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ABSTRACT

We discuss the cosmic history of supernovae on the basis of various assumptions and recent data on
the star formation history. We show that supernovae rates as a function of redshift can be used to place
significant constraints on progenitor models, on the star formation history, and on the importance of
dust obscuration. We demonstrate that it is unlikely that the current observational indications for the
existence of a cosmological constant are merely an artifact of the dominance of different progenitor

classes at different redshift intervals.

Subject headings: binaries: close — cosmology: observations — stars: formation — supernovae: general

1. INTRODUCTION

The interest in the cosmic history of supernovae stems
from several sources. First, core-collapse supernovae (Types
IT and Ib/c) directly follow the star formation history and
some of them may be related to gamma-ray bursts. Second,
Type Ia supernovae (SNe Ia) are being used as the primary
standard candle sources for the determination of the cosmo-
logical parameters Q and A (e.g., Perlmutter et al. 1999;
Riess et al. 1998). Third, a comparison of SNe Ia rates (for
the different models of their progenitors) with observations
may shed light on both the star formation history and on
the nature of the progenitors (e.g., Yungelson & Livio 1998;
Madau 1998a). Finally, the counts of distant SNe could be
used to constrain cosmological parameters (e.g., Ruiz-
Lapuente & Canal 1998). As a consequence of the above,
studies of cosmological SNe are among the primary targets
for the Next-Generation Space Telescope (NGST), which
presumably will be able to detect, with proper filters, vir-
tually all the SNe up to a redshift z ~ 8.2

In the present study we combine data on the precursors
of SNe Ia in our Galaxy with data on the cosmic star forma-
tion rate in an attempt to analyze the frequency of events as
a function of redshift.

In view of the uncertainties that still exist concerning the
cosmic star formation history, we use two types of inputs to
characterize the star formation rate (SFR). In the first, we
use profiles inferred from deep observations (e.g., Madau,
Panagia, & Della Valle 1998). In the second, we use a step-
wise SFR that includes a burst of star formation and a
subsequent stage of a lower SFR. In the latter case the star
formation history is parameterized by the duration of the
starburst phase and by the fraction of the total mass of the
stellar population that is formed in the burst.

The different scenarios for SNe Ia are briefly discussed in
§ 2. The basic assumptions and model computations are
presented in § 3 and § 4, and a discussion and conclusions
follow.

2. THE PROGENITORS OF SUPERNOVAE Ia

The observed SNe Ia do represent somewhat of a mixture
of events, with a majority of “normal” ones and a small
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minority of “peculiar” ones (see e.g., Branch 1998, and ref-
erences therein). A more moderate diversity is present even
among the “normals.” There exist certain relations between
the absolute magnitudes and light-curve decline rates and
the morphological types of the host galaxies (e.g., Branch,
Romanishin, & Baron 1996; Hamuy et al. 1996). This may
suggest a possible diversity among the progenitors of SNe
Ia (see, e.g., review by Livio 1999).

On the theoretical side, SNe Ia are very probably ther-
monuclear disruptions of accreting white dwarfs. Two
classes of explosive events are generally considered in the
literature. The first involves central ignition of carbon when
the accreting white dwarf reaches the Chandrasekhar mass
Mg, = 1.4 M. In the second, the ignition of the accreted
helium layer on top of the white dwarf induces a compres-
sion of the core that leads to the ignition of carbon at
sub-Chandrasekhar masses (these are known as edge-lit
detonations or ELDs). Parameterized models for the events
in the former class are able to reproduce most of the typical
features of SNe Ia, while ELD models encounter a few
serious problems when confronted with observations (see,
e.g., Hoflich & Khokhlov 1996; Nugent et al. 1997; Branch
1998; Livio 1999 for a discussion and references). On the
other hand, binary evolution theory clearly predicts situ-
ations in which helium may accumulate on top of white
dwarfs (see, e.g., Branch et al. 1995; Yungelson & Tutukov
1997). It is presently not entirely clear whether ELDS
indeed do not occur in nature, or whether they are
responsible for a subset of the events (e.g., the subluminous
ones). However, both the existing diversity in the observed
properties of SNe Ia and the uncertainties still involved in
theoretical models suggest that it is worthwhile to explore
all the possible options.

The occurrence rate of SNe Ia inferred for our Galaxy is
~1073 yr~ ! (Cappellaro et al. 1997). There are three evolu-
tionary channels in which, according to population synthe-
sis calculations, the realization frequency of potentially
explosive configurations in the disk of the Milky Way is at
least at the level of 10~ # yr ~ 1. These are the following:

1. Mergers of double degenerates resulting in the forma-
tion of a M 2 M, object and central C ignition. The
channel involves the accretion of carbon-oxygen.

