa-
tions using an ALI, we compute the effect of line blocking.

The effect of the continuum opacity in the far-UV and of
the pseudo-continuum resulting from line blocking in the near-
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UV is to reduce the radiation field in those spectral regions,
and thus to decrease all upward radiative rates (b—f and b-b)
occurring at the corresponding frequencies. The intensity of
the radiation at a given frequency at any depth in the envelope
depends on the radiation input from the photosphere, as defined
by the continuum opacity, and on the extent of line blocking at
all depths in the atmosphere.

Due to the large velocity gradient in the envelope, only rel-
atively few lines (~ 10%) are sufficient to give an accurate de-
scription of the effective line opacity and emissivity. Such a line
reduction is performed by considering all the lines effective over
a certain velocity interval. This procedure is important because
the number of overlapping lines is otherwise very large, and is
used in the consistent treatment of line blocking discussed in
Sect. 5.3.

Since the correct treatment of line blocking requires lengthy
calculations and may give convergence problems, and since it
is not certain that line blocking is the only mechanism respon-
sible for the observed depression in the UV flux, we initially
simulated blocking with different methods, which can also be
used to set constraints on the radiation field and to see whether
the observed spectrum can be reproduced.

In one method, we looked at the emergent fluxes ob-
served in the spectrum of the prototypical SN Ia SN 1992A
and derived mean intensities J,, consistent with these values
(cf. Sect. 5.2.1). Since the observed energy distribution does not

‘cover the entire wavelength range important for line blocking,

we alternatively calculated J,, values consistent with a synthetic
spectrum computed with the MC code described by Mazzali &
Lucy (1993) in order to reproduce the spectra of another ‘stan-
dard’ SN Ia, SN 1990N (Mazzali et al. 1993) (cf. Sect. 5.2.2).
Finally, a calculation with an exact treatment of line blocking
was performed (cf. Sect. 5.3). In each case, the resulting val-
ues J,, have been used afterwards in the determination of the
radiative rates R;;.

d) Emergent spectrum. As a final step, a formal integral is
performed to compute the emergent spectrum. The procedure
adopted was described in Paper XII.

For the time being we are ignoring the ionizing effect of
the fast electrons produced by the ~y-rays from the decay of
56Ni and %Co. Although in the SN explosion model we have
adopted (W7) 3®Ni is expected to be synthesized only in the
deepest layers, which lie well below the photosphere at the time
of maximum, the probability that the y-rays escape to the enve-
lope before thermalizing is not negligible. Our present aim was,
however, to describe the conditions in the SN atmosphere glob-
ally, to understand the results of a NLTE treatment of the rate
equations and to assess whether our treatment gives us control
over the most important physical processes. If this were the case,
then we could analyze special effects such as the abundances
and their stratification.

4. Models for SN1992A

In the present paper, where we discuss the main features of
our model, we have tried to reproduce the observed spectrum
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Fig. 2. The Rosseland optical depth (7ress) With continuum opacity
only (solid line) and the optical depth for Thomson scattering (dashed
line) vs. velocity in the ejecta for the pure continuum model. The two
curves are indistinguishable.

of SN 1992A near maximum from the UV to the near IR. We
have adopted this object as our test case because it belongs to
the group of prototypical SNe Ia and because its spectrum is
available over a broad range of wavelengths.

SN 1992A was discovered in NGC 1380 in the Fornax Clus-
ter on 11 Jan. 1992 by Liller (1992), and observed with various
instruments. In particular, this was the first SN Ia to be observed
with the Hubble Space Telescope (Kirshner et al. 1993). The
HST UV spectra, together with simultaneous optical spectra,
give a coverage of the SN spectrum from 1630 to 8100A, which
is unprecedented for SNe Ia. The spectral evolution and the light
curve of SN 1992A are typical of SNe Ia (the optical spectrum
of SN 1992A is almost indistinguishable from that of the pro-
totypical SN Ia, SN 1981B). SN 1992A reached B maximum
on 19 Jan. 1992 at B = 12.6 mag. The SN light suffered from
very little reddening, and E(B-V) was estimated at 0.03 mag.
The (B-V) colour at B maximum was 0.0. The HST spectrum
of 24 Jan. 1992 corresponds then to an epoch 5 days after B
maximum, when SNe Ia are still well within the photospheric
epoch.

