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DES SN Survey

10 DES fields
Visit once every ~4 days.
2 deep + 8 shallow (30 deg2)

deep: 6600 sec per visit (griz)
shallow: 800 sec per visit (griz)

Fields to overlap with 
existing and near-future deep 
imaging (e.g., CDF-S, SNLS, 
VIDEO) and spectroscopic 
surveys (DEEP2, VIPERS, 
VVDS, WiggleZ, GAMA I/II).

Survey Strategy I: Strategy

- 1650 hexes cover the survey area = a tiling

- 2 tilings/year/bandpass

- 1st year has all filters, later years drop filters 

and increase exposure times

- exposure time in 1st year: 80 seconds

Supernova Fields
                      RA               Dec     

CDF South      52.5              -27.5    deep

Stripe 82         55.0                 0.0    deep

Elias S1              0.5             -43.5    wide

XMM-LSS        34.5               -5.5     wide

SNLS/VIRM     36.75              -4.5     wide

- 5 SN fields

- a SN field visit has

- z: 10 exposures

- i:    6 exposures

- r:    4 exposures

- g:   2 exposures

- 3 deep fields, 2 shallow fields

- deep: 300 sec exposures

- shallow: 100 sec exposures 2
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good z-band efficiency (~4x higher than 
CFHT/MegaCam) and target high-z SN Ia

good rest-frame g-band light curves of
z~1 SN Ia.

→



SN Rates and Numbers

‣ ~0.5 SN Ia explosions per 
second in all-sky out to z~1.

‣ ⇒ 10 SN Ia/deg2 within ±5 days 

from peak.

‣ ⇒ 200 SN Ia/deg2 in 6 months

‣ ~2 - 4 CC SN for every SN Ia

‣ dimmer by ~2 mag

‣ Magnitude-limited survey 
gives a CC/Ia SN ratio of 
~0.3 - 0.5.

dust extinction have a strong redshift-dependent effect on the
derived rates. Assuming a higher extinction results in a steeper
increase with redshift of the estimated rates, as can be seen
in Figure 1 by comparing the corrected and uncorrected data
points.

In summary, there are a number of possible sources for
systematic errors in our estimates; however, most errors are
relatively small, not exceeding the statistical errors. For the
SNR, we estimate that the summed systematic errors should
be smaller than the statistical, while the systematic errors may
be of the same order as the statistical when it comes to the
SFR derived from the SNR. Since we have shown that sys-
tematic errors are unlikely to dominate over the statistical and
that they are mostly independent of redshift, we are confident
that the increase in SN and star formation rates that we ob-
serve are true features. The main concern is the amount of dust
extinction. The effects of changes in the dust extinction are
further discussed in x 6. When we derive the SFR from the
SNR, we also note that the direction of the errors is mainly to
increase the observed rates; e.g., this is the case if the lower
limit for CC progenitor mass is larger than 8 M!, if the IMF is
changed to become less top heavy, or if the amount of dust
extinction is underestimated.

We finally note that the quoted systematic errors in Table 2
are sums of the 19%–25% uncertainty derived above and the
uncertainty due to possible misclassification. These errors are
therefore non-Gaussian.

5.2. Type Ia Supernovva Rates

Even though the physics behind Type Ia SNe have been
extensively investigated using both observations and theoret-
ical simulations, there is still a lack of understanding of the
mechanisms that proceed the explosion of this SN type (see
Livio 2000, 2001 for reviews). The evolution of the Type Ia
SNR should follow the SFR, but shifted toward lower redshift
after taking a delay time into account. For a particular distri-
bution of delay times, !(td), where td is the time elapsed be-
tween the formation of the progenitor star and the explosion of
the SN Ia, the SNR is given by a convolution of the SFR over
delay times,

SNRIa(t) " !

Z t

tF

SFR(t 0)!(t # t 0)dt 0; $4%

where t is the age of the universe and tF is the time cor-
responding to the redshift zF at which the first stars formed. In
this paper we set zF " 10; ! is the number of SNe per unit
formed stellar mass (M#1

! ). In Strolger et al. (2004), we cal-
culate predicted redshift distribution assuming two different func-
tional forms for the distribution of delay times. The first model
has an e-folding delay time distribution, !(td) / exp (#td=" ),
while the second model has a Gaussian distribution, !(td) /
exp f#&(td # ")=2#'2g. We call " the characteristic delay time.
Note that this parameter has different meanings in the two
functions. The e-folding distribution always has the highest
probability for td " 0 and has about one-third of the SNe with
td > " . The Gaussian distribution has the highest probability for
td " " , and one-half of the SNe have td > " . We use two dif-
ferent Gaussian models, one ‘‘narrow’’ with # " 0:2" and one
‘‘wide’’ with # " 0:5" . By comparing the observed redshift
distribution with the predicted, we investigate in Strolger et al.
(2004) which shapes of the delay time function, as well as
which ranges of " , are consistent with the observed distribution.

We find that all models favor characteristic timescales " of
around or greater than (3 Gyr. Models with delay times " <
2 Gyr can be rejected with 95% confidence. These constraints
are similar to the ones found by Gal-Yam & Maoz (2004),
who estimate the delay time using an e-folding distribution
only. Using a different approach, Maoz & Gal-Yam (2004) ar-
gue that the delay time must be short if the iron mass observed
in clusters of galaxies originates from SN Ia. Further compar-
isons between these investigations are presented in Strolger
et al. (2004).

