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Observations of 
iPTF16geu

4 Dhawan et al.

Figure 1. a) NIRC2 J image of the iPTF16geu system obtained on on Nov 5, 2016. b) The model fitted simultaneously to all available
epochs as described in the text. The dashed circle shows the position of the host galaxy as described in eq. (A4). The dashed lines are
showing the angular positions of the four SN images. c) The subtraction between the data and the host and lens models. The fitted PSF
positions of the four SN images have been marked. d) The ”pulls”, i.e. the residuals normalized with the pixel uncertainties when the
lens, host and SN model is subtracted from the data. e) The profile of both the model and the residuals along the host radius marked by
the dashed circle in b), The fitted angles, �i , of the SN images are marked by the dotted, black lines. f) – i) The radial profiles from the
center for the SN images as marked and labelled in b). j) – k) NIRC2 H image obtained on Oct 23, 2016 and the corresponding fitted
model. l) – m) NIRC2 Ks image obtained on Oct 22, 2016 and the corresponding fitted model.
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ABSTRACT
We report lensing magnifications, extinction, and time-delay estimates for the first

resolved, multiply-imaged Type Ia supernova iPTF16geu, at z = 0.409, using Hubble

Space Telescope (HST) observations in combination with supporting ground-based

data. Multi-band photometry of the resolved images provides unique information

about the di↵erential dimming due to dust in the lensing galaxy. Using HST and

Keck AO reference images taken after the SN faded, we obtain a total lensing mag-

nification for iPTF16geu of µ = 67.8+2.6
�2.9, accounting for extinction in the host and

lensing galaxy. As expected from the symmetry of the system, we measure very short

time-delays for the three fainter images with respect to the brightest one: -0.23 ± 0.99,

-1.43 ± 0.74 and 1.36 ± 1.07 days. Interestingly, we find large di↵erences between the

magnifications of the four supernova images, even after accounting for uncertainties in

the extinction corrections: �m1 = �3.88
+0.07

�0.06
, �m2 = �2.99

+0.09

�0.08
, �m3 = �2.19

+0.14

�0.15
and

�m4 = �2.40
+0.14

�0.12
mag, discrepant with model predictions suggesting similar image

brightnesses. A possible explanation for the large di↵erences is gravitational lensing

by substructures, micro- or millilensing, in addition to the large scale lens causing

the image separations. We find that the inferred magnification is insensitive to the

assumptions about the dust properties in the host and lens galaxy.

Key words: gravitational lensing: strong – Supernovae:general – Super-

nova:individual

1 INTRODUCTION

The discovery of the first multiply-imaged gravitationally
lensed Type Ia supernova (SN Ia), iPTF16geu (Goobar

? E-mail: suhail.dhawan@fysik.su.se
† Hubble Fellow.

et al. 2017, hereafter G17) was a major breakthrough for
time-domain astronomy, highlighting the power of wide-field
surveys to detect rare phenomena. Transient astrophysical
sources that are strongly lensed by foreground galaxies or
galaxy clusters are powerful probes in cosmology since they
make it possible to measure time delays between the multiple
images. More than half a century has passed since Refsdal

© 2019 The Authors
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Macro- & micro-lensing magnification
For a SNIa source,  we know total (macro + micro) magnification of each image

Predictions of elliptical power law galaxy mass models: 
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ABSTRACT
Improved observational constraints on the strongly lensed Type Ia supernova

iPTF16geu, including the time delay between images, are used to decrease uncer-

tainties in the lens model by a factor ⇠ 7 and to investigate the dependence on the

universal expansion rate H0. We constrain a combination of the dimensionless Hubble

constant, h ⌘ H0/(100 km/s/Mpc), and the slope of the projected surface density of

the lens galaxy, ⌃ / r
↵�2

, at r ⇠ 1 kpc, to h & 2(1 � 2↵/3). This implies ↵ & 1 using

our current knowledge of the expansion rate, corresponding to a flatter surface density

than an isothermal halo for which ↵ = 1.
Regardless of the slope, a smooth lens density fails to explain the iPTF16geu

image fluxes, and additional sub-structure lensing is needed. Taking advantage of the

standard candle nature of the source and including stellar microlensing, we show that

the probability to obtain the observed fluxes is maximized for ↵ = 1.3, confirming that

↵ & 1.
For ↵ = 1.3, images 1 needs an additionalmagnification from microlensing of �m1 ⇠

�0.7, whereas images 3 and 4 require a demagnification of �m3 ⇠ 0.8 and �m4 ⇠ 1.0,
the total probability for which is ptot ⇠ 26 %. We conclude that the iPTF16geu flux

”anomalies” are well within stellar microlensing predictions.