The importance of testing our model on a spectrum that in-
cludes the UV is obvious: since the UV is the spectral region
most affected by line blocking, our success in fitting the obser-
vations with a synthetic spectrum would show that our model
reproduces line blocking correctly.

As mentioned in the previous section, in our model we used
the rescaled density structure derived from the ‘standard’ de-
flagration model W7. We also used the elemental abundances
given by that model, but adopted an abundance mixing at
v > 8000km/s, since this is supposed to yield a better repro-
duction of the observed spectra (Branch et al. 1985).

In the next section we discuss the results of our calculations,
and how we refined our models to improve them.
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Fig. 3. The synthetic NLTE spectrum for the model without line block-
ing (dotted line) compared to the spectrum of SN 1992A (solid line).

5. Line blocking: the method and results
5.1. Pure continuum model

In our first model we ignored line blocking, i.e. we considered
only continuum opacity in the NLTE calculation. In Fig. 2 we
show the final run of TRess Vs. velocity in the envelope. The
TRoss Calculation extends downwards to < 1000 km/s, i.e. al-
most to the centre of the SN ejecta. Since the photosphere falls
typically at Tress = 1, we see that in the model the (time de-
pendent) pseudo-photosphere lies at v ~ 5000 km/s. This is
rather low when compared to the values typically used for this
epoch (Max + 5 days, i.e. t = 25 days after explosion), which
are vpp, ~ 7500 km/s. This result is easily understood since the
contribution of the lines to the opacity is not considered in this
pure continuum model. Note that throughout the atmosphere
(except for the very deepest layers with 7poss > 10) Thomson
scattering is the exclusive contributor to the (pure continuum)
Rosseland optical depth (dashed curve in Fig. 2). Line opacity
makes an important contribution to the total opacity in a SN
atmosphere at early times, especially in the B and UV regions,
where it shifts the pseudo-continuum outwards. In fact, since
lines form typically at Tgess ~ 0.1 — 0.3, it is clear from Fig. 2
that the lines will form at v > 8000km/s. In those spectral
regions where line overlap effectively forms a continuum, vy,
will indeed be close to that value. Note that in this model the
presence of the lines was only considered in the final formal
integral calculation.

In Fig. 3, we show the synthetic spectrum obtained for the
model without line blocking: not only does the model spectrum
not reproduce the flux in the UV, as could be expected, but in
the optical the observed line features are not reproduced either.
The two strongest features in the synthetic spectrum are due
to Fe 111 lines, which indicates that the ionization is too high
because of the excessive UV flux. Actually, these features were
dominant in the pre-maximum spectrum of SN 1991T, an over-
luminous SN Ia where the ionization was consequently higher
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Fig. 5. The synthetic NLTE spectrum for the empirical line blocking
case (a) (dotted line) compared to the spectrum of SN 1992A (solid
line). Note that the strong absorptions in the region from ~ 4000—5300
A are mainly due to iron group elements.

than in normal SNe Ia (Mazzali et al. 1995). This confirms the
importance of line blocking in the UV and B regions.

5.2. Empirical line blocking
5.2.1. Constraints form the observations

In this method the contribution due to line blocking is considered
in the wavelength region where the ‘true’ continuum is optically
thin down to the deepest layers, by simulating line opacities and
emissivities in such a way that the calculated emergent spectrum
is consistent with the observed one (the procedure is described
in the Appendix). In this approach, the line opacity is assumed
to be a function of frequency and proportional to the density,
and the two-level approximation is used for the emissivity. In
this way, the opacity term due to strong lines is just an extra
additive term to the continuous opacity (see Appendix). Note
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Fig. 6. The synthetic NLTE spectrum for the empirical line blocking
case (b) (dotted line) compared to the spectrum of SN 1992A (solid
line).

