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Reddening and dimming of SNe Ia 

     a) Dust  

    Milky Way ✓  


   Host galaxy interstellar medium 

   Intergalactic medium? 

    Circumstellar medium?  
 

    b) SN physics 

     Intrinsic color-brightness 
relation. Evidence in e.g. Wang et 
al 2009, Nordin et al 2011, Foley et 
al 2012,…  

PS:	  A&enua+on	  by	  excita+on	  and	  ioniza+on	  of	  atoms	  negligible	  in	  op+cal	  and 	  NIR.	  

This 
talk 



Low Rv no matter how you look… 

Best fit: 
Rv=1.75±0.27 

Nobili & Goobar (2008) 
 
Re-evaluated intrinsic 
colors of near-by SNe, 
e.g. dependence on 
stretch, and found that 
a consistent picture 
emerged for Rv~1.7 

A few years earlier I had been 
to Berkeley and gave a talk 
showing that I could get a 
tighter  Hubble diagram from 
the Riess 04 data with very low 
Rv . Schlegel: There is no such 
dust! 
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so on. In principle, each contribution ci,k can be corrected
for using an appropriate color-dimming coe!cient !k:

"mi =
X

k

!i,k ci,k (10)

(if attributed to dust extinction, !k corresponds to RB =
AB/E(B!V ) = RV +1, following the previously introduced
bands).

Let us now consider the e"ects of cosmic dust extinc-
tion, which we will denote with the subscript “d”. For sim-
plicity, we will only consider its redshift dependence, i.e.
!i,k = !d and ci,k = cd(zi). The brightness of standard can-
dles will appear modified according to "mi = !d cd(zi). If
!d di"ers from the best-fit value of !0 found in Equation 6,
a redshift-dependent magnitude bias

"mbias,i = (!d ! !0) cd(zi) (11)

is introduced. The relation between !d and !0 depends on
the relative contribution of cosmic dust reddening to the
overall color scatter. Note that such a bias can be either
positive or negative.

In order to quantify the amplitude of this potential bias,
we use the estimate of the opacity of the Universe given
by M09. These authors reported reddening e"ects on large-
scales around z " 0.3 galaxies, characterized by !d = RV +
1 = 4.9 ± 2.6. Based on these results, they proposed several
model-dependent estimates of the opacity of the Universe as
a function of redshift. Here we will consider two cases:

(i) a high-AB model, shown in Figure 1 with the dark-
blue curve. This estimate is calibrated at the redshift of
their measurement and then extrapolated to higher redshift
using an evolution model based on the observed amount of
dust in MgII absorbers.

(ii) a low-AB model, where the cosmic dust density for the
high-AB model is damped by a factor (1+z)!2. This results
in a significant suppression of the opacity at z ! 0.8. This
model, shown with the light-blue curve, is still consistent
with broad observational constraints and only about a factor
" 2 ! 3 higher than the allowed lower limits.

Recent analyses of SNe Ia point toward a value of
!0 # 2.5 (Kowalski et al. 2008) which is derived from min-
imizing the residuals in the Hubble diagram. According to
Equation 11, a component of cosmic dust with !d = 4.9 will
bias the distance modulus estimate by

"mbias(z = 0.5) # 0.01 mag . (12)

Given the simple scaling relations derived in §2.1, this will
in turn bias the inferred #M value by "#M # 0.01. This
translates into a " 3% bias for #M # 0.3. Below we quantify
this e"ect more accurately, using existing data.

2.3 Application to the Union supernova sample

We now investigate the impact of cosmic dust on a recent su-
pernova dataset: the “Union” sample (Kowalski et al. 2008).
These authors have combined various supernova samples,
compiling a “clean” dataset of 307 SNe with 0.015 < z <
1.55 which they used to infer cosmological parameter con-
straints.

Using Equation 6, we sample the parameter space con-
strained by this dataset for two cosmological models, using

Figure 1. Top: Opacity of the Universe as a function of redshift,
in the rest-frame B band as estimated by Ménard et al. (2009).
The light blue curve shows an extrapolation of the z ! 0.3 mea-
surements taking into account the evolution of dust density as a
function of redshift. The dark blue curve applies a damping term
to that extrapolation. Bottom: The data points show the residu-
als of the Hubble diagram with the Union sample of supernovae.
The blue curves show the expected contribution to the scatter in
magnitudes due to intergalactic extinction.