2. Accretion of helium from a nondegenerate helium-rich
companion at a rate of M ~ 10~ 8 M yr !, resulting in the
accumulation of a He layer of ~(0.10-0.15) M, and an
ELD.
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F1G6. 1.—Evolutionary scenarios for the most “ productive ” potential progenitors of SNe Ia. Ch: accumulation of a Chandrasekhar mass by a white dwarf
and central carbon ignition. ELD: accumulation of 0.15 M, of He on top of a sub-Chandrasekhar mass white dwarf. See text for details.

3. Accretion of hydrogen from a (semidetached) main-
sequence or evolved companion. The burning of H may
result either in the accumulation of M, and central C igni-
tion or in the accumulation of a critical layer of He for an
ELD.

The positive aspects and drawbacks of these channels
were discussed in detail elsewhere and also by other authors
(e.g., Tutukov, Yungelson, & Iben 1992; Branch et al. 1995,
Iben 1997; Ruiz-Lapuente et al. 1997; Yungelson & Livio
1998 ; Hachisu, Kato, & Nomoto 1999; Livio 1999). Here
we present for “pedagogical” purposes a simplified flow-
chart that illustrates some of the evolutionary scenarios
that may result in SNe Ia (Fig. 1). Other channels may
definitely contribute to the total SNe Ia rate, but they are
either less productive or they involve large uncertainties (see
also §5).

In a typical scenario, one starts with a main-sequence
binary in which the mass of the primary component is in the
range ~(4-10) M. The initial system has to be wide
enough to allow the primary to become an asymptotic giant
branch (AGB) star with a degenerate CO core. After the
AGB star overfills its Roche lobe, a common envelope
forms. If the components do not merge inside the common
envelope, the core of the former primary becomes a CO
white dwarf. The subsequent evolution depends on the
separation of the components and on the mass of the sec-
ondary. If the latter is higher than ~4 M, and the second-
ary fills its Roche lobe in the AGB stage, then following a
second common envelope phase, a pair of CO white dwarfs
forms. The two white dwarfs may merge because of systemic

angular momentum losses via gravitational wave radiation.
As a result, a Chandrasekhar mass may be accumulated,
leading potentially to a SN Ia (scenario 1).

If the mass of the secondary is above ~2.5 M and it fills
its Roche lobe before core He ignition it becomes a compact
He star. If inside the common envelope the components get
sufficiently close, the He star may fill its Roche lobe in the
core He burning stage and transfer matter at a rate of
~107% M yr~!'. The accumulation of He on top of the
white dwarf may result in an ELD (scenario 2).

Finally, if the mass of the companion to the white dwarf is
below ~(2-3) M, the companion may fill its Roche lobe
on the main sequence or in the subgiant phase. Such a star
could stably transfer matter at a rate that allows for the
accumulation of M, or of a critical-mass He layer
(scenario 3).

Below we refer to all the potentially explosive situations
listed above as “SNe Ia,” in spite of the fact that it is not
entirely clear whether most of these configurations actually
result in a SN (see, e.g., Livio 1999). We should note that
while the above quoted masses are only approximate, the
uncertainties are not such that they can change the expected
rates significantly.

A special remark has to be made concerning the exclu-
sion of symbiotic stars. Yungelson et al. (1995) have shown
that the accumulation of M, in these systems occurs at a
low rate: ~107> yr~! (see, however, discussion in § 5). The
accumulation of 0.15 M of He via H burning occurs at a
rate of ~10~% yr~ !, but the accretion rate is typically high,
and hence, one would normally not expect an ELD to
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ensue. Rather, weak helium flashes may occur. A cautionary
note has also to be made concerning ELDs that under
certain sets of parameters have an occurrence rate of
~1073 yr~! in semidetached systems (scenario 3, Yungel-
son & Livio 1998). We assumed that ELDs occur even if the
accretion rate of hydrogen was initially high but then
dropped to below 3 x 107® M yr~ . By this, we neglected
the possible influence of hydrogen flashes on the helium
layer. The response of the helium layer and the underlying
white dwarf to the varying accretion rate (from several times
1077 Mgyr—* to 3 x 108 Mg yr~!) was never treated in
detail to the best of our knowledge. One may expect a
competition between cooling (due to the expansion of the
hydrogen layer) and the inward heat propagation (due to
nuclear burning).

