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Strong gravitational lenses are rare

• wide-field surveys find strong gravitational lenses

• high spatial resolution follow-ups at TMT will be
   essential for better characterizing them

• an example of excellent synergy between TMT 
   and survey telescopes

• future surveys emphasize time domain (e.g. LSST), 
   enabling a new approach for strong lens surveys



Future direction: variability search

No. 2, 2006 FINDING ALL LENSED QUASARS L75

Fig. 2.—Average ( ; left) and variability significance ( ; right) imagesI R /IT R N

of QJ0158!4325 (top) and SDSS 0924"0219 (bottom). The Einstein radii of
the two lenses are 1!.2 and 1!.7, respectively. The contours in the left panels
are logarithmically spaced contours of the variability image in the right panel
shown to highlight the lens structure. Note that all the objects other than the
lens in the average image have vanished from the variability image and that
the structures of the lenses in the variability significance images are easily
distinguished from those of an unresolved point source.

Fig. 3.—Average ( ; left) and variability ( ; right) images of RXI R /IT R N

J1131!1231 (top) and Q2237"0305 (bottom). The Einstein radii of the two
lenses are 3!.2 and 1!.8, respectively.

1.3 m telescope using ANDICAM (Depoy et al. 2003). We an-
alyzed only the images with seeing , sky back-FWHM ! 1!.5
grounds !1000 ADU pixel!1, and flux calibrations relative to
the reference image "0.5 (to eliminate data taken through
clouds). The four lenses we considered were QJ0158!4325
(Morgan et al. 1999), SDSS 0924"0219 (Inada et al. 2003), RX
J1131!1231 (Sluse et al. 2003), and Q2237"0305 (Huchra et
al. 1985). RX J1131!1231 consists of a bright cusp triple span-
ning 2!.3 separated by 3!.2 from a much fainter fourth image.
SDSS 0924"0219 is a more compact four-image lens. It has an
Einstein ring diameter of 1!.7, and the flux is dominated by the
brightest image. QJ0158!4325 is a still more compact two-
image lens with an image separation of 1!.2. In our monitoring
program, we only include lenses with image separations greater
than 1!.0, so we cannot provide examples with smaller separa-
tions. This is not a significant bias since the median separation
of gravitational lenses is approximately 1!.4 (e.g., Browne et al.
2003) and the surveys should have better resolution than our
SMARTS data. Under the assumption that any future survey will
obtain a reasonable fraction of its imaging data in conditions
with seeing FWHM better than 1!.0, there will be little problem
recognizing all lenses larger than 1!.0 and most lenses larger than
0!.5 with modest flux ratios between the images. We do, however,
include Q2237"0305, a four-image lens with a 1!.8 Einstein ring
diameter buried in the bulge of a very bright ( mag) low-B # 15
redshift spiral galaxy. We used 71, 37, 57, and 26 epochs of data
for QJ0158!4325, RX J1131!1231, SDSS 0924"0219, and
Q2237"0305, respectively.
For each lens, we computed the average of the images

, its estimated noise , and the rms of theI p (1/N) ! I NT i Ti

difference images . In computing , we re-2 2R p (1/N) ! R RR i Ri
jected the two epochs with maximum values of for eachFR Fi
pixel in order to remove satellite trails and low-level cosmic-
ray events that had not been found by earlier processing pro-
cedures. The overall signal-to-noise ratio in the combined im-
ages is very high, with a point-source sensitivity of roughly

mag. We compute the significance of the variabilityR " 25
using the ratio between the variance image and the noiseR /NR T

in the average image, a ratio that should be unity in the absence
of variability or systematic errors. In practice, our rms images
are limited by systematics beyond the point (roughly 10RR

images) that the statistical errors approach 1% of the sky level.
The limitation is presumably due to systematic problems as-
sociated with flat-fielding, interpolation, and the difference im-
aging algorithms.
Figures 2 and 3 show our four examples, comparing the