In Figure 2 we plot observed data points from this inves-
tigation together with rates from Cappellaro et al. (1999),
Hardin et al. (2000), Strolger (2003), Reiss 2000, Pain et al.
(1996, 2002), and Tonry et al. (2003). We have converted the
first four rates from SNu’s using the B-band luminosity den-
sity given in x 3. We also show SNRs derived from equation
(4) using the three different delay time models. For the narrow
and wide Gaussians, we use the best-fitting value " " 4:0 Gyr,
derived from fitting the models to the GOODS data set in
Strolger et al. (2004). For the e-folding we choose " " 5:0 Gyr
(there is no best-fitting value for this functional form, but
values below (2 Gyr are rejected with 95% confidence). We
further use SFR model M1 in equation (4). In Strolger at al.
we find that the narrow Gaussian delay time distribution fits
the GOODS data better than the other two models. From
Figure 2 we see that this fit is also consistent with the low-
redshift (zP 0:1) data taken from the literature. Only the two
data points at z ( 0:5 deviate significantly from the fit and
are about a factor of (2 lower than the model suggests. A
possible explanation for this deviation is that ground-based

Fig. 2.—Type Ia SNRs from GOODS at hzi " 0:40, 0.80, 1.20, and 1.60
are shown as filled circles. Also plotted are rates at z ( 0:01 from Cappellaro
et al. (1999; filled square), at z ( 0:1 from Hardin et al. (2000; open star), at
z ( 0:11 from Strolger (2003; filled star), at z ( 0:11 from Reiss (2000; open
triangle), at z ( 0:38 from Pain et al. (1996; open square), at z ( 0:46 from
Tonry et al. (2003; open circle), and at z ( 0:55 from Pain et al. (2002; filled
triangle). Vertical error bars on the GOODS rates represent statistical errors,
while horizontal error bars represent bin size. See text for discussion on
systematic errors. The figure also shows predicted Ia rates based on three
different models for the delay time distribution of SN Ia progenitors.

HIGH-REDSHIFT SUPERNOVA RATES 195No. 1, 2004

5.3. White Dwarf Explosion Efficiency

Fitting the predicted model distributions of SNe Ia to the
observed sample includes determining the normalization ! in
equation (4). This number tells us how many Type Ia SNe
explode per unit formed stellar mass. Previously in this in-
vestigation, we have made no assumptions about the mass
range of Type Ia progenitor stars. If we make an assumption
constraining the progenitor mass range, we can calculate the
fraction of stars in this mass range that subsequently explode as
SNe Ia, which we here call the efficiency ", via the relationship

! ! "

R 8M"
3M"

 (M )dM
R 125M"
0:1M"

M (M )dM
: #5$

The mass range of progenitor stars is set to 3 M" < M < 8 M"
(Nomoto et al. 1994). By fitting each of the three delay time
models !(td) in equation (4), we estimate ! ! 1:0 ; 10%3,
1:2 ; 10%3, and 1:3 ; 10%3 for the narrow Gaussian, the wide
Gaussian, and the e-folding distributions, respectively. Evalu-
ating equation (5) results in an efficiency of " ! 4:9%, 5.6%,
and 6.3% with which progenitor white dwarfs explode as
SNe Ia, depending on the delay time model. Furthermore, if we
assume that all stars with main-sequence masses 0:8 M" <
M < 8 M" become white dwarfs, then our observations sug-
gests that 0.6%–0.8% of the total number of white dwarfs will
explode as SNe Ia. These numbers are consistent (within ob-
servational errors and the uncertainties associated with the
progenitor models) with population synthesis calculations
(e.g., Yungelson & Livio 2000; L. R. Yungelson 2004, private
communication), which predict this fraction to be &0.5%.

5.4. Ratio of the Core-Collapse to Type Ia Supernovva Rates

In Figure 3 we plot the redshift evolution of the intrinsic
ratio between CC and SN Ia rates, r(CC=Ia). For CC, we use
rates calculated by fitting SFR model M1 to our observed data
points. SN Ia rates are based on the three delay time models,
each having a characteristic delay time # quoted in x 5.2. For
the narrow and wide Gaussians, we get local ratios between
CC and Ia rates of r(CC=Ia) & 4:0 and 2.9, respectively. This is
consistent with the local ratio of &3.5 derived by Madau et al.
(1998) using a compilation of locally determined rates. For the
e-folding delay time models we get a local ratio of 2.2. This
lower value is mostly an effect of the higher Type Ia rates at
low redshift predicted in this model. The CC-to-Ia ratio stays
fairly constant at a value of &3 to z & 0:7. The ratio increases
rapidly at higher redshifts. The reason for this behavior is that
the relatively long delay time shifts the SNe Ia to lower red-
shifts compared to the SFR (and hence CC SNR). Therefore,
SNe Ia become relatively more common at lower redshift,
lowering the CC-to-Ia ratio. In the case of a short delay time,
the Ia SNR and the SFR should closely follow each other,
giving a ratio r(CC/ Ia) that would be relatively constant with
redshift. Using MC simulations, we find that the statistical
uncertainty in the derived ratio is about '30%. Systematic
errors add to these; however, the systematic errors are mostly
independent of redshift and should therefore only change the
normalization of the ratio and not the evolution with redshift.
Therefore, the result that the ratio is fairly constant to z & 0:7
and thereafter increases should be robust. Note that these results
refer to intrinsic ratios of exploding SNe. In a magnitude-
limited search, the detected ratio will be lower since CC SNe

are typically fainter and are on average more severely affected
by dust extinction.

6. DISCUSSION

We have derived an SFR to z & 0:7 from measurements
of the CC SNR that is &13% higher than (but consistent
with) the SFR based on evolution of extinction-corrected
UV-luminosity densities. There are claims that a large fraction
of the cosmic SFR is hidden from measurements based on
rest-frame UV luminosities. Driver (1999) argues that extreme
selection effects bias against finding low surface brightness
galaxies at z > 0:2. These systems may therefore contain a
large amount of undetected star formation. SNe occurring in
low surface brightness environments are readily detected. In
fact, SNe in these environments should be easier to detect
since there is no noise added due to a background source when
the host galaxy is undetected. However, we do not find more
than one CC SN (out of 17) that lacks an apparent host galaxy.
This suggests that only a limited amount of star formation may
be hidden in such environments. The lack of hostless SNe also
suggests that there is not a large amount of star formation
occurring in faint low-mass systems at high redshift, as is the
case locally (Cowie et al. 1996).