that the diffusion approximation is still used. This backward
scheme makes the most of the observations, and is ideal to ver-
ify whether line blocking alone can diminish the discrepancy
between the synthetic and the observed spectra, especially in
the UV. Its validity can be verified by checking whether the
temperature, ionization and excitation in the atmosphere which
yield a good reproduction of the line-blocked UV flux do the
same with the visible part of the spectrum, where line block-
ing is not so important. The method has the advantage that the
amount of line blocking included is guaranteed to be of the cor-
rect order, and so it gives also an important constraint for the
exact method, which we describe in Sect. 5.3.

When we introduce line blocking from the observed spec-
trum as described above, we do not know how the spectrum
behaves below 1600 A. So, we performed two numerical exper-
iments, where we simulate the behaviour of the spectrum below
1600 A. In the first case (a) we assume that the flux drops to
zero rapidly below 1600 A. In case (b), on the other hand, we
assume that the flux rises somewhat between 1300 and 800 A,
for reasons that will become clear below.

Below 800 A, the continuum becomes optically thick in
both cases due to bound-free opacities. In Fig. 4 we show the
behaviour of the emergent radiation temperatures Tr () as the
two line blocking approximations are introduced in turn. From
Fig. 4itis clear that line blocking is definitely the most effective
source of opacity between 1300 and 3500 A, and that our two
different line blocking appoximations affect mostly the region
between 800 and 1300 A. The two different assumptions for
the far-UV flux lead to somewhat different ionization structures
and different emergent spectra. In particular, in case (a) the
radiation temperatures are modified so that the ionization edges
of the Ca 11 ground state and lowest lying excited states make
the continuum optically thick, while in case (b) they do not.
Note that the rise of the Tk values for A < 800 A in case (a) is
due to the fact that no simulated line opacities are included in
the continuum radiation transport calculations below the Mg 11
ground state edge (824 A) (see above).
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Fig. 7. The ionization fraction vs. velocity in the ejecta for some of the most important ions in a SN Ia spectrum. The curves represent: LTE
(long dashed); NLTE continuum opacity only (short dashed); NLTE empirical line blocking case (a) (dotted); NLTE empirical line blocking

case (b) (solid line).

The synthetic spectra we obtained are shown in Figs.5 and
6, respectively. The introduction of line blocking allows the
observed average flux level to be reasonably well reproduced
at all spectral regions in both cases, but the detailed agreement
with the spectral features is not very good. In particular, for case
(a), lines due to Fe-group elements are not well reproduced in
the optical part of the spectrum. If we compare the ionization
structure for this model above 10,000 km/s (Fig. 7, dotted lines)
with the equivalent SN 1990N model by Mazzali et al. (1993,
Figs. 6 and 8), which reproduced the observed optical spectrum
well, we see that the fraction of singly ionized (respectively
neutral) species of all the main elements (Fe, Co, Ni, Si, S, Ca)
is larger in the case (a) model by factors between 10 for Si
and 10* for Ca and O. The low degree of ionization explains
the strength of the Ca 11 and Si 11 lines and of the Fe 11 lines

near 5000 A, and is due to the lack of exciting and ionizing UV
photons. Therefore this approximation is too extreme, too much
blocking is assumed and the ionization is too low.

As we have shown in Sect. 5.1, neglecting UV line block-
ing leads to an excessively high UV flux, and to a higher—
than—observed degree of ionization, but including too much line
blocking, as in case (a) above, gives the opposite result, i.e.
not enough flux and lower—than—observed ionization. In case
(b), where a smaller empirical line blocking is adopted in the
far UV, photoionization from excited levels of species such as
Si 11, Ca 11, Fe 11, Co II can take place to some extent due to the
stronger radiation field (see Fig. 4). This change has important
consequences for the degree of ionization. The net result is that
in this model the ionization degree is higher than in case (a),
although not as high as in the model where blocking was ig-
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nored altogether. In Fig. 6 we show the synthetic spectrum for
case (b). The improvement with respect to the case (a) spectrum
is clear. Overall the synthetic spectrum resembles the observed
one, although problems still remain, such as the weakness of
Ca 11 H&K and of most UV features.