Key words: gravitational lensing: micro – gravitational lensing: strong – distance

scale – supernovae: individual

1 INTRODUCTION

The expansion history of the Universe can be constrained
by measuring redshifts and distances of standard candles
such as Type Ia supernovae (SNe Ia) (Goobar & Leibundgut
2011). The redshift gives the growth since the time when the
light was emitted. This time is measured, together with the
spatial curvature of the Universe, by the distance to the
SNe Ia as inferred from its apparent magnitude.

Weak gravitational lensing from inhomogeneities in the
matter distribution will cause a scatter in the distance mea-
surements, possibly degrading the accuracy of the cosmo-
logical parameters derived from the expansion history. The
first tentative detection of the gravitational magnification of
SNe Ia was made in Jönsson et al. (2007), see also Mörtsell
et al. (2001b); Jönsson et al. (2006); Nordin et al. (2014);
Rodney et al. (2015); Rubin et al. (2018). In principle, the
e↵ect can be corrected for by cross-correlating the SNe Ia

? E-mail: edvard@fysik.su.se
† Hubble Fellow.

observations with data on the foreground galaxies respon-
sible for the lensing e↵ect (Amanullah et al. 2003; Jönsson
et al. 2006, 2008, 2009). The induced scatter can also be used
to measure the masses of the foreground galaxies (Jönsson
et al. 2010) and to constrain the fraction of matter inhomo-
geneities in compact objects (Rauch 1991; Metcalf & Silk
1999; Seljak & Holz 1999; Goliath & Mörtsell 2000; Mörtsell
et al. 2001a; Mörtsell 2002; Zumalacarregui & Seljak 2018),
see also Dhawan et al. (2018).

In this paper, we study the first resolved strongly lensed
SNe Ia, It is well known that the time delay between images
in strong gravitational lensing systems can be used to con-
strain the Hubble constant, H0, (Refsdal 1964), see also Goo-
bar et al. (2002); Mörtsell et al. (2005); Mörtsell & Sunesson
(2006). SNe Ia are especially useful in this respect since (Ko-
latt & Bartelmann 1998; Oguri & Kawano 2003)

(i) the time delay can potentially be measured with high
accuracy,

(ii) their standard candle nature can partly break the
mass and source sheet degeneracy,

© 2019 The Authors
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projected density profile:

Mismatch between 
model predictions 
and iPTF16geu obs.
means that 
microlensing 
(de)magnifications 
are important.

a = 1 is ``isothermal”
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Elliptical power law profile model does not adequately describe the lens galaxy: 

Ø Density profile too shallow, cannot apply to all radii
Ø The center of observed light and center of fitted mass are offset by 0.03” +/- 0.002”
Ø Position angle of the observed light and fitted mass are misaligned by 40o
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Motivation for our mass models

Two mass components:  baryons1 + baryons2,  or DM + baryons 
with offset centers  (Gomer & Williams 2018, Nightingale+2019) à 12 model parameters;
recovery of lens mass distribution from observables is under-constrained à many solutions

216 B. K. Dhar and L. L. R. Williams

Figure 10. NGC 4552 (VCC 1632). Upper left-hand panel: two-component fit; upper right-hand panel: three-component fit (adopted). At MVT = −21.71,
the smallest shallow-cusp elliptical in Virgo is more luminous than all other steep-cusp ellipticals. As in most shallow-cusp ellipticals, it also has n < 1 for its
central component which is not seen in any of the steep-cusp ellipticals. HST observations (Renzini et al. 1995; Cappellari et al. 1999) reveal variable ultraviolet
flare activity in the centre which is interpreted to arise from a low-level active galactic nucleus. Contributions from such a point source to the central-most data
point are excluded from the fit. See the caption of Fig. 1 for details.