It is difficult to estimate corrections due to dust extinction in
the host galaxies. Because SNe are detected in the optical,
instead of rest-frame UV, they are less affected by dust ex-
tinction; however, corrections are still sufficiently large to
change the estimated rates considerably, as shown in x 5.
Observations of the luminosity density at longer wavelengths
are less affected by dust extinction and may therefore offer a
way to more directly determine the star formation. Chary &
Elbaz (2001) derive the SFR from mid- and far-IR observa-
tions and find a rate that follows the overall shape of the UV-
determined rate, with a sharp increase to z & 1:5, and thereafter
a constant or declining rate, similar to our model M2. The
rate derived from the IR is, however, in general significantly
higher than the UV-derived rate, a difference that increases
with redshift. The IR-derived SFR is a factor of &2 higher at
z ! 0:5 and a factor of &3 higher at z ! 1, as compared to the
extinction-corrected UV-derived SFR from Giavalisco et al.
(2004b). Our results from CC SNe match the IR SFR at z ! 0:3
but are a factor of &2 lower at z ! 0:7. The reduced $2 values
when fitting the UV- as well as IR-derived SFRs to the
observed points are 0.5 and 16, respectively, implying that

Fig. 3.—Intrinsic ratio of exploding CC to Ia SNe as a function of redshift.
Ratio is shown for SFR model M1 using three different delay time dis-
tributions: e-folding, narrow Gaussian, and wide Gaussian. The characteristic
delay time for each model is shown in the figure caption.
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SN Search Strategy
‣ 6-month search and follow-up 

campaigns

‣ Will discover ~6000 SN Ia at 
0.1 < z < 1.0.

‣ ~3800 SN Ia with “good” light 
curves
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Figure 10: For simulations with fixed light curve parameters (AV = 0 and ! = !0.1), SALT-II
fitted color error vs. redshift for samples indicated on each panel. The red circles are for the
DES deep fields, and are the same on each panel..
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Host Galaxy Follow Up
‣ Spectroscopy of SN 

candidate host galaxies

‣ 10000+ targets from DES SN

‣ DES main survey - will the light 
curves be useful?

‣ host redshifts, SFR, gas-phase 
metallicity (S/N~10).

‣ stellar population age, metallicities 
(S/N~50).

‣ reduce Hubble scatter.

‣ 5 - 10% contamination from non-Ia.

‣ cannot identify spectroscopically 
peculiar types.

Type Ia supernovae delay time, or the time between progenitor
formation and the SN event. Our simple model is in good agree-
ment with an average Type Ia supernova delay time of around
3 Gyr.

Next, we set out to determine the expected effects that the
progenitor age has on Type Ia supernova decline rate by first ap-
proximating a linear fit to the plot of core mass versus main-
sequence mass fromDominguez et al. (1999) and converting our
primary masses intoWDmasses. Umeda et al. (1999) postulated
that theM 56Ni, and consequently the brightness of the SN Ia, in-
creases as the C/O ratio of the progenitor increases. Based on
the postulate, they developed a model describing this depen-
dency. Although the model should be treated with caution, given
that it is based on an unproven postulate, we use it in our toy
model merely to provide a rough understanding on the effects of
age on the decline rates of SNe Ia. Therefore, using these 56Ni
yields and the M 56Ni to !m15(B) relations described in x 3.2.1,
we converted the WD masses to the expected SN decline rates.
The resultant decline rate versus age scatter plot is shown in Fig-
ure 6c. By binning the!m15(B) axis we obtain the expected de-
cline rate distribution for Type Ia supernovae in Figure 6d. This
figure shows that the age of the progenitor can result in a vari-
ation in decline rate similar to that which is observed for SNe Ia.
This consistency is compelling evidence for age, not metallicity,
acting as the primary source of SN Ia diversity. Future studies
will obtain spectra of elliptical galaxies for use in absorption-line
metallicity and age estimations using the stellar population syn-
thesis models of Worthey (1994). This will enable us to inves-
tigate the effects of age on the properties of Type Ia supernovae
directly.

3.2.3. Absolute B Magnitude

H00 showed, for a sample of nearby SN Ia host galaxies, a
trend (with high dispersion) indicating that the SN Ia decline rate
increases, and consequently its maximum luminosity decreases,
with increased host galaxy luminosity. Henry &Worthey (1999)
were able to show that the integrated luminosity of a galaxy is
correlated with its global metallicity, as the brighter, more mas-
sive galaxies were able to better retain SN heavy-metal ejecta.

Therefore, H00 argued that any correlation observed between de-
cline rate and absolute magnitude might manifest itself as a cor-
relation between decline rate and metallicity. Figure 7 shows the
absolute Bmagnitude of our host galaxy sample versus!m15(B).
Although Figure 7 does not show the gradual trend observed by
H00, the plot does show less scatter for the least luminous gal-
axies, likely due to a combination of two effects. The first is a se-
lection effect brought about by fewer SNe occurring in smaller
galaxies. Such an effect would suggest that if we had more SNe
from low-luminosity galaxies, then the bias toward bright SNe Ia
in the low-luminosity galaxy regime would disappear. However,
according to Figure 1, fainter SNe are predominantly hosted by
elliptical galaxies, which are on average brighter than spiral gal-
axies. Therefore, we see in Figure 7 a tendency for fainter SNe to
be hosted by large, bright galaxies. The combination of these two
effects contributes to the distribution observed in Figure 7.

Figure 8 shows the histograms of the NFGS and the SN Ia host
galaxy distributions. The two distributions are clearly dissimilar
owing to the nearly 2.5 mag discrepancy observed between the
averagemagnitudes of the respective galaxy samples. The NFGS-
selected galaxies cover a wide range of luminosities (8 mag), and
thus we would expect a broad distribution with little evidence of
bias, as seen in Figure 8. On the other hand, the SN Ia host gal-
axy selection process was not subject to such regulations. How-
ever, several selection effects were ultimately present in the SN Ia
search. First, the selection of target galaxies in the supernova Ia
search often involved point searches that focused on well-known
and inevitably more luminous targets that would bias the SN host
galaxies toward the higher luminosity regime. Furthermore, bias
was introduced due to the nonuniformity of the luminosity func-
tion (LF) of galaxies. The form of the LF known as the Schechter
function (Schechter 1976),

"(M ) ! 10"0:4(!#1)Me"100:4(M
$"M)

; %2&

with ! ' "1:17 and M $ ' "20:73 given by the Century Sur-
vey (Geller et al. 1997), is plotted in Figure 9.