Cassisi, Iben, & Tornambé (1998), for example, claim that
heating by hydrogen flashes keeps the temperature of the
He layer high and may even prevent the explosive ignition
of He. Rather, they conclude, quiescent burning may be
expected (for accretion rates 10~ % to 107¢ M, yr~ ) during
which the white dwarf expands to giant dimensions and its
envelope may be removed by interaction with the compan-
ion. If an explosion nevertheless happens, it may produce a
powerful nova-type event (a “super nova”). As a result of
all of these uncertainties (and others) the issue of ELDs via a
channel of hydrogen accretion is not definitively settled (see
Livio 1999).

One of the cornerstones of scenario 3 is the assumption of
negligible mass loss in the form of a wind during helium
flashes (e.g., Kato, Saio, & Hachisu 1989), which allows for
the accumulation of M, despite the flashes. The expansion
of the helium layers found by Cassisi et al. and the accom-
panying mass loss may (in some cases at least) prevent the
accumulation of M.

Thus, the realization frequency of both scenarios for SNe
Ia (explosion at M, or at a sub M, mass) via channel 3 is
a matter of considerable uncertainty. Nevertheless, we
include channel 3 in our consideration (although see dis-
cussionin § 5).

The basic difference between the possible progenitor sce-
narios of SNe Ia is in the “evolutionary clock ”—the time
interval between the formation of the binary system and the
SN explosion. Figure 2 shows the dependence of the super-
nova rate on time after an instantaneous star formation
burst, for the four mechanisms listed above, as computed in
the present study. The curves shown were computed for a
common envelope efficiency parameter o, = 1; the depen-
dence on this parameter within reasonable limits on o,
between 0.5 and 2 is not too strong. For semidetached
systems, we considered the case of mass exchange stabilized
by the presence of a thick stellar wind (Hachisu, Kato, &
Nomoto 1996; hereafter HKN) as modified by Yungelson
and Livio (1998). Further suggested modifications to the
standard evolution will be discussed in § 5. The differences
in the timespan between the formation of a binary and the
SN Ia event, and in the rate of decay of the SNe rates in the
different channels, manifests itself in the redshift dependence
of the SNe Ia rates.

Our calculations are based on the assumption that the
IMF, and the mechanisms of SNe Ia are the same through-
out the Hubble time. This assumption may not be valid, for
example, because of metallicity effects. Stars with lower Z
develop larger helium and carbon-oxygen cores for the
same main-sequence mass (e.g., Umeda et al. 1999) and,
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F1G. 2—Rates of potentially explosive events after an instantaneous
star formation burst. The rates are normalized to a formation of 4.7 M, of
stars per year. He-ELD: edge-lit detonations in systems with nonde-
generate He donors; DD-Ch: mergers of double degenerates with a total
mass above M, ; SG-ELD: edge-lit detonations in systems with subgiant
donors; SG-Ch: accumulations of M, in systems with subgiant donors.

hence, form more massive white dwarfs. At the same time,
the upper mass limit of stars that form CO white dwarfs
decreases toward a lower metallicity. However, assuming a
power-law IMF, both of these effects result in an increased
number of potential pre—SNe Ia white dwarfs. On the other
hand, a low metallicity can inhibit strong, optically thick
stellar winds, which are essential for the HKN model of
SNe Ia (Kobayashi et al. 1998). Assuming for the moment
that several channels may contribute (see, however, Livio
1999), the net effect may be an enhanced rate of SNe Ia from
the channels of double degenerates and ELDs from systems
with nondegenerate He donors, and a reduction in the rate
from the channel of hydrogen-donor systems.

3. SUPERNOVAE AND THE STAR FORMATION RATE

3.1. Supernovae Rates

The rest-frame frequency of SNe of a certain type at any
time ¢, n(t), may be derived by convolving the star formation
rate P(r) with the function f(¢) giving the rate of SNe after
an instantaneous burst of star formation:

(t) = L ft—9¥(0)de . 1)

Two approaches for the evaluation of f(¢) are encoun-
tered in the literature. The first is not to consider any spe-
cific mechanisms of SNe (which are still a matter of some
debate), but rather to parameterize f by the fraction of
exploding stars in the binary star population (the
“explosion efficiency”) and the delay between formation
and explosion, or the “evolutionary clock ” (e.g., Madau et
al. 1998; Dahlén & Fransson 1999; Sadat et al. 1998).