In addition to the case (a) ionization fractions, Fig. 7 also
displays the corresponding numbers for the two other models
described above as well as the LTE case. Note that in case
(a) the rapid transition in the ionization of Ca, O and Fe near
10,000 km/s is due to the presence of the boundary of the Ca 111
Stromgren sphere: recombination of Ca 11t into Ca 11, which has
the redmost ground state ionization edge (1044 A) among the
important ions in the SN Ja composition, leads to an optically
thick Ca 1I continuum (see Fig. 4), and consequently to the re-
combination of those ions whose ground state ionization edges
lie close to that of Ca 11, i.e. Fe 11 (767 A) and O 1 (911 A).
In both of these cases, ionization from excited levels is mostly
affected by the presence of the optically thick continuum be-
tween 800 and 1300 A. The jump in ionization occurs for Si 11
(ground state ionization edge at 759 A) as well, but is less no-
ticeable since this ion is not so depleted in the deeper layers of
the atmosphere.

The general effect of line blocking on the ionization struc-
ture is clearly visible: the diminished radiation field tends to
shift the ionization fractions from the ‘high—ionization-regime’
of the pure continuum model to the ‘low—ionization-regime’ of
the LTE case. In the outer atmospheric layers case (a) even lies
clearly above the LTE case.

In case (b), on the other hand (solid lines in Fig. 7), the
ionization is only somewhat lower than in the unblocked model
(short dashed lines in Fig. 7) and, with the exception of Si 11,
distinctly higher than in the LTE case.

One general conclusion is that our empirical blocking model
(b) at least reproduces the position of the photosphere, since the
average flux level is everywhere well reproduced, but that a
more consistent treatment of blocking is required to determine
the ionization structure, since we have no observations for the
important line-blocking region below 1600 A.

5.2.2. Constraints from the MC spectrum synthesis model

In order to overcome this problem, we have adopted as a refer-
ence flux the result of a model calculation, which was performed
by Mazzali et al. (1993; see Sect. 3). We used this MC-model
because it has proved able to give good fits to optical spectra
from the photospheric epoch of SNe Ia.

In the MC-model, the radiative equilibrium calculation
yields the radiation temperature 71,4 as a function of radius. Ne-
glecting the influence of y-rays, the electron temperature T(r)
is set to 0.9 T;,q4(r). These values are used to calculate the ion-
ization and excitation state of the envelope gas, where the level
occupation numbers are computed in the nebular approximation
(Abbott & Lucy 1985). The effect of line blocking on the ioniz-
ing UV continuum is also considered (Mazzali & Lucy 1993),
and, together with the emerging spectrum, is computed with a
MC method. Line formation is assumed to occur by coherent
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Fig. 8. The synthetic NLTE spectrum for the model using the original
MC spectrum as a reference flux and an extended photosphere (dotted
line) compared to the spectrum of SN 1992A (solid line).
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Fig. 9. The synthetic NLTE spectrum for the model using the original
MC spectrum as a reference flux and a one-point photosphere (dotted
line) compared to the synthetic MC spectrum (dashed line) and to the
spectrum of SN 1992A (solid line).

scattering, and the Sobolev approximation is assumed to hold.
Relativistic radiative terms of O(v/c) are included.

In Fig. 8 we compare the observed spectrum of SN 1992A
with our NLTE spectrum, where we have used the above men-
tioned MC energy distribution as a reference flux for our line
blocking calculations. However, our temperature structure was
computed as described in Sect. 3. (Note that this was necessary
since the MC model assumes a sharp photosphere (falling at
TRoss ~ 2/3), and does not give T values at lower velocities, but
these are needed for the NLTE calculation with an extended pho-
tosphere. The one-point photosphere assumption in the Monte
Carlo model also leads to an increased temperature gradient
above the photosphere, since the rise to high temperatures in
deep layers has to be realized at and above the photosphere in
this model.)