average image to a map of the significance of the variability,IT
. The first point to note is the complete vanishing ofR /NR T

everything in the field other than the lens. The second point
to note is that all four lenses are easily recognized as multi-
component/extended sources without any need for further pro-
cessing. The appearance of the four-image lenses (SDSS
0924"021, RX J1131!1231, and Q2237"0305) is particularly
striking. To be fair, this is true for all these lenses but
Q2237"0305 in the direct images as well. On the other hand,
emission from the lens galaxy masks a steadily increasing frac-
tion of lensed quasars fainter than 20 mag, so Q2237"0305
is more “typical” of the faint quasar lenses that will comprise
the majority of the systems detectable in the deep synoptic
surveys than the other three systems.
In the full 30 arcmin2 fields, therewere no other variable sources.

Thus, to provide a comparison to the behavior of the lenses, we
applied the same procedures to the field of the microlensing event
OGLE-2005-SMC-001 using 62 5 minute I-band observations

Kochanek et al. (2006)

• close pairs of time-variable sources are very rare

• in most cases they are strong gravitational lenses,
   enabling very efficient search of strong lenses!

• time-variable sources → time delays



Time variable lenses in future surveys 
Oguri & Marshall MNRAS 405(2010)2579 

• gravitationally lensed quasars 
  ~8000 discovered in LSST, ~3000 of them have 
  well-measured time delays
  (cf. ~120 quasar lenses discovered to date)

• gravitationally lensed supernovae
   much rarer, but potentially more interesting!

credit: Kavli IPMU



Why is lensed SNIa interesting?

• standard candle
   direct measurement of the magnification factor, 
   breaking various (e.g., mass-sheet) degeneracy
   (Oguri & Kawano 2003)

• known light curves
   accurate and robust measurements of time delays
   (but notice microlensing; Dobler & Keeton 2006)

• better use of host galaxy
   better measurement of detailed morphology of 
   lensed host galaxy after SNIa fades away



First strongly lensed SNIa

• PS1-10afx is a very peculiar transient (z=1.388) 
   discovered in Pan-STARRS1 Medium Deep Survey

• PS1 team concluded that this is a new class of 
   super-luminous SN, with much redder color and 
   much faster light-curve evolution than any SLSN
   (Chornock et al. 2013)

• but we find that PS1-10afx is actually strongly 
   lensed normal SNIa!



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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Quimby, Werner, Oguri, et al. ApJ 768(2013)L20 

lightcurve and spectra 
consistent with 30x
magnified type Ia SN

lightcurve

SN spectra



CFHTLS image

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

Keck spectrum after 
the SN faded away

• foreground lensing galaxy at z=1.117 discovered 
   by deep Keck spectroscopy
→ PS1-10afx is indeed first strongly lensed SNIa!



Expected number of lensed SNe?
Quimby, Oguri, et al. Science 344(2014)396 

• predicted to ~100 in
   LSST (Oguri & Marshall 2010),
   assuming multiple SN
   images to be resolved

• we find we can locate
   lensed SNe in color-
   mag space, without 
   resolving SN images
→ 10x more lensed
     SNeIa can be discovered!?

• quick follow-ups at TMT to resolve them
   and measure 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 ! 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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Laser guide star adaptive optics 

Subaru webpage

• key element of follow-up
   observations at TMT



Subaru LGSAO imaging campaign 

Observational study of new SDSS gravitationally lensed quasars with the 
Subaru Telescope Adaptive Optics

Cristian E. Rusu, Masamune Oguri, Masanori Iye, Naohisa Inada, Issha Kayo, Yutaka Hayano, Shin Oya, Masayuki Hattori, 
Yoshihiko Saito, Meguru Ito, Yosuke Minowa, Tae-Soo Pyo, Hiroshi Terada, Hideki Takami, & Makoto Watanabe

The SQLS (Oguri et. al 2006, 2008, 2012, Inada et al 2008, 2012) is a successful survey aiming to discover new gravitationally lensed quasars (GLQs) among the spectroscopically  confirmed 
SDSS quasars. It uses a morphological and a color selection algorithm in order to identify both small and large-separation GLOs from the imaging data. SQLS presently consists of 62 of the 
~ 120 GLQs  known, including the largest well-defined statistical sample of 26 objects.

