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We report the discovery of a multiply-imaged gravitationally lensed Type Ia
supernova, iPTF16geu, at redshift - = 0.409. This phenomenon could be iden-
tified because the light from the stellar explosion was magnified more than fifty

times by the curvature of space around matter in an intervening galaxy.

We used high spatial resolution observations to resolve four images of the
lensed supernova, approximately 0.3” from the center of the foreground galaxy.
The observations probe a physical scale of ~1 kiloparsec, smaller than what is
typical in other studies of extragalactic gravitational lensing. The large mag-
nification and symmetric image configuration implies close alignment between
the line-of-sight to the supernova and the lens. The relative magnifications of

the four images provide evidence for sub-structures in the lensing galaxy.

One of the foundations of Einstein’s theory of General Relativity is that matter curves the
surrounding space-time. For the rare cases of nearly perfect alignment between an astronomical
source, an intervening massive object and the observer, multiple images of a single source can
be detected, a phenomenon known as strong gravitational lensing.

Although many strongly lensed galaxies and quasars have been detected to date, it has
proved extremely difficult to find multiply-imaged lensed supernova (SN) explosions. Type
Ia supernovae (SNe Ia) are particularly interesting sources due to their “standard candle” na-
ture. These explosions have nearly identical peak luminosity which makes them excellent dis-
tance indicators in cosmology (/). For lensed SNe Ia, the standard candle property allows the

flux magnification to be estimated directly, independent of any model related to the lensing
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galaxy (2, 3). This removes important degeneracies in gravitational lensing measurements, the
mass-sheet degeneracy (4) and the source-plane degeneracy (5).

A lensed SN Ia at redshift 2 = 1.388 with a large amplification ( ~ 30) , PS1-10afx, where
multiple images could have been expected, has been reported earlier (6). A foreground lens was
later identified at = = 1.117 (7). However, at the time of the discovery several interpretations
were discussed, including a super-luminous supernova (8). Since the lensed SN Ia hypothesis
was only accepted long after the explosion had faded, no high spatial resolution imaging could
be carried out in that case to verify the strong lensing nature of the system. Multiple-images
of another supernova, SN Refsdal (9), were discovered in a Hubble Space Telescope (HST)
survey of the massive galaxy cluster MACS J1149.6+2223. As the source was identified as a
core-collapse supernova it could not be used to measure the lensing magnification directly.

Thanks to the well-known characteristics of their time-dependent brightness in optical and
near-infrared filters (the SN lightcurves), multiply-imaged SNe Ia are also ideally suited to
measure time-delays in the arrival of the images. This provides a direct probe of the Hubble
constant, the cosmological parameter measuring the expansion rate of the universe (/0), as
well as leverage for studies of dark energy (11, 12), the cosmic constituent responsible for the
accelerated expansion of the universe.

The intermediate Palomar Transient Factory (iPTF) searches the sky for new transient phe-
nomena at optical wavelengths. It uses image differencing between repeated observations (/3)
with a large field-of-view camera (7.3 sq.deg) at the 48-inch telescope (P48) at the Palomar Ob-
servatory (/4). The first detection of iPTF16geu, with a statistical significance of five standard
deviations (50), is from 2016 September 5. The new source was first recognized by a human
scanner on September 11 (/5). iPTF16geu (also known as SN 2016geu) was found near the cen-
ter of the galaxy SDSS J210415.89-062024.7, at right ascension 21"4™15.86° and declination
—6°20'24.5" (J2000).



