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Objects of known brightness, like Type Ia supernovae (SNIa), can be used to
measure distances. If a massive object warps spacetime to form multiple im-
ages of a background SNIa, a direct test of cosmic expansion is also possible.
However, these lensing events must first be distinguished from other rare phe-
nomena. Recently, a supernova was found to shine much brighter than normal

for its distance, which resulted in a debate: was it a new type of superluminous



supernova or a normal SNIa magnified by a hidden gravitational lens? Here
we report that a spectrum obtained after the supernova faded away shows the
presence of a foreground galaxy—the first found to strongly magnify a SNIa.

We discuss how more lensed SNIa may be found than previously predicted.

A peculiar supernova, PS1-10afx, was discovered by the Panoramic Survey Telescope &
Rapid Response System 1 (Pan-STARRSI) on 2010 August 31 (UT) (/). The unusually red
color of the object spurred the Pan-STARRS]1 team to conduct an array of follow-up observa-
tions including optical and near infrared spectroscopy, which yielded a redshift of z = 1.39.
Combined with relatively bright photometric detections, this redshift would imply a peak lumi-
nosity of 4 x 10* erg s~!, which is 400 times brighter than the typical core-collapse supernova.
A rare class of superluminous supernovae (SLSN) (2) have shown similarly high bolometric
outputs, but PS1-10afx distinguishes itself from all other SLSN on two important counts: PS1-
10afx is much redder (cooler) and evolved much faster than any SLLSN. A generic feature of
SLSN models (3-9) is that they employ high temperatures and/or large photospheric radii to
generate high luminosities (recalling that L oc T4 R?). The observations of PS1-10afx do not fit
with these models, suggesting that if it is a SLSN, it is in a class of its own.

An alternate hypothesis (10) is that PS1-10afXx is actually a regular Type Ia supernova (SNIa)
with a normal luminosity, but its apparent brightness has been magnified by a gravitational lens.
Spectra of PS1-10afx are well fit by normal SNIa templates, as are the colors and light curve
shapes. However, normal SNla exhibit a tight relation between the widths of their light curves
and their peak luminosities (//-14), and PS1-10afx appears 30 times brighter than expected
according to this relation. Such a large magnification of brightness can only occur naturally
from strong gravitational lensing, whereby the light emanating from the supernova is bent to
form an Einstein-Chwolson ring, or several discrete magnified images (typically two or four)

if the alignment is not axisymmetric. Pan-STARRS]1 has surveyed sufficient volume to expect
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such a chance alignment (15, 16) and it is possible that the angular extent of the lensed images
was simply too small to be resolved by the observations available. However, for this hypothesis
to be confirmed, we must explain why the existing observations give such conclusive photo-
metric and spectroscopic evidence for the presence of the supernova’s host galaxy, but the same
observations fail to obviously indicate the presence of a foreground lens.

We used the Keck-I telescope with the Low-Resolution Imaging Spectrograph (LRIS) (77)
with the upgraded red channel (/8) to observe the host galaxy and any foreground objects at
the sky position of PS1-10afx on 2013 September 7 (see Fig. S1) (16). As illustrated in figure
1, there are two narrow emission features that persist at the location of PS1-10afx now that the
supernova itself has faded away. The [O II] emission doublet (A\\ = 3726.1, 3728.8 A in the
rest frame) from the host galaxy previously identified (/) is clearly recovered (Fig. S2), but
we additionally detected a second emission line at about 7890 A. Because there are no strong
emission lines expected from the host at this wavelength (~3300 A in the host frame), this
detection suggests the presence of a second object coincident with PS1-10afx.

The most probable identification for the 7890 A feature is [O II] at = = 1.1168 + 0.0001.
At this redshift, other strong emission lines such as H-beta or [O III] would lie outside of
our wavelength coverage. However, as depicted in figure 1, we detected a Mg II absorption
doublet (AN = 2795.5,2802.7 A in the rest frame) at z = 1.1165 + 0.0001. Blueshifted ab-
sorption outflows are typical of star-forming galaxies (/9), so this estimate is compatible with
that derived from the emission lines. We also identify possible Mg T (A = 2853.0) and Fe 11
(A =2344.2,2373.7,2382.8, 2586.7, 2600.2) lines with a matching redshift. Given these identi-
fications and the extended nature of the emission (see Fig. S3), it is clear that the second object
is a galaxy lying in front of PS1-10afx and its host. Indeed, the near maximum light spectra of
PS1-10afx (/) show what could be Ca II absorption from this foreground galaxy (Fig. 1).