For core-collapse supernovae (SNe II and SNe Ib/c) it is
natural to assume that the shape of f follows the SFR and
the delay between the formation of the star and the SN
event is negligible, since the lifetime of stars more massive
than 10 M4 is <20Myr.
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For SNe Ia, Madau et al. considered a parameterized f (¢)
with timescales of 0.3, 1, and 3 Gyr between the formation
of the WD and the explosion. These authors reproduce the
ratio of SN;/SN, ~ 3.5 in the local universe, if the explo-
sion efficiency is 5%—10%.

A similar parameterization was adopted by Dahléen &
Fransson (1998), who estimated the number of core col-
lapses and Type Ia SNe that may be detected by NGST in
different filters for different limiting stellar magnitudes.

Sadat et al. (1998) considered a power law foc t™* and
explored a range of s from 1.4 to 1.8. Another parameter of
Sadat et al. is the rise time of the SNe Ia rate from 0 to a
maximum that was fixed at 0.75 Gyr. The ranges of s and
rise times were derived from models of the chemical evolu-
tion of Fe in elliptical galaxies and in clusters of galaxies.
Concerning the explosion efficiency, Sadat et al. actually do
not exploit this parameter since they additionally normalize
their rates, in order to reproduce the local rate of SNe Ia by
the adopted SFR.

A different approach to the determination of f relies on
population synthesis calculations. Using this method,
Jorgensen et al. (1997) derived the rates of core-collapse
supernovae (SNe II and SNe Ib), mergers of binary WDs
with a total mass exceeding M ;,, and collapses of Chandra-
sekhar mass white dwarfs in semidetached systems (in the
standard model, without the thick wind of HKN).

Ruiz-Lapuente & Canal (1998; see also Ruiz-Lapuente,
Canal, & Burkert 1995; Canal, Ruiz-Lapuente, & Burkert
1996) considered as SNe Ia progenitors merging double
degenerates and cataclysmic binaries. For the latter
channel, n(t) was estimated in two cases. First, the
“standard” case that allows only thermally stable mass
exchange for M o001/ M aceretor S 0.78. Second, the case of the
“wind ” solution of HKN, which allows for mass exchange
at rates of up to ~107* M yr™!, for systems with g <
1.15. Ruiz-Lapuente & Canal find a distinct difference
between the behavior of the predicted SN Ia rates versus
limiting red stellar magnitude for different families of pro-
genitors. Namely, the dN/dmg-my relation for descendants
of cataclysmic variables is much steeper than that for
merging double degenerates. However, the computations of
Dahlén & Fransson (1999) do not show any significant dif-
ference in the behavior of the SNe Ia counts for different
delays in the 0.3-3 Gyr range (the main difference between
double degenerates and cataclysmic variable like systems is
in the delay time).

3.2. The Star Formation Rate

The star formation rate that is used as an ingredient in
calculations of the evolution of the cosmic SNe rate is
usually derived from studies that model the observed evolu-
tion of the galaxy luminosity density with cosmic time. For
example, Madau, Pozetti, & Dickinson (1998) and Madau,
Della Valle, & Panagia (1998; hereafter MDVP98) have
shown that the observational data can be fitted if one
assumes, as an ingredient of the model, a time-dependent
star formation rate. However, there exist uncertainties in
this model because of the uncertain amount of dust extinc-
tion at early epochs. For example, MDVP98 have shown
that the same observational data may be fitted if one
assumes a constant Egz_, = 0.1 or a z-dependent dust
extinction that rises rapidly with redshift, E;_, = 0.011
(1 + z)>2. The latter authors provide convenient fitting for-
mulae for the star formation rates for these two cases.
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Model 1 (“little dust extinction ”) has
P(t) = 0.049t3 e~ 10/0-64
+02(1 — e @05 My yr! Mpc™3, (2

where t, is the time in Gyr, t, = 13(1 + z)~ %2
Model 2 (“ z-dependent dust opacity ) has

W(r) = 0.336e /16 1 0.0074(1 — e~ *2/0-64)
+0.0197t3e %% My yr™* Mpc™3*. (3)

Note that equations (2) and (3) give slightly different
current SFRs, and the integrated values are also different by
about 10%. Both SFR models predict a similar, rather steep
rise, by a factor ~ 10, at z < 1.5. The difference between the
two rates is in the behavior at z = 1.5. While in the “little
dust extinction” case the rate drops almost linearly by a
factor of about 10 to z, =5, in the “z-dependent dust
opacity ” case it continuously grows to z,, by a factor of
~2.5. Formally, the star formation process switches on dis-
continuously at z,,.