an adaptive importance sampling algorithm called Popula-
tion MonteCarlo (for more details, see Wraith et al. 2009)2.
We first consider a flat $CDM Universe using only con-
straints from the supernovae themselves. This allows us to
estimate the constraints on {#M, M, #, !}, the latter three
being the nuisance parameters intended to absorb the ef-
fects of the standard candle normalization. Our numerical
values are presented in Table 1 and we show the posterior
distributions of M , ! and #M in Figure 2 with the gray
histograms. Second, we consider a dark-energy model with
constant equation of state w. In order to obtain interesting
constraints, we add data from the CMB (WMAP5 distance
priors; Komatsu et al. 2008) and BAO (distance parameter
A measured with the SDSS; Eisenstein et al. 2005). The con-
straints on the parameters {w, #M, #b, h, M, #, !} are given
in Table 1 and we show the posterior distribution for #M,
#b and w and h in Figure 3. In each case, we recover results
similar to Kowalski et al. (2008).

c" 0000 RAS, MNRAS 000, 000–000

Menard,Kilbinger & Scranton (2009) 

Issue for high-precision 
high-z cosmology 
 
Negligible at low-z: 
not related to “low” Rv                   
problem  



Multiple scattering on dust around SNe? 

L.Wang	  (2005)	  
A.Goobar	  (2008)	  
R.Amanullah	  &	  A.	  Goobar	  (2011)	  
	  

Observed	  colors	  a@er	  the	  semi-‐diffusive	  shell	  will	  depend	  on:	  
	  
Ø  Wavelength	  dependent	  cross-‐secHons,	  albedo	  and	  scaJering	  angles	  
Ø  Dust	  density	  and	  shell	  volume	  

AG	  2008	  and	  	  RA+AG	  2011:	  
Monte-‐Carlo	  simulaHon	  	  
Use	  dust	  parameters	  for	  MW	  and	  LMC	  by:	  
	  Draine	  ApJ	  2003,	  Weingartner	  &	  Draine	  ApJ	  2001	  	  
(also	  SMC	  dust	  ,	  but	  mostly	  absorp+on,	  not	  
sca&ering,	  at	  op+cal	  wavelengths)	  

6 



Differential extinction law differs, 
especially towards UV  

7 

Cardelli	  law	  does	  not	  fit	  en+re	  op+cal	  window,	  for	  any	  Rv	  

AG 2008 



Power-law  

8 



Reddening law from circumstellar 
dust provides a good fit for highly 
reddened SNe Ia 

Folatelli, Phillips et al. (2010) –  
Carnegie Supernova Project 



Circumstellar 
Dust 

Dust in the CS Medium? 
 

Evaporation radius ~1016 cm 



What else should we see?  
(I) Time delay of photons 

SN 

Implications on SN Ia observables beyond the reddening law! 

Amanullah  & Goobar (2011) 

See also: 
Patat (2005) 
Patat et al. (2006) 



CSP data   (looked at  in Amanullah & AG) 

Qualitative comparison with data 



Implications on lightcurve shape – 
LC width becomes a func of shell 
radius and width 

Amanullah & AG 



Time-dependent color excess: blue 
photons arrive later, SN gets bluer 
at late times 

Folatelli et al. (2010) 

Prediction: 
 
some perturbation of SN 
features, since we get to 
a mixture of epochs     

Is this effect still 
seen ?? 



Joel Johansson et al.: Detection of Circumstellar dust around Type Ia SN2006X, Online Material p 2

Fig. 5. The field of SN 2006x in NGC4321 at 3.6µm.

Fig. 6. The field of SN 2006x in NGC4321 at 4.5µm.

Fig. 7. The field of SN 2006x in NGC4321 at 5.8µm.

Fig. 8. The field of SN 2006x in NGC4321 at 8.0µm.

Other observables:  
(II) Re-emission of dust at longer 
        wavelengths? 
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Data compatible with 10-2 M¤ dust at T~250 K  
   

SN2006X 
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What else should we see?  
(II) Re-emission of dust at longer 
        wavelengths 
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Fig. 5. The field of SN 2006x in NGC4321 at 3.6µm.

Fig. 6. The field of SN 2006x in NGC4321 at 4.5µm.

Fig. 7. The field of SN 2006x in NGC4321 at 5.8µm.

Fig. 8. The field of SN 2006x in NGC4321 at 8.0µm.
3.6 µ 4.5 µ 5.8 µ 8.0 µ 

Data compatible with 10-2 M¤ dust at T~250 K  
 but(!) signal around 8µm degenerate with SN 
physics… line emission.   

SN2006X 



Mid-IR Spectra of SN 2003hv and SN 2005df 15

Fig. 1.— Observed MIR broadband photometry of SN 2005df at three epochs in Nov. 2005, Feb. 2006, and Aug. 2006. The spectral
energy distribution shows little evidence of evolution except for the rapid fading of the IRAC Ch. 1 (3.6 µm) flux between the first two
epochs.