With its redshift secure, we next checked whether the foreground galaxy can satisfy the lens



requirements of PS1-10afx (/0). To do this, we derived a stellar mass for the foreground galaxy
and used an empirical relation between stellar mass and 1-D velocity dispersion as explained
below. We fitted a set of single stellar population (SSP) models to the combined spectra to mea-
sure the stellar masses of the host and foreground galaxies (see Figs. 2 and S4) (16). The best-fit
SSP combination was a ~1 Gyr old foreground galaxy with a stellar mass of (9 4 2) x 10° M,
and a more distant host galaxy with (7 4 1) x 10° M, and a younger (~0.1 Gyr) population.
The extinction in the foreground galaxy is consistent with zero (Ay = 0.2870:3%), but the host
galaxy requires significant reddening (A, = 1.62 + 0.18).

Stellar mass contributes only a fraction of a galaxy’s total mass, which is usually domi-
nated by dark matter. The ratio of these masses varies from galaxy to galaxy, but they are
strongly correlated. Using the stellar-mass-to-velocity-dispersion relation measured from the
SDSS DR7 spectroscopic sample (20, 217) (see Fig. S5), we inferred a probability distribution
for the foreground galaxy’s velocity dispersion (/6). We then used this as input to a Monte Carlo
simulation from which we derived the posterior distributions for the lens parameters (Fig. 3).
We find that the redshift and mass of the foreground galaxy make it fully consistent with a grav-
itational lens that is capable of satisfying the magnification, image separation limits, and time
delay constraints of PS1-10afx (/0). We thus concluded that PS1-10afx is not a superluminous
supernova but a normal SNIa magnified by a strong gravitational lens at z = 1.1168.

Our new data further explain why the lensing galaxy was not evident in prior observations.
Even though the host galaxy is slightly less massive, more extinguished, and farther away than
the lensing galaxy, it harbors a younger stellar population that shines more brightly per unit
mass. Because of this, the foreground object is only comparable in brightness to the host over a
narrow range of wavelengths longer than the lensing galaxy’s 4000 A break but shorter than the
host’s. This makes it difficult to see the light from the lens galaxy over the glare from the host

galaxy.



The lack of multiple images or signs of time delay from PS1-10afx can also be explained
from our Monte Carlo simulations. The high total magnification of PS1-10afXx is best recovered
from alignments that produce four images (79% probability of a “quad” system), but the maxi-
mum separation between the different multiple images is small (Af < 0.12” at 95% confidence)
and the maximum phase delay is short (At < 1.3 day at 95% confidence). The available ob-
servations of PS1-10afx are thus likely insufficient to resolve any effects from the gravitational
lensing other than its magnification.

In the future, high angular resolution imaging enabled by adaptive optics (AO) or space-
based resources like the Hubble Space Telescope (HST) could be used to spatially resolve the
multiple images of gravitational lensed SNIa like PS1-10afx. This would not only provide
immediate confirmation that gravitational lensing is at play, but it would also provide important
constraints on the nature of the lens. In theory, multiple epochs of high resolution imaging
could be used to measure the time delay between each image and the magnification factors for
each. Such observations could yield strong constraints on cosmic expansion.

Because the universe is expanding, the path lengths of the more delayed images will be
stretched more by cosmic expansion, and the magnitude of this delay is directly tied to the
Hubble parameter (22). However, the time delay is also dependent on the mass density profile
of the lens, which will be dictated by unobservable dark matter. For objects of known brightness,
like SNIa, we can use the readily measurable magnification to break this degeneracy (23). As is
likely the case for PS1-10afx, spectra taken near maximum light can reveal not only the redshift
of the supernova but, using absorption line spectroscopy, the redshift and velocity dispersion of
the lens as well. (Note that at maximum light, the resolving power available from Keck/LLRIS
may have been sufficient to resolve the Ca II K line from the lens, but the signal-to-noise ratio
and resolution of the available observations is too low: ¢ < 125km s~! at 95% confidence.)

Thus, future discoveries of gravitationally lensed SNIa may be used to make a direct and precise



measurement of the Hubble constant, but only if the needed follow-up observations commence
in a timely manner.