The low UV flux below 2700 A clearly shows that the NLTE
spectrum overestimates line blocking. This in turn affects the
ionization structure, so that several optical features are not well
reproduced. Overall, the ionization appears too low (lines of
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Fig. 10. The synthetic NLTE spectrum for the model using the improved
MC spectrum as a reference flux and a one-point photosphere (dotted
line) compared to the synthetic MC spectrum (dashed line) and to the
spectrum of SN 1992A (solid line).
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Fig. 11. The synthetic NLTE spectrum for the model using the improved
MC spectrum as a reference flux and an extended photosphere (dotted
line) compared to the spectrum of SN 1992A (solid line).

Ca 11 and Fe 11 are strong, while S 11 is weak), and the synthetic
spectrum resembles that of case (a) above (cf. Fig. 5).

In order to investigate the reason for these discrepancies,
next we calculated a NLTE model with a one-point photosphere
— as in the MC model —, hence also keeping the temperature
structure of the MC model. The resulting spectrum is shown
in Fig. 9(dotted line). The results are very similar to the MC
(dashed line) as well as to the observed spectrum in the optical
part. In the near-UV the flux level is still reasonable, but the
detailed agreement of the observed features is poor. At A < 2500
A, on the other hand, where Fe 11 and Co 11 lines dominate,
neither the continuum level nor the lines are well reproduced
by the model. This shows that the blocking calculated with the
MC model is too strong (note that the flux depression is even
more pronounced in the MC model).

This is the case because the excitation and ionization in the
MC model are based on the assumption of an optically thin ion-
ization continuum (i.e. the depression due to continuum opacity
is neglected). Using the experience acquired from the empirical

533

8000 T T T T T T

7500

7000

6500

6000

5500

Radiation temperature (K)

5000

4500

4000

1500 2000 2500 3000 3500 4000
Wavelength (A)

0 500 1000

Fig. 12. The emergent radiation temperature (Tx) as a function of wave-
length in the NLTE models with the energy distribution of the MC
models as a reference flux and an extended photosphere: dashed line:
original MC model; solid line: improved MC model.

blocking calculations in Sect. 5.2.1, which clearly showed that
the ionization continuum becomes optically thick at A < 1500 A
due to line blocking, and is greatly reduced below about 3000 A,
and applying the modified ionization equation given by Mazzali
& Lucy(1993) in their Eq. 18, we computed a new MC model,
where we assumed that the transition from the optically thin to
the optically thick continuum occurs at 2800 A.

When this new approximation is introduced, the synthetic
MC spectrum improves greatly in the UV, as shown in Fig. 10
(dashed line). The optical part, on the other hand, is not very
much affected. The NLTE synthetic spectrum obtained using
this improved MC spectrum and a one-point photosphere with
the MC temperature structure (dotted line in Fig. 10) is sub-
stantially better in the UV than the spectrum obtained with the
original MC spectrum (cf Fig. 9). It resembles the MC spectrum
closely, but in the UV the flux is somewhat too high and the lines
are not sufficiently strong, while in the optical the agreement is
of the same quality.

However, even the improved MC model probably overes-
timates line blocking, as shown by the fact that the MC syn-
thetic spectrum is completely blocked below 1500 A. This is
more clearly illustrated by Fig. 12, where the run of the emer-
gent radiation temperatures Tr(A) vs. A as obtained from the
NLTE models with extended photospheres based on the origi-
nal (dashed line) and the improved (solid line) MC spectrum are
shown. (Note that due to the resulting zero fluxes in the region
between ~ 800 and 1300 A in both MC models (horizontal bar
in Fig. 12), no information can be inferred concerning the cor-
rect value of flux reduction in this important wavelength range.)