Fig. 2.— The observed mid-infrared spectrum of SN 2005df. Wavelengths are shown as vacuum coordinates in the observer’s frame, and
are plotted on a logarithmic scale so that the observed line width is proportional to the velocity line width throughout the large wavelength
span. See text for discussion of line identifications.

Gerardy et al (2007) 



Searches for re-emission by dust in 
sub-mm 

We have used Apex and Herschel  to study near-by SNe Ia in  
sub-mm to search for re-emission. 

APEX Herschel 



SN2011fe  in M101 – E(B-V)~0.01 

Preliminary! 

Johansson et al. in prep. 

9

Figure 10. Herschel PACS 70µm observations of SN 2011fe

Figure 11. Herschel PACS 160µm observations of SN 2011fe

c� 2002 RAS, MNRAS 000, 1–9

Johansson et al, in prep 



What to expect? Low sensitivity 

Upper limit 

Preliminary! Johansson et al, in prep 



 
 
 
 
What else should we see? 
(III)  Enhanced dimming in UV 
Ongoing C19 HST program   

 

Dimming by 
dust 

Up-scattering of 
photons from 
collisions with 
shocked gas 
 (P.Lundqvist) 

P.Brown’s work with Swift very interesting 



INTERSTELLAR DUST 
REVISITED 

Metal lines as tracers of dusty environments 



 
Detection of MgII 2800 doublet 
Clumped dust in large scale outflows? 
 

c>0 

Nordin, 
Goobar,
Menard 
in prep. 

SNLS z>0.4 
Keck spectra 



One step closer to breaking 
degeneracy between sources of 
dimming 

c >0.02 

c<0.02 

all 
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Fig. 7.— Cosmic mass density of dust contained in Mg ii absorbers (green diamonds) compared with various other estimates of the dust
density, contained in galactic discs (Fukugita & Peebles 2004; Driver et al. 2007), in virial radii of galactic haloes (Ménard et al.), in
intergalactic space beyond virial radii, and the total amount produced in cosmic history (Fukugita 2011). The dashed curve refers to the
estimate from a global fit using a parametrised form for the redshift dependence for the entire sample (see text).

HIPASS HI survey with 1000 galaxies (Zwaan et al.
2003) gives

!HIPASS
HI ! (4.2± 0.7)" 10!4 (18)

from the integration of the HI mass function assuming
the Schechter form. The objects with M(HI) > 107M"

are all identified with optical galaxies at least in high lati-
tude fields where one can avoid confusions. This suggests
that a smooth interpolation of HI objects is also likely
to consist of the small galaxy population, rather than
another population such as Mg ii clouds around galaxies,
although the possibility is not excluded that it includes
contributions from Mg ii clouds.11 Fukugita & Peebles
have estimated that, at the present epoch, the total cos-
mic density of HI amounts to

!tot
HI ! 4.5" 10!4 . (19)

Our result shows that Mg ii absorbers add about a third
of the neutral hydrogen amount in galactic discs and bear
a fourth of neutral hydrogen amount in the Universe.

6. SUMMARY AND IMPLICATIONS

Large quasar samples, aided with precision photome-
try, have enabled us to study the dust content of Mg ii
absorbers over a broad redshift range. In addition the
combination of high-redshift systems and UV observa-
tions allows us to study the short-wavelength extinction
properties of their dust grains, all the way to the Lyman
edge.

11 For reference, the molecular hydrogen abundance from the
CO survey of Keres et al. (2003) is !tot

H2
! (1.6 ± 0.6)" 10!4.

With minimum assumptions we have estimated the
cosmic density of dust borne by Mg ii clouds. At low
redshift it amounts to

!dust(Mg II) # 2.3" 10!6 . (20)

This is comparable to the amount of dust in galactic
disks: !disk

dust # 3 $ 4 " 10!6 (Fukugita & Peebles 2004,
Driver et al. 2007).
Fukugita (2011) estimated the total amount of dust

produced in the Universe to be

!tot
dust# 0.003 (!star)" 0.6 (fraction shed)

" 0.02 (metallicity) " 0.3 (fraction condensed)

# 1" 10!5 . (21)

This implies that the amount of dust expelled from galax-
ies is about !dust(expelled) # 6 " 10!6. Mg ii absorbers
therefore carry about 1/3 to 1/2 of the total amount of
dust expelled by galaxies.
The ratio of the abundances