To begin follow-up observations of lensed SNIa candidates while they are still on the rise
(needed for accurate delay time measurements) or near maximum light (the optimal phase for
absorption line spectroscopy), an efficient vetting process must be employed to eliminate the
non-lensed supernovae that out number lensed SNIa by a few thousand to one. A means to
accomplish this feat was demonstrated by the selection of PS1-10afx for follow-up by the Pan-
STARRSI1 team — they were first motivated to examine PS1-10afx based on its unusually red
color (7). In figure 4 we show a color-magnitude diagram for observed supernovae (/6). PS1-
10afx showed a color near maximum light of » —¢ ~ 1.7 whereas un-lensed supernovae brighter
than the Pan-STARRSI detection limits have r — ¢ < 0.5. (Note that quiescent galaxy light is
removed from these measurements using pre-supernova images). Since the lensing probability
increases with redshift and, for a given sky area, the number of supernovae also increases with
redshift (because of both rates and increased volume), the majority of lensed SNIa expected
from a flux limited survey will be high redshift events that will typically appear much redder
than the more nearby population of un-lensed supernovae. We thus propose that selecting su-
pernovae with colors redder that the bold line in figure 4 (for a given i-band magnitude) during
their rise to peak may be an effective way to identify lensed supernovae. This will bypass the
need to detect multiple, resolved images and will thus increase the expected number of lensed
SN Ia from future surveys by a factor of 5 over traditional selection techniques.

The large magnification and relatively low-mass lens galaxy of PS1-10afx may prove typical
of gravitationally lensed SNIa that will be discovered by future, flux-limited surveys given
selection bias: brighter objects are easier to detect, and unresolved images formed by a low-
mas lens effectively make a single, brighter object (16) (see Fig. S6). Alternatively, the lens

mass and high magnification of PS1-10afx may indicate a problem with our understanding of



the starlight to dark matter connection in the early universe. Further studies of this system are
thus warranted. A multi-wavelength, high-angular-resolution study of the lens and host galaxies
with HST, ground based AO, and the Atacama Large Millimeter/submillimeter Array (ALMA)
could further constrain the lensing model and provide an important reference for future studies

of gravitationally lensed SNIa.
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Figure 1: Spectra of the quiescent light at the location of PS1-10afx. The Keck/LRIS ob-
servations (purple) taken about 450 rest frame days after the supernova reached maximum light
show the presence of two emission features, which we identified as [O II] from galaxies at
z = 1.1168 and z = 1.3885. We also detected absorption lines corresponding the Mg IT doublet
for both the foreground lens galaxy (lower left panel; blue labels) and the host (lower middle
panel; red labels). Vertical lines mark the rest frame wavelengths for the doublets in the lower
panels. A spectrum of PS1-10afx taken near maximum light (/) is shown in gray for compar-
ison. This supernova spectrum has been shifted slightly to align the Mg II features with the
Keck/LRIS data (1/6). The lower-right panel shows that the supernova light may be absorbed at
wavelengths corresponding to Ca IT H&K in the foreground galaxy. Ca IT H is coincident with
a strong night sky line, but the Ca II K falls in a relatively clean spectral region.
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Figure 2: Decomposition of the observed spectra into lens and host galaxy components.
We modeled the lens (blue line) and host (red line) as single stellar populations at z = 1.1168
and z = 1.3885, respectively. We varied the age and total stellar mass of each galaxy in order
to find the sum (purple line) that best matched the observed spectra (gray; smoothed spectra in
black). The models only include starlight; light emitted by gas, such as the [O II] lines seen at
about 8900 A and 7900 A, is neglected.
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Figure 3: Probability distributions for the lens parameters. The panels show, left to right,
the relative likelihood for the line of sight velocity dispersion of the lensing galaxy, the maxi-
mum separation between lensed images, and the maximum time delay between lensed images
as predicted by our Monte Carlo simulation. The blue histograms account for the total magnifi-
cation, ;o = 31 £ 5, measured for PS1-10afx (10), and the dashed red curves neglect this prior.
The hatched areas are excluded based on the observations of PS1-10afx, specifically the lack of
resolved images or evidence for time delays.
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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 — ¢ 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 (/6). Filled symbols indicate objects that could be
resolved from ground based observations, such as those planned by the Large Synoptic Survey
Telescope (I.SST). 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 A, = 1.0 mag.
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Supplementary Text

Spectroscopy

The 2013 September 7 observations from the Keck-I telescope with the Low-Resolution
Imaging Spectrograph (LRIS) (7/7) employed an atmospheric dispersion corrector to prevent
wavelength dependent losses for the non-parallactic slit angles required (24). The 1.0” slit
was oriented to include a nearby star (see Fig. S1), and the telescope was nodded +2” along
the slit in an ABBA pattern in several sets over the observation. Light was sorted into red
and blue channels using the 560 dichroic. We used the 400/3400 grism for the blue channel,
giving a spectral resolution, R = A/Apwmy, of about 500 — 700 from 3200 A to 5600 A as
measured from arc lamp lines. On the red side, we used the 400/8500 grating to give a spectral
resolution of about 1000 — 1700 between 5600 A and 10300 A. The resolution was determined
by noting the FWHM of the Gaussian kernel that can best convolve a high resolution night sky
spectrum (25) to match the sky lines in our data. We used spatial binning on the red channel to
give a 0.27" pixel~! scale, but left the blue side un-binned (0.135” pixel~1). Integration times
were set to 847 s in the blue channel and 817 s in the red channel (per exposure) to accommodate
differences in readout speed. A total of 28 exposures (about 6.5 hours on target) were obtained
in each channel under good sky conditions and ~ 0.7” seeing.