Spectroscopic identification was carried out with the Spectral Energy Distribution (SED)
Machine (/6) at the Palomar 60-inch telescope (P60) on 2016 October 2 and iPTF16geu was
found to be spectroscopically consistent with a normal SN Ia at z ~ 0.4 (see Fig. 1). Fur-
ther spectroscopic observations from the Palomar 200-inch telescope (P200) and the 2.5-meter
Nordic Optical Telescope (NOT) were used to confirm the SN Ia identification and to establish
the redshift of the host galaxy from narrow sodium (Na I D) absorption lines, as z = 0.409.
The P200 and NOT spectra also show absorption features from the foreground lensing galaxy at
z = (0.216. To estimate the velocity dispersion of the lensing galaxy, we fit two Gaussian func-
tions with a common width to the Ha and [N 11] emission lines in the P200 spectrum in Fig 1D.
After taking the instrumental resolution into account, we measure o = 3.6 A, corresponding
to a velocity dispersion of o, = 16375 km s~

Photometric observations of iPTF16geu collected at P48 and with the SED Machine Rain-
bow Camera (RC) at P60, between 2016 September 5 and October 13 (see Fig. 2), were used
to estimate the peak flux and lightcurve properties of the SN with the SALT2 lightcurve fitting
tool (/7). The best fit lightcurve template, also shown in Fig. 2, confirms that the observed
lightcurve shapes are consistent with a SN Ia at z = 0.409. These fits also indicate some red-
dening of the supernova, suggesting that iPTF16geu suffers from moderate extinction by dust.
This produces dimming at optical wavelengths of 20-40%, whith the largest losses in the g-
band observations. Thanks to the standard candle nature of SNe Ia, after correcting the peak
magnitude for lightcurve properties (18, 19), the flux of the SN was found to be ~30 standard
deviations brighter than expected for the measured redshift. This suggested that iPTF16geu was
gravitationally lensed and we estimated the lensing amplification to be y ~ 52. Expressed in
astronomical magnitudes, Am = —4.3 £+ 0.2 mag, where the uncertainty is dominated by the
brightness dispersion of normal SNe Ia. Since the magnification is derived from comparing the

observed brightness of iPTF16geu to other SNe Ia (20) within a narrow redshift range around



z = 0.409, the measurement of the lensing magnification is independent of any assumptions
on cosmology, e.g., the value of the Hubble constant or other cosmological parameters. The
lensing magnification is also independent of a lens model, which is the only way to determine
the magnification for almost all other strong lensing systems.

The optical observations from Palomar, with a typical angular resolution (atmospheric see-
ing) of 2”, were insufficient to spatially resolve any multiple images that could result from the
strong lensing nature of the system (Fig. 3A). We therefore obtained K-band (2.2 ym) obser-
vations from the European Southern Observatory (ESO) with the Nasmyth Adaptive Optics
System Near-Infrared Imager and Spectrograph (NACO) at the Very Large Telescope (VLT).
An angular resolution of ~0.3” (full-width half-max, FWHM) was obtained at the location of
the target. Adaptive optics (AO) corrections of the seeing were performed using a natural bright
star, ~30” south-east of the SN location, indicated in Fig. 3 along with the SDSS pre-explosion
image of the field (21).

The near-IR image from VLT indicated the structure expected in a strongly lensed system,
with higher flux in the northeastern and southwestern regions of the system, compared to the
center (Fig. 3B). Multiple images of the system were first resolved with observations from the
Keck observatory at near-infrared wavelengths, using the Laser Guide Star aided Adaptive Op-
tics (LGSAO) with the OH-Suppressing Infra-Red Imaging Spectrograph (OSIRIS) instrument,
yielding an image quality of 0.07” FWHM in the H-band centered at 1.6 um (Fig. 3C).

LGSAO observations of iPTF16geu using the Near-InfraRed Camera 2 (NIRC2) at the Keck
telescope on 2016 October 22 and November 5, in K-band and .J-band (1.1pm) respectively,
and optical images obtained with the Hubble Space Telescope (HST) on 2016 October 25,
are shown in Fig. 4. The HST observations were carried out through the F'475W, F625W
and F'814W filters, where the names correspond to the approximate location of the central

wavelength in nanometers.