The LF illustrates that high-luminosity galaxies are in the
minority throughout the universe. Consequently, the probability
of finding a SN Ia in a high-luminosity galaxy is small, and the

Fig. 7.—Decline rate vs. host galaxy absolute magnitude. The distribution
shows an absence of dimmer SNe Ia in the low-luminosity host galaxy regime.

Fig. 8.—Absolute magnitude distribution for the NFGS galaxy and SN Ia
host galaxy samples. The histogram reveals the host galaxy distribution to be
statistically brighter than the NFGS galaxy sample. The broken line is the
theoretical SNe Ia distribution as predicted by our MSF.

SNe Ia HOST GALAXIES 221No. 1, 2005

Gallagher 
et al. 

(2005)

666 HOWELL ET AL. Vol. 691

7 8 9 10 11 12
Log (Host Mass)

0.7

0.8

0.9

1.0

1.1

1.2

1.3
st

re
tc

h

Figure 4. SN relative lightcurve width (stretch) as a function of host galaxy
mass determined from fitting PEGASE.2 galaxy models to host galaxy
uMgMrMiMzM photometry. Circles (red online) have hosts with no detectable
star formation (log sSFR < !12), where sSFR is specific star-formation rate.
Star symbols (blue) denote strong star formation (log sSFR > !9.5), and
squares (green) are in between.
(A color version of this figure is available in the online journal.)

cut are given in Table 2. The chosen cut parameters, and whether
or not the cuts are made at all, do not affect the conclusions. We
also study the effect of making a color correction, which cor-
rects for dust, but also improperly corrects intrinsic luminosity
dispersion. Such results give a lower limit on the dispersion of
56Ni.

To make the color correction we followed the same steps
as above, but first we use the color excess measured for each
SN Ia to unredden the Hsiao et al. (2007) SED template using
the Cardelli et al. (1989) law with RV = 1.8 (Conley et al.
2007). We use a fiducial color of c = 0, where c is a linear
combination of restframe B!V and U!B (Conley et al. 2008),
roughly corresponding to E(B ! V )0 = !0.057 (Astier et al.
2006).

Mathematically, if H0(!) is the unreddened template, then
this process can be summed up by the following two equations:

f " =
! !2

!1
H (!)d!

!
H0(!)d!

, (10)

and

Fbol =
! !2

!1
S(!)d!

f " . (11)

4. RESULTS

4.1. Galaxy Mass Versus SN Ia stretch

It is well known that SN lightcurve widths correlate with
host galaxy morphology (Hamuy et al. 1995, 2000; Howell
2001; Gallagher et al. 2005), host color (Branch et al. 1996),
or sSFR (Sullivan et al. 2006), in the sense that SNe with
wider lightcurves are more commonly associated with late-
type galaxies and vice versa. The fact that elliptical galaxies
are generally larger (in a spatial sense) than spirals also may
account for trends seen between lightcurve width and projected
galactocentric distance (Wang et al. 1997; Gallagher et al. 2005).
And while SN rates have been studied as a function of host
galaxy mass (Mannucci et al. 2005; Sullivan et al. 2006), no
study has examined lightcurve width as a function of host
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Figure 5. 56Ni mass as a function of inferred average host gas-phase metallicity.
The dashed line is the prediction of TBT03 modified to use the thin disk variation
in O/Fe as described in Section 2. Points are SNLS SNe Ia with 56Ni mass
and inferred average host metallicity determined as described in the text and
colored as in Figure 4. Vertical error bars include flux errors, stretch errors,
and errors associated with Arnett’s Rule. Horizontal error bars include errors
from the model fits, but for clarity do not include the 0.1 dex scatter from
the Tremonti et al. (2004) relationship. The gap at 12+log(O/H) = 8.3 arises
from the discontinuity between the Tremonti et al. (2004) mass–metallicity
relationship and the Lee et al. (2006) low-mass extension (there is no gap
in host galaxy masses as can be seen from Figure 4). Points are plotted by
metallicity, and are corrected for redshift mass–metallicity effects as mentioned
in the text, but the upper axis gives an approximate corresponding mass at zero
redshift. Triangles are averages in 0.2 dex bins. Outer error bars are the standard
deviation of the points in that bin, and the inner error bars are the errors on the
mean.
(A color version of this figure is available in the online journal.)

galaxy mass. Figure 4 shows such a comparison for SNLS
SNe Ia. Keeping in mind that passive galaxies tend to have
a high mass, the results are as expected from previous work—
high-mass galaxies host few high-stretch SNe Ia, and low-mass
galaxies host few low-stretch SNe Ia.

4.2. 56Ni Mass Versus Host Galaxy Metallicity

In Figure 5, we have converted galaxy mass to gas-phase
metallicity and converted integrated flux to 56Ni mass as outlined
in Section 3. We have overplotted the TBT03 relationship
between metallicity and predicted SN Ia 56Ni yield, corrected
for O/Fe differences as outlined in Section 2. In this figure we
make a color cut, but not a color correction. Figure 5 shows
that there is a drop in average 56Ni mass for SNe Ia from high-
mass, high-metallicity (12+log(O/H) > 8.8) galaxies. TBT03
predicted a 25% difference in 56Ni yield over a factor of 3
difference in progenitor metallicity. However, most of the effect
occurred at metallicities 12+log(O/H) > 9.2 (see Figure 1),
whereas most SNe Ia in this study occur in galaxies with lower
metallicity. Figure 5 shows that the TBT03 prediction is fairly
flat over the range of metallicities determined for actual SN
hosts. Even when the steeper “thin disk” relation is used from
Figure 1, at most, the expected effect is only 0.06 M# in this
range. In comparison SNe Ia show a wide range in derived 56Ni
mass, here 0.2–1.0 M#, though ranging from 0.1 to 1.3 M# for
extreme cases such as SN 1991bg (Filippenko et al. 1992) and
SNLS-03D3bb (Howell et al. 2006).