Two of the blue spectra were found to be anomalous; although the sky counts are similar to
the other exposures in the blue, there is a pivot point at longer wavelengths beyond which the
counts taper off significantly. These exposures were excluded from our analysis. No problems
were found with the associated red channel exposures, suggesting the problem is internal to the
blue side of the instrument.

At the end of our first 4 ABBA sets on PS1-10afx, we imaged the slit and found that the
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reference star (and thus the position of PS1-10afx) was slightly offset (about 0.4” West) from
the center of the slit. We imaged the slit prior to and after the final 3 ABBA sets to ensure and
verify that the slit was properly aligned. The first 4 and second 3 sets are offset along the slit by
about 2”, thus placing the target at 4 distinct positions in the detector plane.

We extracted the spectra using IRAF (26), called through python scripts using the PYRAF
package, for basic de-trending and custom IDL scripts for the final target extraction. We ob-
served the standard star, BD+28d4211, before, in the middle of, and after the PS1-10afx ob-
servation for use in spectrophotometric calibration and as a reference for removing telluric
features. To correct for atmospheric extinction, we used the Mauna Kea extinction curve (27).
LA-Cosmic (28) was used to mark pixels affected by cosmic rays and particle events on individ-
ual frames. We have implemented a 2-D sky subtraction procedure (29). Briefly, the sky is fit
with B-splines to the two dimensional spectra, with masking and iteration used to exclude ob-
ject or otherwise deviant pixels. We reduce the data to a 1-D spectrum using optimal extraction
applied to the full data set, without ever warping the 2-D spectra. For some of our analysis, we
directly use the set of 2-D spectra. The wavelength scale was calibrated first using afternoon arc
lamp exposures, and then adjusted by cross-correlating to the UVES night sky spectra (25). By
cross-correlating sections of our final sky spectrum against the UVES templates, we estimate
the corrected wavelengths are accurate to 0.4 A in the blue channel (A < 5600) and accurate
to 0.2 A in the red channel. Finally, we apply a small (—5 kms~!) correction to place the mea-
sured wavelengths into the Heliocentric rest frame (this frame differs from the CMB rest frame
by about —350 kms™1).

Figures S2 and S3 show the combined 2-D data from the second (properly aligned) pointing
near the location of the two emission lines. The spatial coordinate has been set by assuming a
separation of 19.13” between PS1-10afx and the reference star in the slit (see Fig. S1). This

coordinate system is only approximate given the uncertainties in the centroid of PS1-10afx
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(~0.1") (1), the systematic offset to the CFHT coordinate system (assumed to be ~0.1”), and
non-linearities in the Keck/LLRIS detector plane (est. ~0.1”). The spatial location of the host,
delineated by the extent of the emission line in figure S2, is thus consistent if not slightly
south of PS1-10afx. Similarly, the spatial extent of [O II] from the foreground object (Fig. S3)
overlaps the location of PS1-10afx and appears to have its centroid some 0.5” north of the host’s
[O 11], which further suggests these represent physically distinct sources.

For the host galaxy, we derive a redshift of 2 = 1.3885 &£ 0.0001 from the [O II] doublet by
fitting a 2-D model to the set of individual exposures. We note that this redshift may be slightly
higher than previously reported (7). This systematic difference could be caused by calibration
differences (e.g. sky lines in the supernova spectra appear systematically offset in wavelength
by about 1.6 A compared to the UVES night sky atlas). Figure S2 suggests a second possibility.
The host’s [O TI] doublet appears to shift in velocity with spatial position. In other words, the
galaxy may be rotating and different slit orientations may thus lead to slightly biased redshift
measurements (we similarly find a systematic offset between our measurements of the Mg I
absorption line wavelengths and those previously reported).

By using the 2-D data to fit for the emission line, we can account for the velocity gradi-
ent, which we found to be 127 + 25km~!s~!arcsec™! along the slit. Assuming this tilt, the
[O II] doublet is resolved, but the individual line widths are consistent with the instrumental
resolution. We measured a total [O TI] flux from the host light in the slit of (4.79 £ 0.05) x
10~ erg s~ cm~2, which is consistent with the value previously reported (7). With respect to
the [O II] lines, we found that the Mg II absorption lines are blueshifted by 234+78+14kms™!,
where the first and second errors include only the uncertainty in the absorption minima and only
the uncertainty in the [O II] maximum, respectively. This is a higher value than previously re-
ported, but, based on our analysis, we derived a consistent value from the published supernova

spectrum (202 4= 13 £ 107 km s~ 1). This blueshift is larger than measured for most star-forming
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galaxies observed at z ~ 1.5 (19), but the sample of such objects with blueshift measurements
is small and shows a large scatter (the outflow velocity measured for PS1-10afx’s host is less
than a standard deviation larger than the sample mean).