The SDSS Quasar Lens Search (SQLS)

Need for Adaptive Optics (AO) observations
The typical size (image separation) of a GLQ is ~ 1” − 2”, comparable to the seeing size of AO-unaided ground based imaging. High-resolution imaging is necessary for accurate astrometric,  
photometric and morphologic characterization of all lens components: 2 - 4 point-like quasar images surrounded by the faint host galaxy images, in addition to the lensing galaxy.
• High resolution imaging is crucial for building accurate gravitational lens models by detecting and taking into account faint substructures and extended features.
• High resolution imaging of GLQs allows to study the MBH - host galaxy luminosity relation at high redshift, by magnifying and stretching the lensed host from the stellar component.
• High resolution enabled surface photometry of the lensing galaxy and accurate astrometric constraints allow to determine mass-to-light ratios and the mean radial mass profile of the lens
At diffraction limit, Subaru Telescope AO can reach a resolution three times higher than the Hubble Telescope. 54 of the 62 SQLS GLQs are accessible to Subaru LGSAO.

Observation strategy and current status
In February 2011 (Rusu et al. 2011), we started a campaign to obtain Subaru Telescope AO observations of the SQLS GLQs accessible to AO. To date, we have observed 13 objects (3 with  
Natural Guide Star (NGS) and 10 with Laser Guide Star (LGS), in a combination of Engineering, Guaranteed Time and Open Use runs. These imaging observations (10 of which are 
detailed in this Poster) mark a vast improvement over the ground-based non-AO available images in a typical 0.9” seeing. Typical achieved FWHM was ~ 0.15” - 0.25”, with low Strehl ratio 
< ~ 0.12, due in part to poor weather conditions.

Data reduction is performed with the IRCS IMGRED package (Y. Minowa). Morphological fitting is performed with GALFIT and HOSTLENS (M. Oguri). HOSTLENS is capable of 
simultaneously fitting the analytical PSF, morphological components and gravitational lens model. The PSF is modeled with a Gaussian component for the core, and a Moffat component for 
the wings. Detailed gravitational lens modeling is performed with GLAFIC (M. Oguri). Current main issues in the analysis are:
• Modeling the PSF on separate stars produces residuals when fitting the target, worse than if the PSF is built on the target itself.
• The effect of PSF uncertainty on the physical parameters of interest needs to be characterized. The degeneracy between simultaneously fitted parameters needs to be understood. This is 
critical in particular for the detection & characterization of the quasar host galaxies.

Data reduction and issues

SDSS J0743+2457 1.08” separation double. 20*60sec frames NGSAO FWHM ~ 0.22”, Strehl 
5% (TT star R=15.0 at 42”). Lensing galaxy is visible after subtracting the stellar components.

SDSS J0819+5356 4.03” separation double, lensed by an early-type galaxy (Sersic index ~ 
3.2). 16*60sec frames NGSAO FWHM ~ 0.28”, Strehl 3% (TT star R=11.2 at 55”).  The arc-
like lensed host galaxy is visible after subtracting the stellar components.

SDSS J0946+1834 Separation 3.05”, highest-z lensed quasar (zs=4.8). Deep imaging 
(33*240sec), NGSAO FWHM ~ 0.12” - 0.16” Strehl 10% (TT star R=14.5 at 20”). The quasar 
host galaxy does not appear to be detected, but the analytical PSF built on the target needs 
to be improved. 

SDSS J1254+2235 1.57” separation double at large redshift (zs=3.63). 32*60sec frames LGSAO 
FWHM ~ 0.21” Strehl 6% ( TT star R=17.3 at 56”).  Low resolution imaging suggests a late-type 
lensing galaxy (Sersic index ~ 1.5), whereas new observations reveal the galaxy to be early-type 
(Sersic index ~ 3.3).