In other words, the TBT03 theory appears to be qualitatively
consistent with observations, though there is additional scatter

Howell et 
al. (2009)
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(a)

(b)

Figure 6. Hubble residual trend persists after i!-band surface brightness cut. Panel (a) plots the asinh magnitude i! surface brightness in a 0.2 kpc aperture at the SN
locations. We make a cut at a surface brightness of 21 asinh mag arcsec"1 indicated by the dashed horizontal line. The surface brightness distribution of SN locations
fainter than this threshold is similar across host masses. Panel (b) shows that the correlation between Hubble residual and host mass exists for these SNe that occur in
lower surface brightness locations, indicating that a Malmquist-like effect is not likely to be responsible for the observed trends in Hubble residuals with host galaxy
mass.
(A color version of this figure is available in the online journal.)

Table 12
Corrected Akaike Information Criteria

Parameters Host Property Light Curve MLCS17 MLCS31 SALT SALT2

! . . . . . . 0 0 0 0
", ! . . . !/s/x1 "3.7 "1.0 "4.6 "2.0
#,", ! 90% radius !/s/x1 "10.3 "6.3 "9.8 "7.4
#,", ! log M (>9.5) !/s/x1 "9.9 "5.8 "5.8 "7.7
#,", ! log M (>9.5; GALEX, Neill 09) !/s/x1 "8.8 "3.8 "6.3 "5.6

Notes. AICc increments after adding linear terms (",#) to a constant model (!) of Hubble residuals. The improvements
in $2 provide evidence for the addition of trends with host properties (#). !AICc values are generally more negative than
!BIC values because BIC includes a stronger penalty for additional fit parameters. An AV /c trend (% ) is not included in
this analysis because it has a slope consistent with zero and produces no significant reduction in the fit $2.

6.7.2. Regional Velocity Flows

Peculiar galaxy velocities arising from departures from the
Hubble flow could have a systematic effect on Hubble residuals.
We perform the simple test of splitting our SN sample into lower-
and higher-redshift groups. Both of these samples are consistent
with size- and mass-dependent trends.

6.7.3. Potential Correlations Analyzed

The initial objective of our analysis was to constrain any
correlation between the host galaxy stellar masses and Hubble
residuals of our nearby SN sample to provide comparison to the
Howell et al. (2009) SNLS study. We subsequently expanded our
search to include potential correlations of Hubble residuals with
additional host properties including galaxy color as well as the
location of the SN in the host galaxy. Because galaxy properties
including stellar mass, size, and color correlate with each other,
the number of independent parameter searches is difficult to
estimate precisely but likely is #2–3. The probability of finding
at least one correlation with significance p in an analysis of
n potential correlations is p! = 1 " (1 " p)n. Accordingly, a
search for correlations with two independent variables reduces
the significance of a 2.5& result to #2.25& , while a search
for correlations with three independent variables reduces the
significance of a 2.5& result to #2.1& .

7. DISCUSSION
Given the correlation between light curve parameters and host

galaxy properties, we have been careful to investigate whether
the trends we detect with host size and mass could instead be
accounted for by trends with SN Ia light curve shape or color (or
dust). SNe with a range of light curve properties are present in
the high- and low-mass ends of the host galaxy distribution, and
this allows us to disentangle potential effects of size, mass, and
light curve parameters. By simultaneously fitting for and then
marginalizing over trends with light curve parameters in our fits
for host-dependent trends, we have shown that calibration errors
that correlate with light curve properties do not account for the
trends we find in Hubble residuals with host galaxy size and
mass.

Host galaxy metallicity, stellar age, and extinction by dust
correlate with galaxy mass and may be factors responsible for
the variation we observe in the SN Ia width–color–luminosity
relation. According to the Timmes et al. (2003) model, the effect
of metallicity on SN Ia luminosities depends nonlinearly on
metallicity and would be strongest at the high metallicities of the
massive galaxies in our sample. Kasen et al. (2009) included the
Timmes et al. (2003) effect in SN Ia simulations and found that
increased metallicity would alter the SN Ia width–luminosity
relation, so that SNe Ia with intermediate-to-slow decline rates
would be intrinsically brighter after light curve correction. Such

Low-z SN Ia (Kelly et al. 2010)

Fig. 3.— The Hubble residuals as a function of redshift. The open blue squares denote SNe Ia in star-forming
galaxies, while the solid red circles are SNe Ia in passive galaxies. The dashed line is the reference absolute
magnitude fit to the whole sample regardless of host galaxy type. We find SNe Ia in passive host galaxies
are ! 0.1 magnitudes brighter than in star–forming hosts even after light curve fitting.

Table 2

Best fit values for M,!," as a function of host galaxy type

Host Galaxies Restricteda M ! " #2 No. of SNe

passive no !30.19 ± 0.03 0.16 ± 0.02 2.42 ± 0.16 34.46 40
yes !30.23 ± 0.05 0.18 ± 0.03 2.50 ± 0.41 12.60 27

star-forming no !30.10 ± 0.01 0.12 ± 0.01 3.09 ± 0.10 143.63 122
yes !30.11 ± 0.02 0.16 ± 0.02 3.22 ± 0.20 94.55 89

aRestricted range in allowed c and x1 as shown in Figure 2.

above three, while for passive galaxies we find val-
ues below three. The significance of this di!erence
in " varies between the full and restricted samples,
which is not too surprising, as excluding the out-
liers in the color range will clearly increase the
statistical error on the slope of the color law seen
in Table 2. The mean slope (") is similar for both
the full and restricted sample.