!dust(Mg II)/!dust(expelled) indicates that the gas
responsible for Mg ii absorption should have integrated
dust for the corresponding fraction of the cosmic age:
Mg ii clouds should have persisted for a time scale of the
order several Gyr. The overall gas distribution does not
disperse too quickly and lasts e!ectively for a significant
fraction of the cosmic age. The gas distribution traced
by Mg ii absorbers should have received dust produced
in nearby galaxies and integrated it at least for a few
Gyr period.
In the present study we measured the shape of the ex-

tinction curve from 900 Å, at which the absorption of

Menard & Fukugita 2012 



SUPERNOVAE OBSERVED 
THROUGH GRAVITATIONAL 
TELESCOPES 

Part II 

Gunnarsson & Goobar (2003) 
Goobar et al (2009) 
Stanishev, Goobar, et al (2009) 
Amanullah, Goobar et al (2011) 
Riehm, Mörtsell, Goobar et al (2011) 



Nature’s own gravitational telescopes	


27	




A1689: magnification map for source 
at z=2	


28	


3.4’	


1	  mag	  
2	  mag	  

3	  mag	  

Galaxies	  with	  
spectro-‐z	  

~40 strongly 
lensed 
galaxies, 
more than 
115 images! 
 
Limousin et 
al (2007) 



ESO “pilot”: ISAAC (6 hs, Y) and 
HAWK-I (17 hs, J) on A1689 

+  Archival data from FORS2, HST 
+  Optical Monitoring in NOT 2.5m 

+  Unrelated ESO program in 
parallel with our HAWKI obs: 

    Ks + NB1060  (1.06 µm) 

 

    Gravity gives, gravity takes: 
focusing means also smaller 
survey area. 

12 A. Goobar et al.: Near-IR search for lensed supernovae behind galaxy clusters
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Fig. 15. Upper: Redshift distribution of SN discoveries in a 5-year sur-
vey behind a very massive cluster (model of A1689 used). Lower:
Gain/loss of using a A1689-like cluster as a lens compared to an equiv-
alent survey without the lens for di!erent redshifts. The crossing of the
curves through the zero line indicates the redshift for which a transition
to a net gain in SN discoveries is obtained due to the gravitational tele-
scope. An average Milky-Way-like extinction with E(B!V) = 0.15 was
assumed together with SN rates from M07.

survey. The lightcurve is consistent with being a reddened Type
IIP supernova at zSN = 0.59 ± 0.05. At the position and redshift
of the transient, the lensing model predicts 1.4 magnitudes of
magnification.

Because of the recent deployment of large and sensitive near-
IR cameras, such as HAWK-I at VLT, the search for the high-
est redshift SNe can now be moved to longer wavelengths, thus
avoiding the di"culties involved with restframe UV observa-
tions, and extending the potential for supernova discoveries, es-
pecially Type Ia supernovae, beyond z > 2. A feasibility study
of the potential to build up lightcurves of lensed SNe with larger
and deeper surveys shows that this is a very exciting path for
new discoveries. The equivalent of a five-year monthly survey
of a single very massive cluster with the HAWK-I camera at
VLT would yield 40 ! 70 lensed SNe, most of them with good
lightcurve sampling. Thus, a dedicated multi-year NIR rolling
search targeting several massive clusters would lead to a high
rate of very high-z SN discoveries, thus making this approach
complementary to deep optical space-based SN surveys (Riess
et al., 2007) as well large field-of-view optical SN searches, e.g.,
(Poznanski et al., 2007).

Although very rare, multiple images of strongly lensed SNe
are within reach of such a survey and could o!er potentially ex-
citing tests of cosmological parameters as well as improvements
to the cluster mass modeling.
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Some of the transients we found 10 A. Goobar et al.: Near-IR search for lensed supernovae behind galaxy clusters
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Fig. 13. Transient candidate photometry (also listed in Table 4) plot-
ted on top of redshifted (zSN = 0.59) lightcurves of the very well ob-
served Type IIP SN SN2001cy Poznanski et al. (2009). The nearby SN
lightcurves were K-corrected using IIP spectral templates derived from
spectra and photometry of SN2001cy and reddened following the ex-
tinction law in Fitzpatrick (1999) with the parameters E(B ! V) = 0.85
and RV = 1.5 yielding !2 = 3.5 for 6 data points and 4 free parameters.
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Fig. 14. Probability distribution function for the photometric redshift
(seven bands) of the galaxy closest (0.5 arcseconds) to the transient,
the SN photo-z assuming a IIP template matching SN2001cy and the
product of the two, yielding z = 0.59 ± 0.05.