We should note that model 2 may be a more realistic
representation of the global star formation history, since
there is growing evidence of a significant effect of dust
absorption at high z (e.g., Pettini et al. 1998; Calzetti &
Heckman 1999; Huges et al. 1998; Steidel et al. 1999; Blain
et al. 1999). Also, selection effects due to the low surface
brightness of galaxies (e.g., Ferguson 1998) or the shift of
typical spectral features to the red (e.g, Hu, Cowie, &
McMahon 1998) may result in an underestimate of the SFR
at high redshifts.

Equation (2) gives a star formation history that is consis-
tent with expectations from hierarchical clustering cosmol-
ogies, while equation (3) gives the model prediction for SFR
typical for a monolithic collapse scenario (e.g., Madau
1998b).

Ruiz-Lapuente & Canal (1998) used in their computa-
tions the star formation rate given by Madau (1997),
without corrections for dust extinction. The effect of extinc-
tion was considered by Dahlén & Fransson (1998) and by
Sadat et al. (1998). In the latter case, the SFR atz = 1 was
taken to be several times higher than in the “low-dust”
case. Jorgensen et al. (1997) considered two modes of star
formation: a “burst” lasting for 500 Myr, and a continuous
SFR for a Hubble time, and computed models for a range of
relative contributions of both star formation modes.

4. MODEL COMPUTATIONS

4.1. Models Using “ Observed” Star Formation Rates

The population synthesis code used for the computations
of the SNe rates was previously applied by the authors to a
number of problems related to the population of Galactic
binary stars and, in particular, to SNe. Within the range of
observational uncertainties, the code reproduces correctly
the rates of SNe inferred for our Galaxy (Tutukov, Yungel-
son, & Iben 1992; Yungelson & Livio 1998 and references
therein).

Throughout this paper we assume a cosmology with
Q, =1, H, = 50 km s~ *Mpc~’. These values of the cosmo-
logical parameters are assumed only for convenience. Our
qualitative results and conclusions do not depend on this
choice. Star formation is assumed to start at z, = 5. The
Hubble time in this model was taken to be 13 Gyr.
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For the different SNe Ia scenarios listed in § 2 and for
different star formation histories, we first calculated the
rest-frame rates of events n,. We then computed differential
functions for the number of events observed at redshift z
and cumulative functions n (< z). We use equation (3.3.25)
from Zeldovich & Novikov (1983) for the number of events
observed from a layer between redshifts z and z + dz in an
expanding, curved universe, taking into account time dila-
tion:

dn 4dnc® 1

2
dz ny Hg 1+Z z(Z’ QO)Z dZ > (4)

where, for the particular case of Q, = 1,
41 + 2?2 - 172

éz(za 1) = 22(1 + 2)5/2 (5)
Notice, that 0¢,/0z < 0. Time ¢ is related to z as
2H;!
> (6)

T,

We operate with the number of events per year instead of
expressing the SNe rates in the more conventional super-
novae units (SNU), since both the computation of blue
luminosities and their observational determination involve
additional parameters (expressing the rates in SNU may
result in loss of information on both the SNe rates and on
the SFR).

Our simulations give the rates of SNe as a function of z.
Clearly, the number of observable events depends on other
factors such as the limiting stellar magnitude of the sample,
etc. Nevertheless, our results provide the basis for theoreti-
cal expectations, which need subsequently to be convolved
with observational selection effects. In principle, NGST
observations can approach the theoretical limits. Figure 3
compares the values of dn/dz for the different channels of
SNe and the different assumptions about the SFR given by
equations (2) and (3). Figure 4 shows the behavior with
redshift of the cumulative numbers of SNe.

no dust
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The behavior of dn/dz can be understood as follows. In
model 1 (low dust) as one progresses from z = 0 to z,,, the
SFR reaches a maximum at z ~ 1.5. The maxima of the
rest-frame SNe rates happen at a slightly lower z in order of
decreasing delay times: ELDs in systems with subgiant
companions, M, accumulations in the latter, mergers of
double degenerates, ELDs in systems with nondegenerate
He donors, core-collapse SNe (Fig. 2). The behavior of the
dn/dz counts depends also on the geometrical z-dependent
factors given by equations (4) and (5). In particular, the
derivative of the product z2¢£, changes sign from positive to
negative at z ~ 0.96. This factor shifts the maximum in the
counts to a lower z. The steep rise of dn/dz at low z is
entirely the result of the expanding horizon.