SDSS J1330+1810 Quad with maximum separation of 1.71”. 16*60sec frames, LGSAO 
FWHM ~ 0.18” Strehl 6% (TT star R=14.8 at 75”). Visible bright residuals around the 
quasar images suggest tangential arcs from the lensed host galaxy, difficult to 
characterize because of the PSF uncertainties.

SDSS J1334+3315 10min J, 4min H, 12min K’ band color composite image of the smallest 
separation (0.83”) SQLS lens. LGSAO FWHM ~ 0.10” - 0.15”, Strehl 12% (K’ band; TT star 
R=13.4 at 57”). Lensing galaxy is clearly resolved.

SDSS J1313+5151 1.22” separation double. 48*25sec frames, LGSAO FWHM ~ 0.19” Strehl 
4% (TT star R=15.5 at 58”). The early-type lensing galaxy is visible after subtracting the stellar 
components, but large residuals show that the analytically determined PSF is inaccurate. 

SDSS J1405+0959 1.97” separation double. 17*60sec frames, LGSAO FWHM ~ 0.15-0.21” 
Strehl 7% (TT star R=13.1 at 71”). This is a complicated system, whose modeling clearly shows 
that the nearby galaxies G2 and G3 affect the configuration.

SDSS J1515+1511 2.01” separation double. 22*40sec frames, LGSAO FWHM ~ 0.22” 
Strehl 4% (TT star R=17.3 at 57”). The lens is an edge-on late-type galaxy (Sersic 1.5).

SDSS J1620+1203 2.81” double, lensed by an early-type galaxy (Sersic index ~ 4.4). Only 
3*60sec frames were obtained, LGSAO FWHM ~ 0.15” Strehl 11% (TT star R=14.0 at 52” 
separation).  Analytical PSF modeling is very successful, producing clean residuals.

SDSS J1515+1511 SDSS J1254+2235

The observations are typically performed in the K’ band (where the best AO 
correction is achieved), with ~ 30 min integration time, 0.052” pixel size mode.
In few cases, bright stars for PSF reference are available in the 54”*54” field of 
view, and the laser guide star is placed in between the target and the star.
In most cases, separate bright stars with a tip-tilt (TT) star of similar brightness/ 
distance as the TT of the target are observed just after/before the target.

UKIRT 3.8m K band

UKIRT 3.8m K band
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Rusu, Oguri, Minowa, Iye, et al.

no-AO images Subaru LGSAO images

• high-resolution 
   is essential for 
   analysis of quasar
   lens systems

• LGSAO imaging 
   drastically improve
   spatial resolution

• we have observed
  ~20 SQLS quasar 
  lenses with LGSAO



Challenge: PSF uncertainty

• in LGSAO observations, PSF changes very 
   quickly with sky positions (relative to the 
   guide star) as well as with time

• therefore PSF uncertainty is a main limitation
   of LGSAO observations

• we developed a new approach to constrain 
   PSF, image configuration, and lensing galaxy 
   morphology simultaneously, by utilizing the 
   point-source nature of quasar images



Simultaneous fitting approach
original lens galaxy subtracted

quasar subtracted all subtracted

PSF modeled 
by two Moffat
profiles 
(9 param.)

lens galaxy by
Sersic profile
with the PSF 
convolved

Simultaneous 
fitting of PSF, 
quasar images
and lensing 
galaxy morp.

Rusu, Oguri, Minowa, Iye, et al.



Summary

• Strong lensing represents an example of good
   synergy between TMT and wide-field surveys

• particularly interesting is time-variability search
   of strong lenses, which will find a huge number 
   of lensed quasars as well as lensed supernovae, 
   interesting new probe of cosmology
  (time-domain survey at Mauna Kea? HSC? PS4?)

• ongoing Subaru LGSAO observations of lensed 
   quasars highlight challenge of PSF estimates and
   a possible way to get around it