For the foreground galaxy, the best fit emission line model prefers a slight dependence on
velocity with position, but this is not significant. The total [O II] flux from the foreground
galaxy light in the slit is (1.48 £ 0.08) x 107" ergem~2s~!. From the initial, slightly offset
pointing the measured flux is about 50% lower, which suggests the East-West extent of the
object is limited.

We note that [O II] emission from the foreground galaxy is not significantly detected in
the published spectra of PS1-10afx obtained near the supernova’s peak brightness (7). If the
emitting region was fully contained in the slit aperture, a weak detection of the [O II] line could
have been possible. This earlier spectrum was, however, probably optimized for the extraction
of the supernova signal and may therefore only contain a fraction of the extended foreground
galaxy’s light. Considering this, the lower signal-to-noise ratio of the supernova spectrum, and
the coincident location of the [O II] line with the blue edge of a broader supernova bump, it is

not surprising that the [O II] line was not previously identified.

Stellar Mass Estimates

To test whether the foreground galaxy can satisfy the lensing constraints for PS1-10afx, we
must estimate its total mass. A galaxy’s rotation curve can be used to estimate a total mass (30),
so we attempted to fit a 2-D model to the [O II] emission line in the observed spectrum (see
section above). However, we do not detect a significant dependence on the emission line’s
central wavelength as a function of position. Doppler broadening of the absorption lines could

also indicate the foreground galaxy’s mass (37), but the data are confused with the light of the
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more distant host galaxy, and the signal-to-noise ratio available from the narrow strip outside
of the host’s glare is prohibitively low. The Mg 1II lines noted above are not resolved, which

suggests a 1-D velocity dispersion of less than about ¢ < 90kms~!

; yet, if they form in an
outflow, the widths of these lines may be decoupled from the galaxy’s dynamical mass.

We instead use the foreground galaxy’s stellar mass, which is correlated with its 1-D velocity
dispersion. We estimate stellar masses for the galaxies by fitting the Bruzual & Charlot (2003)
Single Stellar Population (SSP) models (32) to our data. We choose models following the
Padova 1994 evolutionary tracks, and we tested both Salpeter and Chabrier stellar initial mass
functions (IMF). We assume our spectra are composed of two galaxies — one at z = 1.3885
and the other at = = 1.1168 — each with its own internal extinction. The observed spectra
are then modeled as a linear combination of a subset of the models with ages between 0.1 and
5 Gyr. Initially, we assumed each galaxy could be modeled by a bursty star formation history
and we allowed each to be comprised of SSP models at four distinct ages all with 0.4 solar
metallicity. However, our fits suggest that each galaxy can be well represented by a single age
population. We then allowed each galaxy to have any single stellar age in the 0.1 — 5 Gyr range
and metallicities of 0.2, 0.4, or 1.0 solar. We find that young ages (~0.1 Gyr) are strongly
preferred for the Host galaxy, and the foreground galaxy component is best fit with ages close
to 1 Gyr.

To account for slit losses, we scaled our spectra by a factor of 1.4 to match the zp;-band
magnitude reported for the “host” (7). As we have shown, this measurement must actually be a
combination of the light from the host and a foreground galaxy. Thus, this scaling may not be
perfectly valid for one or both of the galaxies, but the significance of this effect should be small,
as noted below.

Assuming the Chabrier IMF, the best fit stellar masses are (9 & 2) x 10° M, for the fore-

ground lens and (7 &+ 1) x 10° M, for the more distant host. The metallicities for the best fit
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models are 0.2 solar for the lens and 0.4 solar for the host. These fits are slightly preferred to
those with the Salpeter IMF, which gives higher but consistent mass estimates: (13+3)x 10° M,
for the lens and (10 + 1) x 10? M, for the host.