Similarly, in Model 2 (z-dependent dust opacity), the
behavior of dn/dz at low z is dominated by the expansion of
the comoving volume and the rates suggested by the two
models are almost indistinguishable. However, already at
z ~ 0.5, the increase in the rates in Model 2 becomes some-
what less steep, reflecting the more moderate growth of the
SFR. The rate of core-collapse SNe starts to decrease at
z ~ 1.2 despite the continuous growth of the SFR. This is a
consequence of the negative 0&,/0z. The rates of SNe Ia
start to decline at a higher z, as a consequence of the longer
delay times. The difference in the time delays between SNe
IT and the different hypothetical SNe Ia manifests itself in
an increase in the SN Ia/SN II ratio at low z and its sub-
sequent decline (Fig. 7). This feature was already noticed by
Yungelson & Livio (1998) for SNe Ia from double degener-
ates, but in the present study we find that (1) this effect is less
pronounced because of the different approximation to the
SFR and (2) the redshift of the maximum of the ratio is
different for different SNe Ia scenarios.

The difference in the rate of decline of dn/dz at z = 1 is
clearly distinct in Models 1 and 2 and may provide impor-
tant information about the star formation behavior.

The most pronounced feature of dn/dz for both types of
dust models is the disappearance of SNe Ia at z ~ 3 for the
channels of progenitors with relatively long delays. Thus, in

z—dependent dust opacity

1000

dn/dz [yr™" deg ?]

0.1 E

0.01

F16. 3.—Number counts of SNe per unit Az vs. redshift for different channels of explosive events in models 1 (“low dust”) and 2 (“z-dependent dust

opacity ). Notations as in Fig. 2. CC denotes core-collapse supernovae.
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Fi1G. 4—Cumulative counts of SNe below a given redshift z for different channels of explosive events in models 1 and 2. Notations as in Figure 2.

principle, a determination of SNe Ia rates at z = 3 with
NGST can unambiguously distinguish between different
progenitor models. Long delay times are typical for both
modes (Chandrasekhar or sub-Chandrasekhar explosions)
of SNe Ia resulting from systems with subgiant donors.

The relative role of different channels for SNe Ia changes
with z. In both models 1 and 2 (for the dust) mergers of
double degenerates dominate over ELDs in systems with
He nondegenerate donors up to z < 0.4. In model 1, ELDs
in systems with subgiants dominate over He-ELD at z <
0.8 and over DD-Ch at z < 1.3. In model 2 these limits are
at about z ~ 1 and z ~ 2.2. If it were the case that all three
channels really contribute to SNe Ia but have somewhat
different characteristics, one would expect to find variations
in the statistical properties of SNe Ia with redshift. We will
return to this point in the discussion.

As expected, the cumulative numbers of SNe grow faster
in the “low-dust” case than in the model with dust. Only
the cumulative counts of SNe II and SNe Ia from the
DD-Ch and He-ELD channels grow continuously to high
redshifts, while those for SNe involving subgiants saturate
atz ~ 3.

To summarize this section: observations of SNe beyond
z ~ 1 can provide valuable information on the star forma-
tion rate (see also § 5). The counts of SNe Ia at z = 3 will
indicate the timescale of the delay between births of binaries
and SN events and will then provide information on the
nature of the progenitors.

4.2. Parameterized Star Formation Rates

The main uncertainty in the global SFR is a result of the
effects of dust obscuration in star-forming galaxies (see, e.g.,
Calzetti & Heckman 1998 and Pettini et al. 1998 for a dis-
cussion of the fraction of light absorbed by dust). Therefore,
it is worthwhile to investigate the cosmic history of SNe for
several parameterized SFR.

We consider four parameterized modes of galactic star
formation (intended to bracket and cover a range of
possibilities):

Model 3—Constant star formation rate from z, =5 to
z=0.

Model 4—A star formation burst that begins at z, and
has a constant SFR for 1 Gyr.

Model 5—A star formation burst that begins at z, and
has a constant SFR for 4 Gyr.

Model 6—An initial star formation burst that lasts for 4
Gyr with a constant SFR and converts 50% of the total
mass into stars, followed by another stage of a lower con-
stant SFR that produces the remaining 50% of the stars
(“stepwise SFR”).

For all the cases we normalize the SFR in such a way that
the total amount of matter converted into stars is equal to
the integral over time of equation (2). The overall normal-
ization is of no real significance, however, since we are inter-
ested in the qualitative behavior of SNe counts.