The observations exhibit four images of iPTF16geu, 0.26”-0.31” from the center of the lens-
ing galaxy, with nearly 90° azimuthal separations. The extended host galaxy, warped by the lens
to form a partial Einstein ring, is brighter in the near-IR compared to the observations through
optical filters. Thus, the fainter individual SN images are poorly resolved for the observations
with the longest wavelengths in Fig. 4. Furthermore, the SN Ia spectral energy distribution
(redshifted to z = 0.4) peaks within the F'62511 and F'814W filters, see e.g. (22). Dimming by
interstellar dust in the line of sight is roughly inversely proportional to wavelength in the opti-
cal and near-IR (23). The biggest impact from extinction by dust is therefore expected for the
shortest wavelength, in F'475WV filter observations, where the two faintest SN images cannot
be detected above the background light. The low spatial resolution lightcurves in Fig. 2 are
dominated by the two brightest SN images, labelled 1 and 2 in Fig. 4D. The F'625W-F814W
magnitude difference (color) of the resolved images measured with HST indicate small differ-
ences in relative extinction between the SN images, except for image 4, which appears to have
about two magnitudes of additional dimming in F'814WV .

Unaccounted dimming of light by scattering on dust grains in the line of sight would lead to
an underestimation of the lensing amplification. Including corrections for differential extinction
in the intervening lensing galaxy between the SN images suggest a wider range for the lensing
magnification of iPTF16geu, between —4.1 and —4.8 mag (24).

The SN multiple-image positions in Fig 4 were used to construct a lensing model, with
an isothermal ellipsoid galaxy lens (25, 26) with ellipticity ¢, = 0.15 £ 0.07 and mass M =
(1.70 4 0.06) - 10'° M, inside an ellipse with major axis 1.13 kpc and minor axis 0.97 kpc.
Details of the lensing model are presented in the Supplementary Material (24). The lens model
can be independently verified through comparisons between the model-predicted and observed
velocity dispersion of the lensing galaxy. From the model we derive an estimate, 0°¢ = 156+4

km s~!, in good agreement with the measured value of the velocity dispersion (Fig. 1D).



However, the adopted smooth isothermal ellipsoid lens model predicts brightness differ-
ences between the multiple SN images that are in disagreement with the observations. Includ-
ing corrections for extinction in the resolved SN images in the F'8141V filter, we find large
discrepancies between the model and measured magnitude differences for the multiple images
of iPTF16geu: Am$%* — Am/’*? = (—0.3, —1.6, —1.5) mag for j = 2, 3 and 4, where the indices
follow the numbering scheme adopted in Fig. 4. The observed discrepancy between the smooth
model predictions for the SN images 1 and 2 compared to 3 and 4 (brighter by a factor 4 and 3,
respectively), cannot be accounted for by time-delays between the images, as they are predicted
to be < 35 hours (24). Graininess of the stellar distribution and dark matter sub-halos in the
lens galaxy, in addition to the smooth mass profile, can cause variations to magnification with-
out altering image locations. These milli- and micro-lensing effects (27, 28), small enough not
to cause additional resolved image separations, offer a plausible explanation for the deviation
from the smooth lens model.

Available forecasts for wide-field surveys (29) suggest that about one strongly lensed SN Ia
could be expected in our survey, irrespectively of redshift and magnification, with approxi-
mately a 30% chance to be in a quad configuration. For an average ellipticity of the lenses
e = 0.3 (29), only about 1% of the lensed SNe are expected to have ;=50 (30). We have
performed an independent rate estimate, with a somewhat simplified lensing simulation but in-
cluding survey specific parameters, and confirm that the probability to detect and classify a
highly magnified SN Ia like iPTF16geu does not exceed the few percent level (24).

iPTF16geu appears to be a rather unlikely event, unless the actual rate of very magnified SNe
is higher than anticipated, e.g., if the contribution from lensing by any kind of sub-structures
in galaxies is underestimated, or if we are otherwise lacking an adequate description of grav-
itational lensing at the ~ 1 kpc scale. The physical scale probed by the resolved images of

iPTF16geu is comparable to the smallest of the 299 multiply-imaged lensed systems in the