The NLTE spectrum obtained using the improved MC fluxes
with an extended photosphere, shown in Fig. 11, still suffers
from problems in the ionization structure, similar to the em-
pirical blocking model (a) (Fig. 5) and to the model computed
with the original Monte Carlo fluxes and an extended photo-
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Fig. 13. Wavelength dependent distribution of the lines before (upper
panel) and after (lower panel) the line reduction. The plotted quantity
‘line strength’ is defined as the ratio of the frequency integrated line
opacity to the Thomson opacity.

sphere (Fig. 8). This indicates that the NLTE model with the
extended photosphere yields a lower degree of ionization com-
pared to the NLTE model with the one-point photosphere. The
reason for this behaviour has to be attributed to the inconsis-
tent treatment of the photospheric region: the photosphere is
correctly calculated in the former NLTE case, but is reduced to
the simplest case for the computation of the emergent radiation
temperatures obtained from the MC model.

5.3. Consistent blocking

Given the various problems mentioned in the previous sections,
it was clear that a model where line blocking is included ex-
plicitly had to be computed. The first step in this direction is
to perform a line reduction which allows a reasonable num-
ber of lines (typically the 200 strongest per overlap interval
Av/v = 2up/c) to be treated without loss of significance
in the total opacity calculation. Fig. 13 shows the distribution
in frequency of the lines before and after the line reduction.
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Fig. 14. Converged solution of the blocking factors (J C+L /J €y as
a function of wavelength at 3 depths in the ejecta: near the effective
photosphere (6,500 km/s, dotted curve), very deep in the ejecta (2,000
km/s, dashed curve) and very far out (20,000 km/s, solid curve).

Secondly, instead of computing mean opacities and emissivi-
ties over the various frequency intervals, we calculated mean
intensities (J,,C*L) 7 in the formal integral (accounting for all
contributing opacities, i.e. continuum and lines), since this ap-
proach avoids the disadvantages of opacity averaging. These
values are then used in the NLTE code iteratively. This proce-
dure is incorporated in our ALIL

The implementation of the (JS*+L); values with line block-
ing is performed using ‘blocking factors’. In practice, the mean
intensities obtained as described above are divided by the
(J$)°! values from the previous iteration of the NLTE code
including only the continuum opacity. We then adopt a ‘modi-
fied’ radiation field computed as:

JEEs

mod
& gy @

(JC’)new

where (J$)™*¥ is the radiation field obtained in the present
ALI cycle with the actual NLTE continuum opacities (of course
now without any additional simulated contributions). Using this
modified radiation field, new radiative rates R;; (both contin-
uum and lines) are calculated, and the resulting NLTE occupa-
tion numbers are used in the next solution of the formal integral.
This procedure is iterated until convergence (see below).
Clearly, at practically all wavelengths (and except for the
innermost atmospheric layers), J+' < JC. Fig. 14 shows the
converged solution of the ratio JE+£ / J€, (‘blocking factors’) in
the UV and optical at 3 different velocities in the ejecta: near the
effective photosphere (6,500 km/s, dotted curve), very deep in
the ejecta (2,000 km/s, dashed curve) and very far out (20,000
km/s, continuous curve). At very low velocities the UV con-
tinuum is optically thick, due mostly to excited level ionization
edges, and the lines have a negligible influence, so J¢*F ~ JC.
Near the photosphere the effect of blocking is clearly seen: at
A~ 20004, JC*E/JC ~ 0.2. This means that the lines have a
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Fig. 15. The Co 11 ionization fraction vs. velocity in the ejecta as a test
of the convergence of the iteration: the two dashed curves represent the
initial ionization structure, depending on the adopted starting approx-
imation: full blocking (long dashed); no blocking (short dashed). The
solid curve is the result in both cases.

dominating effect. Going towards optical wavelengths, though,
line blocking decreases, and again J¢*~ ~ J. The contribu-
tion to the continuum opacity is from excited level ionization
edges, as already shown in Fig. 4. Finally, very far out in the
ejecta, the continuum opacity is negligible due to the low den-
sity, and the JE*£/J€ ratio reflects just the density of strong
lines (cf. Fig. 13), so it lies below the per cent level in the UV,
where line blocking is very efficient, and has a value ~ 0.5 in
the blue, since the lines do not totally absorb the radiation field.