Tt should be noted that our spectra have relatively less flux below 7000 A as compared to
the “host” colors reported (/). If we artificially de-redden our spectra assuming E(B-V) = 0.3,
we can recover these colors to within the errors. However, these colors are not compatible with
the measurements from the CFHT Legacy Survey (33), which, in particular, favor significantly
fainter g-band magnitudes for the host. It is thus possible that the integrated color varies with
the size and location of the aperture, with the bluer light located outside of our slit (although
our two offset pointings show similar colors). Even with this adjustment, however, the derived
galaxy masses only change at the 1 — 20 level. If we, instead, normalize the photometry using
the reported g-band measurement (/), the galaxy masses increase by less than a factor of 2. If the
color discrepancy between our spectra and the previous photometry is related to the fractions of
the light contributed to by the host and the lens, then this suggests that any error in lens mass due
to improperly scaling the light in the slit to the total light measured from the photometry should
also be around a factor of 2 or less. Scaled to the g-band photometry, the JHK magnitudes
predicted by the best fit SSP models would, like the redder optical bands, be well in excess
of the observed constraints. The predicted IR magnitudes are in the best agreement with the
observations (all within 1¢) for the z-band scaled case with no artificial reddening correction.

Higher masses for the foreground galaxy are possible if we assume an older stellar popula-
tion, but these produce worse fits to the data. For example, if we assume a 5 Gyr old population
(close to the maximum allowed for a z = 1.1168 object), the mass increases to 50 x 109M,
but the Ca II K line, which lies in a relatively clean spectral range, would be much stronger in
the model than allowed by the data.

If we instead adopt a younger stellar population for the foreground galaxy, then a large
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extinction is required. In this case, we would expect the foreground galaxy to redden the light
from PS1-10afx, but as previously noted (/0), the observed colors suggest no extinction of the
supernova light. This problem could be avoided by adopting an older age for the host’s stellar
population, but older SSP models do not match the hydrogen Balmer absorption lines seen in
the break in the sky lines between 9000 and 9300 A (as shown in Fig. 2, we clearly detect
H9 and H10 from the host including both broadened absorption dips from the stars and narrow
emission lines from gas).

The strongest stellar features expected from the lens galaxy are the hydrogen Balmer and
Ca 1l H & K lines. The signal-to-noise ratio in this wavelength range is lower than in the range
covering the host features noted above, and the lens features are expected to be weaker. As
shown in figure S4, there is a possible detection of H8, which lies in a relatively clean wave-
length range. The simple absorption dip predicted by the SSP modeling could be complicated
by nebular emission lines, which are not included in the model. The data in the wings of the
HS feature appear consistent with the SSP model, and there could be a narrow emission feature
emerging from the core of the line that would be consistent with nebular light. A similar trend
may hold for Hé and the He/Ca II H blend, but interference from bright sky lines precludes a

definitive conclusion.

Lens Constraints

We derive expected lens properties of PS1-10afx using a Monte Carlo approach (15). We
first convert our best stellar mass estimate of M, = (942) x 10° M, for the lensing galaxy to a
velocity dispersion, 0. Using 1inmix_err.pro (34), we find the best fit linear relation to the
stellar masses and velocity dispersions of SDSS galaxies (20,21) islogo = —1.4+0.33 log M,,

with an intrinsic scatter of 0.081 (see Fig. S5). Propagating the error from the stellar mass es-
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timate, we thus adopt a Gaussian distribution with a mean of 1.880 and dispersion of 0.088 for
log(o[kms™1]) for the lensing galaxy. We assume the standard singular isothermal ellipsoid
mass distribution for the lens with an additional contribution to the lens potential from external
shear. The ellipticity is Gaussian distributed with a mean of 0.25 and dispersion of 0.2, and
the magnitude of external shear follows a log-normal distribution with a mean of 0.05 and dis-
persion of 0.2 dex. The position angles are assumed to be random. Fixing the lens redshift to
z = 1.1168, we randomly generate a list of lenses according to these probability distributions
of the velocity dispersion, ellipticity, and external shear. For each lens, we uniformly distribute
point sources at z = 1.3885, solve the lens equation using the public software, glafic (35),
and record any events that produce multiple images. For all lenses we use the same angular
number density of sources, which suggests that the output catalog of multiple images is auto-
matically weighted by strong lensing cross sections.

With this procedure we generate mock catalog of over 500000 multiple image sets. We then
derive posterior distributions of any parameter X directly (e.g. the dashed red lines in Fig. 3)
or, for a consistency check with PS1-10afx, by adding a condition on the total magnification
p, P(X) = [ P(X|u)P(p)dp (the blue histograms in Fig. 3), where P(yx) is assumed to be
Gaussian distribution with a mean of 31 and dispersion of 5, which corresponds to the best-
fit and error of the total magnification of PS1-10afx (/0). When so weighted by the lensing
probability, the velocity dispersion for the lensing galaxy is found to be log(c) = 1.95 £ 0.09,
the image separation is log(Af#) = —1.20 £ 0.18 (with Af in arcseconds), and the time delay
is log(At) = —0.61 £ 0.44 (with At in days). We also find that the centroid of the combined
supernova images should be offset from the lens center by log(#) = —1.68 + 0.26 (with # in
arcseconds).