Master Lens Database (37). Using the standard candle nature of SNe Ia we can more easily
detect strongly lensed systems with sub-arcsecond angular separations, allowing exploration of
the bending of light at scales < 1 kpc, an otherwise challengingly small distance in studies of
gravitational lensing (32). As demonstrated with iPTF16geu, discovered while still brightening
with a modest size telescope and sub-optimal atmospheric conditions, the locations of these rare

systems can be identified in advance of extensive follow-up imaging at high spatial resolution.
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Figure 1: Spectroscopic identification of iPTF16geu as a Type Ia supernova and measure-
ments of the redshifts of the SN host galaxy and the intervening lensing galaxy. Measure-
ments of the SN spectral energy distribution, F), obtained with the P60, P200 and NOT tele-
scopes are best fitted by a normal SN Ia spectral template. Panel A shows a comparison with
the near-by SN Ia, SN 201 1fe, redshifted to z = 0.409 (green line, (22)) at a similar rest-frame
phase, expressed in units of days with respect the time of optical lightcurve maximum. The
spectra also reveal narrow absorption and emission lines, marked by the dashed vertical lines,
from which the redshifts of the lens (¢ = 0.216, blue lines) and SN host galaxy (¢ = 0.409,
red lines) were determined. Zoomed in view in rest-frame wavelengths of the Ca 11 H & K and
Na I D absorption features are shown in panels B, and C, respectively, together with the Ha and
[N 11] emission lines (panel D). The Ha and [N 11] emission lines at z = 0.216 were used to fit
the velocity dispersion of matter in the lensing galaxy, o, = 16375 km s~
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Figure 2: Multi-color lightcurve of iPTF16geu showing that the supernova is 4.3 magni-
tudes (30 standard deviations) brighter than expected. The magnitudes are measured with
respect to time of maximum light (Modified Julian Date 57653.10) in R-band at P48 and ¢,
and z-band with RC on the SED Machine at P60. The filter transmission functions are shown
in (24). The solid lines show the best fitted SALT2 (/7) model to data. The dashed lines indicate
the expected lightcurves at z = 0.409 (without lensing) where the bands represent the standard
deviation of the brightness distribution for SNe Ia. In order to fit the observed lightcurves a
brightness boost of 4.3 magnitudes is required.
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Field of iPTF16geu (SDSS) | R-band, P48

K-band, VLT/NACO
(Natural Guide Star AO)

-

Na'FuraI H-band, Keck/OSIRIS
Guide Star (Laser Guide Star AO)

Figure 3: Image of the field of iPTF16geu showing the spatial resolution of the ground
based instruments used in this work. A pre-explosion multicolor image from SDSS indicating
the bright natural guide star and the position of the SN detection in R-band at P48 (zoomed in
panel A) near the galaxy SDSS J210415.89-062024.7. The improved spatial resolution using
a Natural star Guide System AO (NGSAO, panel B, and further using the Laser Star aided AO
System (LGSAOQO, panel C) is shown.
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F475W, HST/WFC3 F625W, HST/WFC3 F814W, HST/WFC3
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Figure 4. High spatial resolution images from the Hubble Space Telescope and the Keck
Observatory used to resolve the positions of the SN images, the partial Einstein ring of
the host galaxy and the intervening lensing galaxy. HST/WFC3 observations of iPTF16geu
obtained on 2016 October 25 in the F'475WW, F'625W and F'814W bands. are shown in the
panels A,B and C respectively. The images reveal four point sources, except for /'475WW where
SN images 3 and 4 are too faint. The NIR images obtained using Adaptive Optics aided Keck
observations in the J, H and K bands are shown in panels D, E and F. All four SN images
are clearly seen in J-band (panel D). For the H and K images, both the lensing galaxy at the
center of the system and the lensed partial Einstein ring of the host galaxy are visible.
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