In Figure 4, we show the corrected absolute
magnitude for SNe in passive galaxies as a func-
tion of their fitted color and stretch values. The
left-hand panels show the color–corrected absolute
magnitude as a function of x1, i.e., only the color
part of Eqn. 1 ("c) has been applied to mB. The
right–hand panels show the stretch–corrected ab-
solute magnitude, as a function of c, when only the
stretch component of Eqn. 1 (!x1) has been ap-
plied to the distance modulus. In the upper pan-
els, we show the best fitting law (Eqn. 1) assuming
the best fit values of M,!," for passive galaxies
in Table 2, i.e., (M,!,")P = (-30.19, 0.16, 2.42)
respectively. In the lower row of panels, we show
the best fit law again but now assuming the best

fit parameters for star-forming galaxies, namely
(M,!,")SF = (-30.10, 0.12, 3.09).

Comparing the top and bottom left–hand pan-
els in Figure 4, it is clear we see that the amplitude
(M) of the best-fitted relationship is di!erent be-
tween the two and clearly wrong in the bottom
panels (i.e., using the star-forming best-fit SALT2
parameters for SNe in passive galaxies). In Figure
5, we show the same analysis as in Figure 4, but
this time the data plotted is for the star–forming
SN sample. Again, we see that the amplitude of
the fitted law (Eqn. 1) is di!erent and inappropri-
ate if used to describe the wrong type of galaxy.

4. Discussion

4.1. Systematic Uncertainties

Before we interpret these results, it is important
to understand potential systematic uncertainties
in our analysis. First, we have tested the robust-
ness of our results to reasonable changes in the
fiducial cosmological model and find no significant
e!ect as expected. Likewise, we have increased the

8
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Fig. 6.— The residuals around the best-fit Hubble diagram as a function of host galaxy stellar mass (calcu-
lated from PÉGASE2). The (red) solid circles are for passive host galaxies, while the (blue) open squares
are star-forming hosts. The inclined dot–dot–dashed line is the best–fit to these data, while the dot–dashed
line is the fiducial 3–parameter SALT2 fitted model (Eqn. 1) without regard to the host galaxy stellar mass
or type.

Table 3

Best fit values (M,!,", #)

Dataset M ! " # $2 No. SNe

Full SN sample !30.09 ± 0.01 0.13 ± 0.01 3.04 ± 0.07 0.072 ± 0.018 179.53 162
Restricted !30.11 ± 0.01 0.16 ± 0.02 3.22 ± 0.30 0.088 ± 0.008 98.87 116

• We confirm, to high significance, the strong
correlation between host galaxy type and
the observed width of the light curve, i.e.,
quick decline–rate SNe (small x1 values in
SALT2), favor passive host galaxies, while
bright, slower decline SNe Ia (larger x1 val-
ues) favor star-forming galaxies. This has
been seen before by several authors. How-
ever, we find no correlation between the
color of individual SNe Ia and their host
galaxy, as illustrated in Figure 2.

• We find that SNe Ia are ! 0.1 magnitudes
brighter in passive host galaxies after light
curve fitting. This e!ect is true for both
SALT2 and MCLS2k2 analyses. The statis-
tical significance of this di!erence is between
2 and 3$ dependent upon the details of the

fitting methodology and the inclusion of out-
liers in the color and x1 distributions of these
data.

• We find evidence for di!erences in the SN
color relationship between passive and star–
forming host galaxies. For SALT2, we detect
di!erences in ", with passive hosts show-
ing " ! 2.5 and star–forming hosts prefer-
ing " > 3. For MLCS2k2, we see a similar
trend for passive hosts preferring a dust law
with RV ! 1 and star-forming hosts giving
RV " 2. The significance of these trends de-
pends on the color range considered, but is
greater than 3$ for the full SN sample con-
sidered herein.

• We find that the required intrinsic dispersion

12

also seen in SNLS & low-z
(Sullivan et al. 2010)
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Figure 2: Hubble Residuals as a function of emission-line metallicity, measured using the
KD02 method described in Section 3. Blue circles are SFG in our ‘full’ sample, excluding

Gemini sources. The lower- and upper-branch metallicities from Gemini spectra are green
and red squares, respectively. The plotted error bars include the systematic uncertainty
of 0.1 dex added in quadrature to log[O/H] measurements (KE08). The orange diamonds

represent the weighted averages of the upper- and lower-metallicity bins, with the division
at 12 + log[O/H ] = 8.80 set so that the bins contain approximately the same amount of

data (18 and 16 hosts, respectively). We do not fold into our HR uncertainties the ‘intrinsic
scatter’ of ! 0.14 mag used to bring the reduced !2 of the best-fit cosmology down to 1; see
Section 4.1 for a discussion.
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Figure 4: salt2 HRs as a function of the spectroscopically defined specific star-formation

rate, sSFRspec. Blue circles are hosts classified as Star-Forming Galaxies (SFGs); red squares
are Composites. The best-fit line for the SFG-only sample is shown. SNe Ia which are

underluminous after light-curve corrections are preferentially found in regions of high sSFR.
If divided into equally populated bins (green diamonds), the bin of lower sSFR has a typical
HR consistent with that of passive hosts (brown arrow), the upper limit of which is show

here.

mass, we invoke another well-known empirical correlation,
the Schmidt star formation law (Schmidt 1959; Kennicutt
1998), which relates the star formation surface density to the
gas surface density.

For each of our galaxies we calculate the star formation rate
(SFR) in the fiber aperture from the attenuation-corrected H!
luminosity following Brinchmann et al. (2004).

We multiply our SFRs by a factor of 1.5 to convert from a
Kroupa (2001) IMF to the Salpeter IMF used by Kennicutt
(1998). Our SDSS galaxies have star formation surface den-
sities that are within a factor of 10 of !SFR ! 0:3 M" yr#1

kpc#2, exactly the range found by Kennicutt (1998) for the
central regions of normal disk galaxies. We convert star for-
mation surface density to surface gas mass density, !gas, by
inverting the composite Schmidt law of Kennicutt (1998),

!SFR ! 1:6 ; 10#4 !gas

1 M" pc#2

! "1:4

M" yr#1 kpc#2: $5%

(Note that the numerical coefficient has been adjusted to in-
clude helium in !gas.) Combining our spectroscopically de-
rived M/L ratio with a measurement of the z-band surface
brightness in the fiber aperture, we compute !star, the stellar
surface mass density. The gas mass fraction is then "gas !
!gas=(!gas & !star).