7. Implications for future near-IR surveys

The pilot survey was completed with the ISAAC instrument
at VLT, which has a FOV of 2.5’"2.5’ and a threshold of
#24 mag (Vega) for S Z and J-bands and relatively few observa-
tions. We briefly discuss the feasibility of building up lightcurves
of lensed SNe behind clusters of galaxies for surveys with 8-
meter class ground-based telescopes and large FOV near-IR in-
struments, such as HAWK-I at VLT or MOIRCS at Subaru. We
consider a five-year “rolling” search survey,with imaging spaced
at intrevals of 30 days.

The lensing model of A1689 is used as our baseline for esti-
mating the number of SNe behind a massive cluster as a function
of redshift. Thus, the results below apply to the most massive
clusters, M # 1015M$. We also consider a survey period of five
years since this is optimal for the discovery of multiple images
(Sect. 7.1). In practice, several clusters would have to be ob-
served to correspond to ’five A1689 years’ since that particular
field is behind the Sun part of the year.

During period 81 (P81, July 2008), our team started a survey
targeting lensed SNe behind A1689 using the increased sensi-
tivity and FOV (% 7.5’"7.5’) of HAWK-I on VLT. The limited
availability of the instrument in P81, only a few, closely spaced
observations were completed. Although the observations were
not suited to transient searches, the dataset could be used to es-
timate the depth of the point-source search in J-band that was
continued during P82 (early 2009) to # 24.65 mag (Vega) for
90% detection e!ciency, i.e., about 0.65 mag deeper than the
survey done with ISAAC.

We now examine the feasibility of SN detection with
HAWK-I. We use LENSTOOL to calculate the lensing magnifi-
cation map of A1689 for the larger FOV. Although the magni-
fication decreases with distance from the cluster core, reaching
"mlens # !0.25 at the edges of the FOV, the impact of lensing
remains very important for detecting distant supernovae. In the
upper panel of Fig. 15, the di#erential number of SNe is shown
for the various types of SNe. The lower part of the figure shows
the gain and loss of lensing compared to the same survey with-
out lensing as a function of redshift. As expected, fewer SNe are
found at low redshifts, while the survey depth is significantly in-
creased. The integrated number of SNe for the various models is
shown in Fig. 16.

For HAWK-I (and the A1689 mass model), we expect on
the order of 40-70 SNe (depending on the underlying rate esti-
mate for the various SN types) of which about a dozen will be at
z > 1.5. In Fig. 17, the potential of the suggested rolling search
for generating lensed supernova lightcurves in the redshift range
(1 < z < 2) is shown. The repeated images are used both to dis-
cover new supernovae and to build up lightcurves for earlier dis-
coveries. The supernova types and redshift distribution matches
the di#erential rates in Fig. 15.

Surveys for lensed supernovaewith space instruments would
complementthe ground-based approaches since even higher red-
shifts could be reached due to the deeper point source sensitivity.

7.1. Multiple SN images

When looking through a gravitational lens, multiple images of
the same source image can be observed. This is also true for
SNe that, due to strong lensing, can potentially be detected to
very high redshifts. About one in a hundred SNe behind A1689
in the HAWK-I FOV would have multiple images with time sep-
arations of between weeks and a few years. Thus, about 0.5-1.0
SNe with multiple images are expected in a 5 year survey with
HAWK-I.

Figure 18 indicates the fraction of the source areas with mul-
tiply lensed SNe that can be observed as a function of survey
time for two di#erent redshifts. For z = 1, all SN types show the
same behavior and given a su!ciently large survey time, at least
two (or more) images of the SN could be observed, regardless
of its type. At higher redshifts (z = 2), given a su!ciently large
survey time, most of the brighter SNe (Ia and IIn) and about half
of the IILbright and HN will be observable and have at least two
(or more) images. The other SN types (IIL, Ib/c, and IIP) will
be too faint – even with magnification – to be observed. For all
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The importance of exploring the 
highest-z SNe Ia  

  Large lever arm in studies for evolutionary effects. 
  At z~1.5, t~4 Gyrs since Big Bang, i.e., short lived progenitors.  

  WDs at very high-z likely to originate from more massive stars 

  

   Dominguez, Höflich & Straniero (2001):  

•  CO mass and the C/O ratio are expected to depend on the   
progenitor mass   

•  Because of the lower C/O ratio in more massive progenitors, 
smaller amounts of 56Ni are synthesized.  

•  ~3% change in peak luminosity per 1 M¤ change in progenitor 
star.  