The reader may note that in the iteration scheme conver-
gence is achieved regardless of the starting approximation, as
shown in Fig. 15, where we plot the result for the Co 11 ioniza-
tion fraction: the two dashed lines correspond to two different
initial blocking assumptions: fully blocked (short dashed), i.e.
low ionization; unblocked (long dashed), i.e. high ionization.
The continuous line, which is actually the superposition of two
almost identical curves, is the result in both cases. The resulting
spectrum is shown in Fig. 16. The agreement with the obser-
vations is indeed quite good, especially considering that this is
only a first result, where parameters have not been tuned. Both
the flux level and most line features are now reasonably well
reproduced throughout the spectrum.

Finally, in Fig. 17 we show the behaviour of the ionization
of the same elements as above. Compared with the results of the
empirical blocking models (Fig. 7), we find that the tendency
to lower the degree of ionization is even more pronounced in
the model with consistent blocking. This affects in particular
ions like Fe 11, O 1, Ca 11. On the other hand, comparing these
plots with Figs. 6 and 7 in Mazzali et al. (1993) shows that
the ionization results are very similar for the region above the
photosphere.
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Fig. 16. The synthetic NLTE spectrum for the consistent blocking
model (dotted line) compared to the spectrum of SN 1992A (solid
line).

6. Conclusions

We have presented our method to calculate synthetic early-time
spectra of SNe Ia. Besides a detailed NLTE treatment, we have
considered explicitly the effect of line blocking. Our models
have been computed using the best available atomic data and
all important contributions to the rate equations, and a very fine
frequency grid for the solution of the transfer equation to yield
the emergent spectrum.

We have shown that the SN Ia atmosphere is electron
scattering-dominated, and that line blocking is a very impor-
tant contributor to the opacity, especially in the UV. Moreover, it
turned out in our calculations that a correct treatment of the pho-
tosphere is fundamental for a realistic computation of the ioniza-
tion structure and that the apparent high—velocity—photosphere
in the SN at early times is due to the line-blocking—induced
opacity, since the continuous optical depth only reaches values
close to unity at large depths in the ejecta (v ~ 5000 km/s), even
at an early epoch. We also found that the effect of NLTE on the
ionization structure obtained from calculations neglecting line
opacities are quite drastic (up to six dex in the ionization frac-
tions of low ionization stages, e.g. O I), whereas the effect of
line blocking is to extend the effectively optically thick part of
the spectrum to wavelengths up to A ~ 13004, thus reducing
the ionization from the excited levels of several important ions
(e.g.Fe 11, Co 11, Si 11, Ca 11, O 1) and hence reducing the NLTE
effect. This has the misleading consequence that LTE seems to
be not too bad an approximation.

We have shown that various empirical treatments of line
blocking can yield a reasonable synthetic spectrum, but that
they depend heavily on the approximation used for the flux in the
unobserved far-UV, between 800 and 1300A.. Inaccuracies in the
treatment of line blocking can lead to very different results with
respect to the ionization structure and the emergent spectrum.

Emergent radiation temperatures from models based on the
synthetic spectra computed with a MC code, which assumes a
one-point photosphere, also have shortcomings. The transfer of
these data to the extended photosphere case is not successful,
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Fig. 17. The ionization fraction resulting from the consistent blocking model vs. velocity in the ejecta for some of the most important ions in a
SN Ia spectrum. For each element, the solid line represents the lower of the two ionization stages shown, as marked in the header.

because line blocking in the far-UV at low ejecta velocities
(below the position of the MC photosphere and below 1500 A)
is overestimated and the Troes = 1-point is therefore reached too
far out in the ejecta.