These values are fully consistent with the observations of PS1-10afx. To be inconsistent, the

velocity dispersion would have to be significantly larger than we have estimated. If we adopt
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the velocity dispersion implied by the highest stellar mass considered above (50 x 10°M, or
log(o) = 2.13), for example, the expected lens parameters would still be consistent with the
observations of PS1-10afx. This strengthens our conclusion that the foreground galaxy is the
gravitational lens that has magnified PS1-10afx.

We perform an additional plausibility check that is completely independent of our stellar
mass estimate. We consider the probability distribution of the 1-D velocity dispersion of galax-
ies at z = 1.1168 that can act as a lens for a z = 1.3883 source. For a spherically symmetric
gravitational lens with an isothermal density profile characterized by a velocity dispersion o,

the Einstein radius is given by,

o 2D15
=4 — 1
b 7T(c) D’ 1

where Djs and Dy are angular diameter distances from lens to the source and from observer to
the source, respectively. The lens cross-section for a spherical isothermal model is given by
Aens = mb? o< o*. Therefore, the probability distribution of the velocity dispersion of a galaxy

at redshift z to lens a background galaxy at redshift z; is given by
P(0|21, 2) o< n(0, 21) Alens X n(0, 21)0? . 2)

We use the inferred velocity dispersion function for the sample of galaxies in the redshift
range 0.9 < z < 1.2 (36). We fit a Schechter function to these data points, and extrapolate the
resulting velocity dispersion function to lower values of the velocity dispersion. The probability
distribution function for the lens velocity dispersion is then obtained by inserting this velocity
dispersion function into Equation 2. We have restricted ourselves to those velocity dispersions
which result in image separation distribution less than 0.4”, given that PS1-10afx was not re-
solved by Pan-STARRS imaging data. The angular size of the SN photosphere must be smaller
than the SN—lens angular offset, A6, to avoid changes in the effective magnification over time.

This puts a constraint on the lower mass end of the velocity dispersion. After the application of
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+32

these priors, the median velocity dispersion, o = 177737 km s~1

, 1s compatible if not slightly
higher than the value derived through our Monte Carlo simulation. This value is also consistent
(albeit at the higher end) of the o — M, relation derived from the SDSS galaxies, which is not

entirely unexpected given that lensing probability grows rapidly as ¢ increases (Eqn. 2).

Selecting Lensed SNIa in Color-Magnitude Space

To determine the distribution of lensed and un-lensed supernovae in color-magnitude space,
we first calculate the observed magnitudes expected in the r and ¢-bands for SNIa and core-
collapse supernovae as a function of redshift. For band X, the observed magnitude is computed
from mx = M + u+ Kx, where p is the distance modulus, M is the absolute magnitude of the
supernova in some rest frame band, and the K x term accounts for the offset between this band
and band X including the effects of redshift. We allow for a range of peak absolute magnitudes
for each type of supernova (37). We calculate the so-called K -corrections using spectral energy
distribution templates for various supernovae (38, 39). We use the rates of supernovae (40) to
determine the relative numbers of each type of supernovae with redshift.

The sample of supernovae generated from this is then used as input to a Monte Carlo sim-
ulation that determines what fraction of events are lensed and by how much. For the lensing
galaxies, we adopt the velocity function measured from SDSS galaxies (47/). We assume no
redshift evolution. The strong lensing probability is calculated assuming a singular isother-
mal ellipsoid with a fixed ellipticity of 0.3. For each lensing event, the total magnification is
computed using glafic (35). With the updated velocity function and ellipticity, we find the
lensing probability is a factor of 2 higher than previously published (/5). Our simulations show
that for a flux limited survey, the r — ¢ colors of most lensed supernovae can be significantly

larger (redder) than the un-lensed events. Objects found to lie above the bold line in figure 4
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can thus be considered lensed supernova candidates.

We can verify the purity of such selection criteria using the published sample of supernova
discoveries from the Supernova Legacy Survey (SNLS) (42). Unfortunately, only the set of
well characterized events (e.g. SNIa) is available but we can at least use these to verify that
the dominant product of similar supernovae surveys will be excluded from our selection cuts.
The filters used in the SNLS Survey differ slightly from the standard SDSS band passes, which
leads to slightly different selection criteria than depicted in figure 4. Accounting for this, we
compare the observed i-band magnitudes and r» — 7 colors of the SNLS sample and find that
all events detected before maximum light have photometry that lies below our selection line at
some point before declining. At late times, the colors can be redder, but selecting only those
objects that are consistently above our (appropriately modified) selection line during their rise
to maximum light eliminates the entire SNLS sample. The selection criteria thus succeeds in
weeding out normal supernovae during their rising phase and enables the selection of lensed

SNIa on the rise, which will enable good constraints on the date of and flux at maximum light.