In Figure 8 we plot the effective yield of our SDSS star-
forming galaxies as a function of total baryonic (stellar+gas)
mass. Baryonic mass is believed to correlate with dark mass, as
evidenced by the existence of a baryonic ‘‘Tully-Fisher’’ rela-
tion (McGaugh et al. 2000; Bell & de Jong 2001). We are inter-
ested in the dark mass because departures from the ‘‘closed
box’’ model might be expected to correlate with the depth of
the galaxy potential well. Data on the distribution of the ef-
fective yield at fixed baryonic mass are provided in Table 4.
Because very few of our SDSS galaxies have masses below
108.5 M", we augment our data set with measurements from
Lee et al. (2003), Garnett (2002), and Pilyugin & Ferrini
(2000), all of which use direct gas mass measurements. We

Fig. 6.—Relation between stellar mass, in units of solar masses, and gas-phase oxygen abundance for '53,400 star-forming galaxies in the SDSS. The large
black filled diamonds represent the median in bins of 0.1 dex in mass that include at least 100 data points. The solid lines are the contours that enclose 68% and 95%
of the data. The red line shows a polynomial fit to the data. The inset plot shows the residuals of the fit. Data for the contours are given in Table 3.
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Fig. 8. Comparison of the mass-metallicity relation observed at di!erent
redshifts, as parametrized by the analytical function Eq. (2) and coe"-
cients in Table 5.

bias of our sample in terms of SSFR relative to the LBG sample
of Steidel et al. (2003) should not a!ect significantly the inferred
mass-metallicity relation.

Another possible source of bias is that LBGs are selected
through their UV rest-frame colors, hence they miss any pop-
ulation of heavily reddened star forming galaxies. Reddy et al.
(2007) estimate that, due to this selection e!ect, LBG’s repre-
sent !47% of the population of star forming galaxies at z ! 3
with R < 25.5 (see also Hopkins & Beacom 2006). Dust red-
dened galaxies are naively expected to be more metal rich (since
metallicity and dust content correlate, Hunt et al. 2005). On the
contrary, Rupke et al. (2008) have shown that, at least at low-
z, dusty galaxies (IR-selected) are characterized by gas metal-
licities lower than optical- and UV-selected galaxies (probably
due to metal poor gas infalling from the outskirts in merg-
ing/interacting systems). Recently Caputi et al. (2008) have
found a similar e!ect in dusty galaxies at intermediate red-
shift (i.e. metallicities lower than in optically selected galaxies).
High-z dusty objects may behave di!erently. However, if the
same phenomenon is also present at high-z, then LBG’s would
provide an upper limit to the metallicity of galaxies at z ! 3.
However, we do not speculate further on the properties of star
forming galaxies that are not sampled by LBGs, and we sim-
ply emphasize that the results presented in this paper only apply
to about half of the star forming galaxies at z ! 3, i.e. those
UV-selected.

7.4. The evolution of the mass-metallicity relation

The evolution of the mass-metallicity relation is summarized in
Fig. 8, where we plot the best fits resulting from Eq. (2) both at
z ! 3.5 from the AMAZE survey, and at lower redshifts from
previous surveys.

Figures 7, 8 highlights a clear evolution of the mass-
metallicity relation of star forming galaxies through the cosmic
epochs. As already discussed in Sect. 7.3, this evolution should
not be seen as the evolutionary sequence of individual objects,
since at each redshift the various surveys are sampling di!erent

Fig. 9. Average metallicity of star forming galaxies as a function of
the cosmic age of the Universe, relative to local galaxies, for three
di!erent families of galaxies with di!erent stellar masses (M"/M# =
109, 1010, 1011). Ages are sampled at the redshifts where observations
are directly available. The average metallicity for each stellar mass was
inferred by using the parametrization given by Eq. (2) and Table 5.

classes of star forming galaxies, which are not necessarily each
other progenitors. The trend observed in Figs. 7, 8 should be re-
garded as the evolution of the mass-metallicity relation of galax-
ies dominating (or contributing significantly) the star formation
density at each epoch.

At M" ! 1010 M# the metallicity at z ! 2.2 is lower by a
factor of about 2.5 with respect to local galaxies. Even if highly
significant, such metallicity decrease is modest if one considers
that from z = 0 to z = 2.2 the elapsed time is !11 Gyr, i.e.
about 75% of the age of the universe. From z ! 2.2 to z ! 3.5
the average metallicity of galaxies decreases by another factor
of about 2.5. However, the latter evolution is much stronger,
and faster. Indeed, such a metallicity variation occurs on a much
shorter time scale, only !1 Gyr. This e!ect is shown in more
clearly Fig. 9, where the the average metallicity of star forming
galaxies is plotted as a function of the age of the universe, for
di!erent classes of galaxies with di!erent stellar masses, by ex-
ploiting the analytical function in Eq. (2) (note that, as discussed
above, this figure does not provide the evolution of individual
galaxies). We further note that the evolution is strong even in
massive galaxies. Clearly, z ! 3.5 is an epoch of major action
for the evolution of galaxies, both in terms of star formation and
chemical enrichment, even for massive systems.

We note that a similar strong evolution of the metallicities
at z > 3 was obtained by Mehlert et al. (2006) by investigating
the stellar metallicities of a few galaxies with bright UV contin-
uum. Their result was however a!ected by uncertainties on the
absolute calibration of the stellar metallicity tracers. It is also in-
teresting to note that the metallicities obtained by us at z ! 3.5
are in fair agreement with those expected at the same redshift
by Panter et al. (2008), who inferred the metallicity evolution
of galaxies by modelling its “fossil” spectral signatures in local
galaxies.