Only a model where line blocking is dealt with in a consis-
tent form predicts a reasonable ionization structure. In this case
the emergent NLTE spectrum reproduces the spectrum of the
‘standard’ SN Ia 1992A quite well from the UV to the near-IR.

However, there is still some way to go in order to obtain
‘realistic’ spectra of SNe Ia:

— The proposed chemistry and density structure of realistic
explosion models should be applied.

— The ionizing effect of the fast electrons produced by the
7y-rays from the decay of **Ni and **Co should be treated

properly.

In the next step our method will be improved in order to over-
come these shortcomings.
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Appendix A: the empirical line blocking method

Here we present the principles of our approximate treatment of line
blocking, which is based on the simulation of the line opacities and
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emissivities as constrained by the observed or synthetic MC spectrum

(see Sect. 5.2). Starting from the assumption that the line opacities are

linearly proportional to the electron density (n.):
b

XY = ayne, (AD)

spatially constant factors a, are defined which are a function of fre-

quency only. Using the two-level approximation, the source function
is given by:

Se=€eB,+(1 —¢)J,, (A2)
with
!
€
= A
¢ 1+¢€ (43)
and
hv
¢ =(1 - ek Cul (A%)
Aul

where the ratio of the collisional deexcitation rate (C,;) and the Einstein
spontaneous emission probability (A,;) can be expressed in terms of
the Van Regemorter (1962) formula:

Cu _ me 10339

A—ul' = T1/2 —'—U/c3 . (AS)

Thus, for given factors a, the line opacities and emissivities

m’ =Xy Se (A6)
can be treated as additional terms in a second step of the continuum
radiative transfer.

However, for all frequency intervals where line blocking domi-
nates, mean values of the factors a,, have to be calculated in advance
by means of an approximate solution of the radiative transfer equation,
where the diffusion approximation is required at the lower boundary
and the observed values of the UV flux have to be taken as an outer
boundary condition so that they can be reproduced as the output of
the correct continuum radiative transfer after the introduction of the
blocking factors.

For the approximate solution we consider the second moment of
the radiative transfer equation:

0K, + l(3 K, - J,)=—k,H,,
or r

(A7)

and use for the first three moments (J,,, H,,, K, ) of the specific intensity
(1) the simplifying quadratures proposed by Lucy (1971), which give:

K, = %(Ju +2u.H,) (A8)

with

pe = (1= (R/T)H'?, (A9)
where R is the innermost radius in the model.

Elimination of K, and substitution of the derivative of H, with
the first moment of the transfer equation then gives:

aJ,

or

2R px 2
2

O — B i) + Ho(—— +35, %) (A10)
T L x
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withz = R/r.

In the blocking dominated part of the atmosphere the right hand
side of the above equation can be approximated by the last term,
and apart from Thomson scattering, continuous absorption can be ne-
glected. Integrating and using Eq. A1 we obtain:

AJ, ~ By(T(wa)) — onBu(ﬂad) =~ BV(T(fo))

Trp
=3R(a, + ae)/ %nedm (ALD)
Zo

where W (z) = 3(1 — p.) is the geometrical dilution factor, Tt
is the radiation temperature of the emergent (observed) flux in the
considered interval, o is the Thomson cross section, zo is the outermost
point and 7y is the optical depth which separates the regime where the
diffusion approximation can be applied from that where we assume
an optically thin continuum. Due to the latter assumption, H, can be
approximated by

Hy(z) = * (ﬂ)2 2 BT

7 (A12)

where R, refers to the photospheric radius. Eq. A12 allows us to rewrite
Eq. All for a, /o as

z -1
@ _ B.(T(z.)) (3Ry [*71
0. " Buw) \4R [, ") 7!

(A13)
After evaluating Eq. A13 according to 73, the continuum radiative
transfer can be solved correctly. In order to reproduce the pre-specified
emergent fluxes (Trq) in the line-blocking—dominated part sufficiently
well —i.e. within a few percent — the uniform value 7y is adjusted iter-
atively. Depending on the model, values between 3 and 8 are obtained
for 7¢.
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