The computations provide us with information on the
behavior of SNe rates with redshift for different star forma-
tion histories. The results provide insights into the under-
standing the SNe histories in galaxies of different
morphological types, which show a wide variety of star
formation patterns both along the Hubble sequence and
within particular classes (e.g., Sandage 1986; Hodge 1989;
Kennicutt, Tamblyn, & Congdon 1994; Kennicutt 1998).
Even among the Local Group dwarf galaxies one encoun-
ters very different star formation histories, including early
bursts, almost constant SFR, and stepwise ones (e.g., Mateo
1998).

Figures 5 and 6 present the number counts of SNe Ia per
unit Az and the cumulative rates of events n (<z) for the
above models. The results can be summarized as follows.

1. Models 3 and 4, with initial starbursts of different
durations Ar, clearly predict an abrupt decline in the SNe II
rate when moving from z, to lower redshifts, reflecting the
cessation of star formation. The redshift of this sharp
decline in the rate indicates (for given cosmological
parameters) the value of At. It also depends of course on z,,.
The behavior of SNe Ia from ELDs in systems with He
donors (He-ELD) and Chandrasekhar mass SNe in systems
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F1G. 5—Number counts of SNe per unit Az vs. redshift for different channels of explosive events and different parameterized star formation histories

(models 3-6). Notations as in Fig. 2.

with subgiant donors (SG-CH) shows a similar decline, but
shifted to a lower z and less abrupt.For stellar populations
with strong initial star formation bursts this means that, if
He-ELD and SG-Ch SNe Ia were the only mechanisms for
SNe Ia, then as one advances to higher redshifts, first the
rate of SNe Ia and then the rate of SNe II would rapidly
rise. In the case of SG-Ch SNe Ia the rate would rapidly
decline at z ~ 3.3. Such a behavior of the rates of SNe Ia in
E-SO galaxies would provide evidence supporting the
SG-Ch mechanism for SNe Ia.

2. Strong initial peaks in the SFR followed by a variation
of the SFR on a short timescale manifest themselves in
changes in d*n/dz> for SNe Ia. These changes are delayed
(to lower redshifts) compared to the decrease in the SNe 11
rates.

3. SNe Ia from the mergers of double degenerates (DD-

Ch) are the only types of events that may show up close to
z, and that continue to z = 0 irrespective of the star forma-
tion mode.

4. Although SNe Ia from ELDs in subgiant systems (SG-
ELD) start to explode only at z ~ 3, in the constant SFR
and stepwise SFR models, at z < 2 the distribution of their
number counts versus z becomes very similar to the one
from double degenerates (DD-Ch) both in morphology and
in amplitude. These SNe, however, follow the variations in
the SFR slightly slower. These two Types of SNe Ia are the
only events that may be present at low z even if the star
formation process ceased long ago (see, however, § 5).

5. SNe Ia from collapses of Chandrasekhar mass white
dwarfs in subgiant systems (SG-Ch) may be observed only if
the star formation still continues or ceased less than ~2
Gyr ago (see, however, § 5).The same is true for SNe from
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F16. 6.—Cumulative counts of SNe below a given redshift z for different channels of explosive events in models 3—6. Notations as in Fig. 2.

ELDs in systems with nondegenerate donors (He-ELD). A
fast decline of the SNe Ia rate shortly after (at lower z) the
decline of the SNe II rate would indicate that either
He-ELD or SG-Ch occur.

6. In the case of a SFR that was almost constant during
the past several Gyr there is no decline in the SNe Ia/SNe 11
ratio between z = 0 and 1.

7. The difference between the behavior of dn/dz for a
constant-rate and for stepwise SFR models is not signifi-
cant. This means that only a very significant increase in the
SFR toward high z (like in Model 2) may be reflected in the
behavior of the differential SNe counts. On the other hand,
a rapid decline in the SFR beyond a certain redshift (like in
Model 2) can be detected easily.

8. The counts of dn/dz in the redshift range z < 0.2-0.4
can hardly provide any information about the SFR since
they are dominated by the increase of the comoving volume.