 



State of the art at highest-z from 
HST 

2 Rodney et al.

Fig. 1.— SN Ia Hubble residuals diagram, plotting distance modulus relative to the ⇤CDM cosmology versus redshift. Colored points
with error bars show the compilation of ⇠ 500 SNe Ia from Conley et al. (2011): the low-z sample in purple and the mid-z SNe in blue
and green, with large open circles showing the mean values in redshift bins of width 0.2. For the high-z range, the “Gold” and “Silver”
SN Ia samples from Riess et al. (2007) and Riess et al. (2004) are shown in gold and grey points, respectively, with open symbols indicating
objects that lack a spectroscopic classification. Separately normalized histograms along the lower edge show the distribution of points for
each survey, and the red bar shows the expected reach of the HST MCT survey presented in this work.

et al. 2004; Riess et al. 2007; Suzuki et al. 2011).
These high-redshift objects reach back to the era of
deceleration, enabling tests of models with a time-
varying dark-energy component w(z) and checks
against extreme SN Ia systematics. From the set of
high-z SNe Ia with measured light curves, the high-
est redshift on record is SN 1997↵ at z ⇡ 1.7 (Riess
et al. 2001). This object was found in a passive
host with an old stellar population, strongly sug-
gesting it is a SN Ia. However, there is no reliable
spectroscopic measurement of the SN, it has only a
sparsely observed light curve, and the host redshift
relies on a photo-z and a questionable single-line
detection. More and better observations are clearly
needed before any inferences about the high-z SN Ia
population can be drawn.

Collectively, the SN Ia samples out to z ⇡ 1.5 are con-
sistent with a description of dark energy as the cosmolog-
ical constant, w(z) = �1 (Riess et al. 2007; Hicken et al.
2009; Sullivan et al. 2011; Suzuki et al. 2011). Figure 1
shows a recent collection of ⇠ 500 SNe Ia from Conley
et al. (2011), with distances plotted relative to the best-
fit ⇤CDM cosmology. Histograms on the lower edge show
the redshift range of each contributing survey. With the
addition of the Wide Field Camera 3 infrared detector
(WFC3-IR) on HST, a new window has been opened,
allowing the detection of SNe Ia at z > 1.5. This very
high redshift regime provides an excellent laboratory in
which to test for possible evolution of the SN Ia popula-
tion (Riess & Livio 2006).

The ratio of dark energy to matter density (now ⇠

2.7) decreases with redshift as ⇢
⇤

/⇢M / (1 + z)3w /

(1 + z)�3 (e.g., Turner & White 1997), so the z > 1.5
universe is matter dominated. Parameterizing the dark
energy equation of state as w = w

0

+ w
a

(1 � a), current
observations find w

0

= �1 ± 0.2 and w
a

= �1 ± 1 (e.g.,
Sullivan et al. 2011). Changes in w

0

and w
a

consistent
with these constraints would a↵ect the observed SN Ia
magnitudes at z > 1.5 by less than 0.1 mag. This means
that a larger deviation in the peak magnitudes of high-z
SNe would provide evidence for evolution of the SN Ia
population.
Riess & Livio (2006) considered SN Ia progenitor mod-

els that predict a decrease in the observed SN Ia lumi-
nosity for objects with a higher initial progenitor mass,
due to changes in the internal C/O ratio at the time of
explosion (Domı́nguez et al. 2001; Hoeflich et al. 1998).
If such an e↵ect exists, then we might expect to see its
signature becoming apparent in the SN Ia population at
z > 1.5: the universe is <4 Gyr old at these redshifts,
so low-mass stars are still on the main sequence, and
thus the SN Ia progenitor stars must necessarily be more
massive.
The high-z SN Ia sample also provides an important

constraint on progenitor models through the measure-
ment of SN Ia rates. Binary stellar population synthe-
sis combined with models of SN Ia explosion conditions
can provide a prediction for the delay-time distribution
(DTD) that should be observed for the SN Ia progenitor
population at any redshift. Convolving this predicted
DTD with measurements of the cosmic star formation
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Fig. 2.— (a) Composite image of the SN Primo host galaxy and surroundings in the UDF, from pre-explosion imaging. (b) CANDELS
search-epoch image in F160W (H band), from 2010 October 10. (c) F160W di↵erence image, showing SN Primo near peak brightness.

rate produces a prediction for the SN Ia rate as a func-
tion of redshift. There is general consensus on the mea-
sured SN Ia rate out to z ⇡ 1, and these observations
can be well matched by a number of progenitor models
(see, e.g., Graur et al. 2011, hereafter G11, for a recent
compilation). It is at z > 1 that the SN Ia rate starts
to be strongly dependent on the shape of the DTD, and
the sparse measurements in this regime place only mod-
est constraints on possible progenitor models (Strolger
et al. 2004; Kuznetsova et al. 2008; Dahlen et al. 2008,
hereafter D08; G11). Our WFC3-IR survey will provide
a significant improvement in the high-z SN Ia rate mea-
surements by substantially increasing the spectroscopi-
cally confirmed SN Ia sample at z > 1.
Metallicity e↵ects should be more pronounced in the