SDSS-II SN Survey z<0.15 (D’Andrea et al. 2011)

SDSS galaxies z~0.1 
(Tremonti et al. 2005)

Maiolino et 
al. (2008)

Galaxy mass evolves 
with redshift.  mass-
metallicity relation 
also evolves with 
redshift...



Possible Ancillary Program

‣ Spectroscopy of active SN

‣ serendipitous - e.g., Krughoff et al. 
(2010) found 52 SN Ia in ~350,000 
SDSS galaxy spectra (1/6000).

‣ ~1500 SN Ia near peak in 10M 
galaxy spectra (more due to larger 
fiber fraction).

‣ target - need imaging survey (e.g., 
DES+, LSST).

‣ ~30+ SN Ia candidates near peak 
in every 3 deg2.
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nent fits the broad and narrow emission which decreases
the number of false positives by an order of magnitude.

Fig. 3.— Comparison of the fits with only galaxy eigen spec-
tra (blue line) and eigen spectra with a supernova template
(red line) for a spectrum with significant supernova contribution
(SDSS J083909.65+072431.6). The original spectrum is shown in
black. The residual supernova signal from the top pane (Observed-
(Galaxy + QSO)). Note that the flux contribution from the super-
nova is greater than 50% that of the galaxy. The residual is shown
in black with the best fit supernova template in red.

3.1. Selection Criteria for supernova Candidates

To determine the low redshift supernova rate, we must
discriminate reliably between those galaxy spectra that
contain supernovae and those that do not. To accom-
plish this we consider two measures of the significance of
a supernova detection: the signal-to-noise of the residual
flux after subtraction of the galaxy and QSO compo-
nents, and the goodness of fit of the supernova template
measured by Equation 2 when the flux is estimated using
all eigen spectra plus the best fit supernova template.
We define the signal-to-noise as

S

N
=

!6000Å
j=4500Å Rj

"

!6000Å
j=4500Å !2

j

, (3)

where Rj = fj !
!n

i=0 aieij is the residual flux after
subtracting the underlying galaxy and QSO components,
and n is the number of eigen spectra used to model the
galaxy and QSO spectra (in our case the first two QSO
components were used). The signal-to-noise is measured
over the wavelength interval 4500Å – 6000Å in order to
exclude contamination of the flux due to H".
Following the method outlined in Richards et al.

(2004), we use a nonparametric Bayes classifier (NBC)
to select supernova candidates. For a general two class
system the NBC can be written as:

P (C1|x) =
p(x|C1)P (C1)

p(x|C1)P (C1) + p(x|C2)P (C2)
(4)

For our problem, C1 is the supernova candidate class

(SN), and C2 is the class of galaxies without supernovae
(GAL). The variable x is the two dimensional location of
a source within the S

N – log(L) space. The priors P (C1)
and P (C2) are the probability of drawing a galaxy with a
supernova (P (SN)) and without a supernova (P (GAL))
respectively. We choose P (SN) = 3/10000. This value is
consistent with estimates from historical supernova rate
calculations and with the numbers we see when the al-
gorithm is run on the statistical sample. This is a two
class system so, P (GAL) = 1! P (SN).
We estimate the relative likelihoods for the NBC using

the Statistical and Model samples described in the previ-
ous section. Figure 4 shows the probability density distri-
butions of the Statistical and Model samples within the
S
N – log(L) space. White corresponds to high probability
density and black low probability density. Overlaid on
these plots are contours of the value of P (SN | SN , log(L))
corresponding to 3, 4, and 5! confidence levels that a
source contains a supernova.
Probability density functions for the samples have

been estimated by fitting a mixture of Gaussians us-
ing the FastMix package (Moore (1998)). The proba-
bility P (SN |x) is then derived from P ( S

N , log(L)|GAL),
and P ( S

N , log(L)|SN). For our current work we
choose to classify a galaxy as a supernova candidate if
P (SN | SN , log(L)) " 0.9973. This corresponds to a 3!
threshold. We further define a subset of supernovae the
bronze, silver, and gold candidates (see Section 5) using
thresholds of 3, 4, and 5 ! respectively.
In addition to a cut in P (SN | SN , log(L)), the available

supernovae template models require that all supernovae
!20 < Age < 70 ( i.e. the template spectra used in
the Model Sample span a finite range in supernova age).
To mitigate potential edge e!ects, we include only those
supernovae with ages !14 < Age < 40 within our final
candidates.
Finally, a cut is placed in both log(L) and S

N to avoid
catastrophic failures in the algorithm. These are gen-
erally due to objects that are not fit well by either
galaxy or supernova templates. By inspection, conser-
vative boundaries are set that exclude objects with both
log(L) > 4 and S

N < 150 (see Figure 5). This region is
populated by extreme emission line galaxies where the
emission lines influence the #2-statistic such that a good
fit is impossible, and objects for which the spectral cali-
bration failed for one reason or another. These points are
not rejected by the P (SN | SN , log(L)) cut because neither
training set samples this area of parameter space well.
Together these selection criteria provide a fully auto-

mated and probabilistic approach for selection of super-
novae from galaxy spectra.

4. SIMULATED SPECTRA AND THE EFFICIENCY OF
SUPERNOVA DETECTION

The statistical and systematic properties of our su-
pernova detection and classification technique are deter-
mined through a Monte-Carlo simulation using the model
sample described in 2 (and Table 1).

4.1. E!ciency of Supernova Detection in SDSS Spectra

Host galaxy properties have a large influence on our al-
gorithm’s ability to detect the resident supernova. Herein
we examine these properties and discuss their impact on



Summary

‣ DESpec can:

‣ measure SN host galaxy spectra of 30%+ of DES SN.

‣ provide redshifts, star-formation rates, gas-phase 
metallicities and possibly age and metallicities of 
stellar population.

‣ majority of SN galaxies too faint for 4m spectroscopy

‣ (look at numbers in Main Survey)

‣ perform follow-up spectroscopy of ongoing SN surveys 
(use ~1% of fibers).