5. DISCUSSION AND CONCLUSIONS

Since observations of SNe Ia are now being used as one
of the main methods for the determination of cosmological
parameters, the importance of identifying the progenitors of
SNe Ia cannot be overemphasized. We have shown that
different progenitor models result in different SNe Ia rates
(or different ratios of frequencies of SNe Ia to those
resulting from massive stars) as a function of redshift. One
key difference, for example, is in the fact that in all the
models that involve relatively long delays between the for-
mation of the system and the SN event (e.g., models with
subgiant donors), the ratio R(SNe Ia)/R(SNe II, Ia, Ic)
decreases essentially to zero at z = 3 (Fig. 7). Thus, future
observations with NGST will in principle be able to deter-
mine the viability of such progenitor models on the basis of
the frequencies of SNe Ia at high redshifts.
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Notations as in Fig. 2.

Probably the most important question that needs to be
answered is the following: assuming that two (or more)
different classes of progenitors may produce SNe Ia, is it
possible that the rate of SNe Ia is entirely dominated by one
class at low redshifts (z < 0.5) and by another at higher
redshifts (0.5 < z < 1.2)? Clearly, if this were the case, then
the suggestion of a cosmological constant would have to be
reexamined (SNe Ia at the higher z only need to be system-
atically dimmer by ~0.25 mag to mimic the existence of a
cosmological constant). An examination of the qualitative
behavior of the rates in Figure 7 reveals that in principle, the
rate at low redshifts could be dominated by ELDs, while the
rate at higher redshifts by coalescing degenerates. However,
if ELDs produce SNe Ia at all, these are probably of the
underluminous variety (such as SN 1991bg; e.g., Nugent et
al. 1997; Livio 1999; Ruiz-Lapuente et al. 1997). Therefore,

a division of this type would produce exactly the opposite
effect to the one required to explain away the need for a
cosmological constant (the high-redshift ones would be
brighter). A second possibility is that the rate of SNe Ia
resulting from the accumulation of M, in systems with
giant or subgiant components (SG-Ch) has been underesti-
mated. This is in fact a very likely possibility. A number of
potential ways have been suggested to increase the fre-
quency of SNe Ia of this class (e.g., Hachisu, Kato &
Nomoto 1999). These ways include (1) mass stripping from
the (sub-)giant companion by the strong wind from the
white dwarf (this has the effect of increasing the range of
mass ratios that result in stable mass transfer) and (2) an
efficient angular momentum removal by the stellar wind in
wide systems (where the wind velocity and orbital velocity
are comparable; this increases the range of binary separa-



No. 1, 2000

tions with result in interaction). While large uncertainties
plague both of these suggestions (see Livio 1999 for a
discussion), it is definitely possible that some physical pro-
cesses that have not yet been properly included in the popu-
lation synthesis calculations will result in a significant
increase in the rates from the channel with giant or subgiant
companions. This means that in principle, the curve
describing the SG-Ch channel (subgiant donor) in Figure 7
(with the z-dependent dust opacity), may have to be shifted
upward (essentially parallel to itself, because of the involved
delays). The curve could be shifted just enough for double
degenerates to dominate at redshifts z < 0.5, while SG-Ch
dominate at z = 0.5. The question is now, could such a
dominance shift be responsible for the apparent need for a
cosmological constant? The answer is that this is definitely
possible in principle. In particular, it has recently been sug-
gested that the fiducial risetime of nearby SNe Ia is ~2.5
days longer than that of high-redshift SNe Ia (Riess et al.
1999a; 1999b). It is far from clear, though, whether such a
change in the rise time (if real) could be attributed to differ-
ent progenitor classes or to other evolutionary effects. One
possibility could be that because SNe Ia resulting from
double degenerates (if they indeed occur; Livio 1999) may
have different surface compositions from those resulting
from subgiant donors, this could affect the risetime. We
would like to note, however, that we find the possibility of
one progenitor class dominating at low redshifts and
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another at high redshifts rather unlikely (see also Livio
1999). The reason is very simple. As Figure 7 shows, even if
the SG curve were to be shifted upward, the result would be
that the local (low-z) sample would have to contain a signifi-
cant fraction of the SNe resulting from the SG channel.
Therefore, unless SNe Ia from the SG channel conspire to
look identical to those from double degenerates at low z,
but different at high z, this would result in a much less
homogeneous local sample than the observed one (which has
80%-90% of all SNe Ia being nearly identical “Branch
normals ”; e.g., Branch 1998 and references therein). Conse-
quently, it appears that the observational indication of the
existence of a cosmological constant cannot be the result of
us being “fooled ” by different progenitor classes (this does
not exclude the possibility of other evolutionary effects).

Finally, our models indicate that a careful determination
of the rates of SNe Ia as a function of redshift can place
significant constraints on the cosmic star formation history,
and on the significance of dust obscuration.
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