z > 1.5 SN Ia sample, and may be apparent in the ob-
served SN Ia rates. Consider a SN Ia progenitor system
with a long delay time of ⇠ 3 Gyr. For this object to
be observed at z ⇡ 2, the formation redshift would have
been z ⇡ 10, close to the redshift of reionization (Ko-
matsu et al. 2011) when the universe was only ⇠ 300
Myr old. This long-delay SN would have been born in
the first generation of stars, in an extremely metal-poor
environment. The progenitor model of Hachisu et al.
(1996) invokes a wind from the accreting white dwarf,
and therefore requires a high metallicity as a prerequi-
site for SN Ia explosion. If this progenitor track accounts
for a significant fraction of the SN Ia population, then
the Hachisu et al. (1996) model would suggest that the
observed SN Ia rate may be much lower at z > 1.5 than
otherwise expected.
In this work we present an early result from the CAN-

DELS+CLASH Supernova project (PI: Riess). This
search-and-follow SN program is a composite survey
combining the SN search components from two MCT

TABLE 1
SN Primo Photometric Data

UTDate MJD Filter Exp.Time Vega Mag

2010 Oct 10.9⇤ 55479.9 F350LP 434 27.2±0.2

2010 Aug 06.9 55414.9 F125W 11023 >28.0
2010 Oct 10.9⇤ 55479.9 F125W 1006 24.37±0.05
2010 Nov 01.4 55501.4 F125W 406 24.48±0.06
2010 Nov 07.7 55507.7 F125W 1306 24.57±0.03
2010 Nov 21.2 55521.2 F125W 2512 24.94±0.04
2010 Nov 28.4 55528.4 F125W 1006 25.03±0.07
2010 Dec 05.2 55535.2 F125W 2512 25.62±0.07
2010 Dec 13.8 55543.8 F125W 5123 25.83±0.06
2011 Jan 17.7 55578.7 F125W 1006 27.00±0.40
2011 Mar 05.6 55625.6 F125W 1006 >27.2

2010 Aug 08.4 55416.4 F160W 11024 >27.0
2010 Sep 02.9 55441.9 F160W 10824 >26.2
2010 Sep 14.9 55453.9 F160W 5512 25.39±0.15
2010 Oct 10.9⇤ 55479.9 F160W 1056 23.98±0.04
2010 Oct 26.6 55495.6 F160W 1206 24.27±0.05
2010 Nov 07.7 55507.7 F160W 1306 24.53±0.08
2010 Nov 22.9 55522.9 F160W 2512 24.61±0.06
2010 Nov 28.4 55528.4 F160W 956 24.57±0.11
2010 Dec 05.3 55535.3 F160W 2512 24.88±0.14
2011 Jan 17.7 55578.7 F160W 1106 25.72±0.19
2011 Mar 05.6 55625.6 F160W 1106 >26.2

2010 Oct 26.7 55495.7 G141 6618 (grism obs)
2010 Nov 01.5 55501.5 G141 15036 (grism obs)

* Date of discovery

programs, both of which were designed with cadence and
filter choices that enable the detection of high-z SNe us-
ing the WFC3-IR detector. The Cosmic Assembly Near-
infrared Deep Extragalactic Legacy Survey (CANDELS,
PI: Faber & Ferguson) is a wide-field survey targeting five
famous fields (GOODS-S, GOODS-N, COSMOS, EGS,
and UDS). Observations and data processing for CAN-



SN Ia at z = 1.55 from CANDELS 7

Fig. 6.— The HST G141 grism spectrum of SN Primo. The left side depicts the spectral data reduction process: the bottom panel
shows the 2D grism spectrum, the center panel shows the host-galaxy spectrum, smoothed and shifted as described in the text, and the top
panel shows the host-subtracted SN spectrum. Grey lines show the unbinned spectrum in rest wavelength for the known redshift z = 1.55.
Solid points show the mean values in 80 Å bins. On the right side, the same binned points are shown in each of the three panels, with
three template spectra overlaid as solid lines for SNe of Type Ia, Ibc, and II. All templates are depicted for the known age of the SN at the
time of the grism observation: 6 rest-frame days past peak brightness. The vertical grey bands indicate regions where the SN spectrum
was contaminated by bright emission lines from the host galaxy: H� and [O III] on the blue side, and H↵ on the red side.

