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Why is lensed SN interesting? (I)

• standard candle
   direct measurement of the magnification factor
   for lensed type Ia supernovae, breaking various 
   (e.g., mass-sheet) degeneracies
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Breaking the H0-slope degeneracyGravitational lens time delays for distant supernovae L3

Figure 1. Constraints on the radial mass profile β (eq. [7]) and
the Hubble constant h. The contours of ∆χ2 = χ2 − χ2

min in the
β-h plane are calculated from one quadruple lens event. Crosses
indicate the assumed value in generating observable quantities;
(β, h) = (1.0, 0.5). Upper panel: image positions xi, differential
time delays ∆tij , and magnification ratios rij are used to calcu-
late χ2. Lower panel: instead of rij , magnification factors µi are
used to calculate χ2. Dotted lines are same as solid lines, but in
this case additional non-Gaussian errors due to microlensing are
also included.

σlog µi
= 0.12. (12)

The precisions in positions and time delays are consistent
with 0.1 pixel of the instrument and estimated accuracy for
SNe Ia lightcurves in SNAP survey, respectively (Goobar
et al. 2002). The dispersion of magnification ratio, which
roughly corresponds to ∼ 20% fractional error, is a fidu-
cial error often assumed in χ2 minimization (e.g., Kochanek
2002a). We assume that the dispersion of the magnification
factor is somewhat larger than this, roughly corresponds to
∼ 30% fractional error, because not only substructure in the
lens galaxy (Mao & Schneider 1998) but also the intrinsic
dispersion of SNe Ia peak magnitudes contribute to σlog µi

.
Other possible source of the dispersion is dust extinction in
the lens galaxy. However, the effect of dust extinction can be
corrected from the observed reddening because of knowledge
of an SN Ia’s intrinsic color (e.g., Riess et al. 1996).

After the virtual “observational data” is generated, we
perform χ2 minimization using the same lens model. At that
time, we fix values of β and h, and optimize the other pa-
rameters such as ai, bi, γ, and the source position. Faint
core images which may appear when β > 1 are always ne-

Figure 2. Same as Figure 1, but from five quadruple lens events.

glected. In calculating χ2, we consider following two cases:
(1) Only the magnification ratio r is measured. This case
corresponds to traditional quasar lensing. (2) The magnifi-
cation factor is directly measured. This is the case of SN
Ia lensing we are interested in. For each case, we calculate
the contour of ∆χ2 = χ2 − χ2

min in the β-h plane. Figure 1
plots constraints on β and h from one quadruple lens event.
This figure clearly shows that in the case of SN Ia lens-
ing β and h are well constrained separately. It is surprising
that the Hubble constant is determined with ∼ 10% accu-
racy (68% confidence) from only one lens system. On the
other hand, when magnification factors are not used, β and
h are poorly determined; they show the strong degeneracy
h ∝ 2− β. We note that in practice constraints from quasar
lensing may be worse than our result using magnification ra-
tios, because the error of time delays is usually much larger
than our assumption (eq. [10]). Figure 2 shows constraints
from five quadruple lens events. In generating observables
for each event, the position of the source is changed while
the lens model is always fixed. In this figure, the Hubble con-
stant h is determined with ∼ 5% accuracy (68% confidence)
when magnification factors are used, while the accuracy is
still ∼ 20% (68% confidence) when magnification ratios are
used. We also examine the case that lens galaxies have dif-
ferent values of β, and the result is shown in Figure 3. In this
plot, we assume that five lens systems have different radial
mass profiles; β = 0.8, 0.9, 1.0, 1.1, and 1.2, respectively.
This figure clearly indicates that the magnification factor
is quite useful to constrain the Hubble constant even if the
scatter of β is taken into account. The contour is slightly
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• the use of total 
   magnifications μ 
   breaks degeneracy
   btw H0 and β
   [ρ(r) ∝ rβ−3]



Why is lensed SN interesting? (II)

• known light curves
   we have template light-curves of SNe
   → accurate and robust time delay measurements
       (but microlensing can be important; Dobler & Keeton 2006)

(from LBL website)



Why is lensed SN interesting? (III)

• better use of host galaxy
   better measurement of detailed morphology of 
   lensed host galaxy after SN fades away
   → better constraints of the lens potential

simulated by glafic

w/ SN 
images

w/o SN 
images



Expected number of lensed SNe

• rare, wide-field time-domain surveys are needed 
   to find them

• O(0.1) lensed SNe expected in Pan-STARRS1 
   (PS1), can be the first survey to find lensed SNe

• O(100) lensed SNe expected in Large Synoptic 
   Survey Telescope (LSST)

Oguri & Marshall MNRAS 405(2010)2579 



Discovery of PS1-10afx

Chornock et al. (2013)

• unusually red transient at z=1.388 found on Aug 
   31, 2010 in the PS1 Medium Deep Survey (MDS)

• PS1 team concluded that it is a new class of super-
   luminous supernova (SLSN),  but no physical model 
   of SLSN can explain this event