Selection Bias and the Expected Number of Lensed SNIa from Pan-STARRS1

Even though the magnification of PS1-10afx is larger than expected from a random, strong-
lensing system in a given volume and the lens galaxy is less massive than a random draw
weighted by lensing cross section would predict, the system may well prove typical of the grav-
itationally lensed SNIa discoveries that will be found by future surveys. Flux limited surveys
like Pan-STARRS1 have a strong bias against less magnified SNIa, which are fainter thus harder
to detect. Because both lensing optical depth and the number of SNIa is a steep function of red-
shift (especially around z ~ 1) due to increasing comoving volume and, in the case of SNla,

rates, there are more strongly lensed SNIa at higher redshifts with large magnifications than at
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lower redshifts with lower magnifications (and thus similar observed magnitudes). There is thus
a strong overall bias for highly magnified SNIa. Also, the angular resolution of Pan-STARRS1
is sufficient to resolve lensed SNIa with large image separations, which are necessarily seen
through the most massive lens galaxies, but the SN images seen through smaller lens galaxies
are more likely to be unresolved. Small lens galaxies thus have a selection advantage in flux
limited searches as the multiple supernova images will blend together to form a single point
source with a flux equal to the sum of its parts; in the case of resolved images, the individual
images must be detected, but these will of course be fainter.

We illustrate this point in figure S6, which shows the distribution of gravitationally lensed
SNIa expected to be detected by the Pan-STARRS1 Medium Deep Survey (PS1-MDS). We
first used a Monte Carlo simulation similar to one previously published (hereafter OM10) (15)
to predict the distribution that would be found using prior selection techniques. Specifically,
detection of the third brightest image was required for quads and detection of the second image
was required for doubles. Excluding unresolved systems, the total number of gravitationally
lensed SNIa predicted by this method is 0.1 over the survey lifetime, which is consistent with
the number published in OM10. However, if we only require detection of a single image (or a
single blend in the case of unresolved images), the expected number of gravitationally lensed
SNIa from the PS1-MDS jumps to 0.9. About half of these should be unresolved by the survey,
like PS1-10afx. The Monte Carlo simulation further predicts that a SNIa sample selected in
this way will have a mean total magnification of 13.0, a median of 5.0, and 95% of the sample
will have total magnifications in the range 2.0 < p < 59.2. This, again, is consistent with

PS1-10afx.
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Figure S1: Field setup for the Keck/LRIS observation of PS1-10afx. The top panel shows a
color-composite image of the sky near PS1-10afx using g, r, and i-band data taken prior to
the outburst by the Canada-France-Hawaii Telescope Legacy Survey (33). The lines mark the
location of the 1.0” slit mask deployed for spectroscopy. The location of PS1-10afx is marked
with a white circle, and the redshifts of nearby galaxies, as determined from the Keck spectra,
are indicated. The lower panel shows the 1-D intensity along the slit as recorded by the Keck
observation. The target profile (purple line) was decomposed into a marginally resolved host
component (red dotted line) and an extended foreground galaxy component (blue dashed line).
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Figure S2: Composite 2-D spectra showing the [O II] emission from the host at z = 1.3885.
The first two panels on the left show the stacked spectra before and after removal of the sky
background. The next panel shows the 2-D model for the emission lines and continuum, and
the right panel shows the residual after this model was subtracted from the second panel.
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Figure S3: Similar to figure S2 but showing the [O II] emission from the foreground galaxy at

z = 1.1168.
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Figure S4: Detail of the best fit SSP model showing the strongest stellar lines expected from the
lens galaxy. The data are color coded by the signal-to-noise ratio (per Angstrom) as indicated
in the legend. The dark gray curve is the best fit SSP model, which includes the total starlight
expected from the host and lens but neglects emission from nebular gas.
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Figure S5: Stellar mass (M,) vs. velocity dispersion (o) relation for galaxies. The gray scale
contours show the density of galaxies from the SDSS (20, 27) on a cube root scale. The dashed
orange line shows the best fit linear relation. The blue star marks the most probable o for
the lensing galaxy including the magnification prior from our Monte Carlo simulation, and the
green diamond is the estimated value from the analytic calculation. The red circles are for a
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sample of galaxies at redshifts comparable to the lens (43).
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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 (/5) 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 (p1s¢; 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
(t1401; Ted 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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