This smoothing avoids the introduction of additional
noise when this core spectrum is subtracted from the
SN. The final host galaxy spectrum – scaled, shifted and
smoothed – is shown in the center-left panel of Figure 6).
Subtracting this from the spectrum taken at the location
of the SN yields the final host-subtracted SN spectrum
shown in the upper left panel.
As shown in the upper left panel of Figure 6, the host-

subtracted SN spectrum is noisy and spans only ⇠2000 Å
in rest wavelength. The noise in the SN spectrum is char-
acterized by adjacent positive and negative spikes with
a width of 50-100 Å (or 20-40 Å in the rest frame). The
dispersion of the G141 grism is 46.5 Å pix�1, which we
sub-sample to 21.5 Å pix�1. Our analysis here is directed
at identifying spectral features of SN sub-classes that are
much broader than this in the rest frame. Binning the
rest-frame spectrum into wavelength bins of width 80 Å
(black points in Figure 6) removes this high frequency
noise without obscuring broader features.

6.2. Spectral Confirmation

The relatively weak signal in this spectrum is insu�-
cient for a pure spectral classification, but we argue be-
low that it is enough to provide a spectral confirmation
of this object as a normal Type Ia SN. A true spectral
classification would require that the object be assigned
to a SN (sub)class without any other information, or per-
haps with only weak priors on age and redshift. In the
case of SN Primo, we have already built up a series of
strong classification indicators from the redshift, magni-
tude, color, and light curve shape. Taken together, this
evidence provides a prediction that the grism data should
show spectral features consistent with a SN Ia at about 6
days past maximum light. We can confirm or refute this
prediction by testing for the presence of such features in
the grism data.
The strongest test of spectroscopic confirmation should

not rely on any information derived from the broad-band
indicators of Sections 3-5. For example, the grism spec-



We can get great spectra of high-z 
lensed SNe! 



…or with HST WFC3 grisms 



Predictions for 5-year Monitoring of 
A1689...  

A handful of good z>1.5 spectra would be very 
exciting, to me at least… 



T. Riehm et al.: Near-IR search for lensed supernovae behind galaxy clusters: III. 5

Fig. 2: Simulated light curves of SNe Ia and IIP for pairs of images of strongly lensed galaxies behind A1689. Only pairs with
time-delay < 5 years are shown. Additional information on di!erent image pairs labeled by, e.g., 1.2 and 1.1 in the top right corner
of each sub panel, can be found in Table 3. The dashed line indicates an expected magnitude limit 25.25 (Vega) in F140W.
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rule out realizations producing deviant magnifications. The pre-
cision of the magnification measurements are ultimately limited
by the intrinsic scatter in the brightness of SNe Ia after correc-
tions for lightcurve shape and color, about 0.1 mag in the rest-
frame optical wavelength region (Conley et al. 2011). We do not
anticipate any additional sources of error due to the cluster in
the line of sight. E.g., observing at near-IR wavelengths ensures
that corrections from dust in the (low-z) cluster are small, espe-
cially since galaxy clusters are relatively dust-free environments,
see Dawson et al. (2009) and references therein. Thus, a SN Ia
exploding in any of the background galaxies behind the clus-
ter could be used to put constraints on the lensing potential. As
discussed in Paper II, we expect to detect ! 20–30 SNe Ia (de-
pending on the underlying rates estimates) to be detectable, e.g.,
in a 5 year monthly survey at VLT. In order to assess the power

of this method, we investigate the strength of the correlation be-
tween the optimized model parameters and the magnification for
di!erent positions behind the cluster.

Figure 3 shows the absolute value of the correlation coe"-
cients for the predicted magnification and the free input param-
eters as a function of position for an image at redshift z = 2.
The parameters shown are those describing the two dark mat-
ter clumps (Clump 1 and Clump 2) and the cluster galaxy scal-
ing relations (L"rcut and L"!) in the model of A1689. A value
close to 1 implies a very strong correlation while a correlation
coe"cient close to 0 implies no correlation. As can be seen in
Fig. 3, the free parameters di!er in the strength of their correla-
tion with the predicted magnification both with each other and
the position behind the cluster. The dependence of the correla-
tion strength on redshift is very weak. In general, of all 33 free

And with some 
luck…  
multiple images 
and independent 
way to measure 
cosmological 
distances, 
including H0  
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Summary 
●  Multiple scattering on dust is a viable model for non-standard 

reddening laws.  

●  Circumstellar dust would be a “natural” set-up, at least for 
some SNe, and can be tested by (ongoing) UV and IR+sub-
mm observations. 

●  We have found evidence for MgII in reddened SNLS SNe, i.e., 
signature of interstellar dust in the host galaxies, possibly 
associated with clouds of outflowing material. 

●  Studies of lensed SNe are very promising and our “best bet” 
today to explore SN properties at z~1.5 and beyond: it is 
feasible! 