Type Ia interpretation of PS1-10afx 

Sep 11  (−5.4 d)

SN 1992A −5 d

Sep 18  (−2.5 d)

SN 1998bu −4 d
Sep 26  (+0.8 d)

SN 1989b −5 d

Sep 28  (+1.6 d)

SN 1998aq +1 d
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Figure 1: Spectra of PS1-10afx (with contaminating host light removed) compared to templates of
normal SNIa as matched using superfit (Quimby et al. 2013). Phases for PS1-10afx are rest-frame
days after the derived epoch of B-band maximum. The inserts show smoothed flux from the Si II
features in the first two spectra.
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lightcurve and spectra 
consistent with 30x
magnified type Ia SN

lightcurve

SN spectra



CFHTLS image

Where is the lens?

• image before SN exploded
   shows only one galaxy

• we speculated that this is
   in fact a superposition of 
   two galaxies, SN host and 
   foreground lens

• 6.5 hr Keck spectroscopy 
   on Sep 7, 2013 to find out
   true nature of this object



Detection of the lensing galaxy
Quimby, Oguri, et al. Science 344(2014)396 

SN host
[OII] at z=1.388 

lensing galaxy
[OII] at z=1.117 

• foreground lensing galaxy at z=1.117 discovered !



Property of the lensing galaxy
Quimby, Oguri, et al. Science 344(2014)396 

• best-fit stellar mass M*~9×109M☉, age ~ 1Gyr

• low lens mass suggests small image separation 
   and time delay, which are consistent with obs



Consistent with expectation?

• Oguri & Marshall (2010) predicted ~0.1 lensed 
   SNIa in PS1-MDS

• however, it assumed multiple images be resolved 
   and detected, unlike PS1-10afx

• updated calculation indicates ~1 lensed SNIa in 
  PS1-MDS, quite consistent with the discovery!



Expected number distribution
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Figure S6: Expected number distribution of lensed SNIa from the PS1-MDS as a function
of image separation angle (the distance between the two images in a double or the maximum
separation in a quad system). Predictions from OM10 (15) were based on the detectability of the
fainter image in a double and the third brightest image in a quad (gray lines in the figure). Using
the color selection, lensed supernovae can then be identified solely from the brightest image in
the system (µ1st ; blue line). When the image separation is below the resolving power of the
survey (vertical dotted line), the relevant brightness is set by the sum of the individual images
(µtot; red lines). The total number of lensed SNIa detectable by PS1-MDS is then roughly an
order of magnitude larger than previously considered.
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allow unresolved and/or
single image detection

enhance the expected 
number by an order of 
magnitude



New approach to find lensed SNe
Quimby, Oguri, et al. Science 344(2014)396 

• red, bright SNe are
   almost always lensed
   SNe!

• find unresolved lens
   events in surveys, 
   quick follow-up to 
   get multiple images
   and time delays

• can find ~1000 lensed
   SNe in LSST! i-band mag
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Figure 4: Color-magnitude diagram showing how lensed SNIa can be distinguished from
un-lensed events. The blue shaded area shows the expected color-magnitude distribution for
un-lensed SNIa on a log scale, and the red shaded area corresponds to core-collapse super-
novae. The r − i colors for low redshift supernovae are relatively blue. However, at higher
redshifts (fainter observed magnitudes), the color becomes red as the peak of the rest-frame
spectral energy distribution passes through the observer-frame bands. The red limit for un-
lensed supernovae at a given i-band magnitude is denoted by the thick black line. Blue circles
and red triangles show the distribution of lensed SNIa and core-collapse supernovae, respec-
tively, predicted by Monte Carlo simulations (16). Filled symbols indicate objects that could be
resolved from ground based observations, such as those planned by the Large Synoptic Survey
Telescope (LSST). Open symbols depict objects that require high angular resolution follow-up
observations to resolve spatially. The open star marks the values corresponding to the peak i-
band brightness of PS1-10afx, and the dash-dotted curve shows that the color evolution within
one magnitude of this peak is minimal. The vertical dashed line marks the single epoch limit
predicted for LSST. The arrow shows the reddening vector, assuming AV = 1.0mag.
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HST image of PS1-10afx

• F814W HST image taken by 
   Pan-STARRS team (after SN
   faded away)

• reveal its complex structure, 
   further supporting lensing 
   scenario 

• need more observations to
   robustly disentangle lens and
   host galaxies

F814W

model??



Summary
• gravitationally lensed supernovae are rare but 
   very interesting phenomena

• in particular the standard candle nature of SNIa
   enables direct measurement of magnification
   factor, which contains rich info on the lens 

• we show that the very unusual SN in PS1-MDS, 
   PS1-10afx, is in fact the normal type Ia SN 
   magnified by a factor of 30, representing the   
   first discovery of strongly lensed SN

• in LSST, we can discover of order 1000 lensed 
   SNe by identifying them in the color-mag space