Figure 11. NGC 4494. Upper left-hand panel: two-component fit; upper right-hand panel: three-component fit (adopted). This galaxy is in the Coma I cloud
around Virgo and comparable to the more luminous steep-cusp (>2 × 1010 LV#) Virgo ellipticals. The composite data from Napolitano et al. (2009) are
plotted in terms of the major-axis radius, as in other galaxies from the KFCB09 sample. This is the only galaxy that is not in the KFCB09 sample. Refer to the
caption of Fig. 1 for details.

C© 2012 The Authors, MNRAS 427, 204–244
Monthly Notices of the Royal Astronomical Society C© 2012 RAS
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nloaded from
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ic.oup.com
/m

nras/article-abstract/427/1/204/1028240 by guest on 22 April 2020

Surface brightness and luminosity of ellipticals 219

Figure 16. NGC 4434 (VCC 1025). Upper left-hand panel: two-component fit; upper right-hand panel: three-component fit (adopted). A three-component
model is clearly needed. However, it has an unusually large outer n typical of the more massive shallow-cusp galaxies. Refer to the caption of Fig. 1 for
details.

Figure 17. NGC 4551 (VCC 1630). Upper left-hand panel: two-component fit; upper right-hand panel: three-component fit (adopted). Refer to the caption of
Fig. 1 for details.

C© 2012 The Authors, MNRAS 427, 204–244
Monthly Notices of the Royal Astronomical Society C© 2012 RAS
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Dhar & Williams (2012)
data: Kormendy+2009  

Similar ellipticals in Virgo:

Images form at ~1/2 effective radius of galaxy light à mass dominated by stars



Mass models with two offset components

Green models (incl. M1, M2, M3):  primary mass 
component has >50% of total mass within image radius,
single mass & light centroid

Generate many lens mass models, all fitting image positions.

Magnifications predicted by these galaxy models (without microlensing):

Williams & Zegeye (2020)

Observed 
magnification
of SNIa

Lensing galaxy in iPTF16geu 3

Fig. 1.— Image magnifications, in magnitudes. Left panel: Minima point images: 1st and 2nd arriving (labelled #2 and #4 in previous
works). Right panel: Saddle point images: 3rd and 4th arriving (labelled #1 and #3 in previous works). In both panels, the observed
magnifications of iPTF16geu images (Dhawan et al. 2020) are denoted by a magenta square. Empty black symbols represent published
models: circles are More et al. (2017), and triangles are Mörtsell et al. (2019) (labeled by the density profile slope). Orange points are our
458 models, all satisfying �2 < 1 for image positions. Green points are a subset of these, chosen based on criteria described at the end of
§ 3.

galaxy for some of our final models in § 4.3 and time
delays in § 4.4.
Our two mass components, A and B, have 5 free pa-

rameters each, b, s, q, K, and ↵, defined in eq. (1). The
o↵set between the two, �x,�y, adds 2 more free pa-
rameters, and 2 additional ones are due to the unknown
location of the source. From these 14, we eliminate 2
that correspond to the mass normalization of the lens
and its orientation (rotation) on the plane of the sky. In
practice that means we set KA = 0, and only the ra-
tio bB/bA matters, not their individual values. In other
words, we find fits to the quad characterized by 3 image
distance ratios with respect to the lens center, and 3 rel-
ative polar image angles. Having found a fit, the rotation
of the whole system with respect to the center of light,
and the mass normalization are adjusted to correspond
to the images of iPTF16geu. Specifically, the model quad
system is shrunk or expanded, and rotated, such that the
model’s first arriving image is exactly at the distance and
position angle of the observed first arriving image.
This means that our merit function is

�
2
p =

1

6

⇣ 4X

i=2

h (di,m � di,o)2

(�d,i)2

i
+

4X

i=2

h (✓i,m � ✓i,o)2

(�✓,i)2

i⌘
,

(2)

where di is the ratio of the distance of image i from the
lens center to the distance of the first arriving image, and
similarly for image angle ✓i. Subscripts m and o refer to
the model and observed image properties, respectively.
Uncertainties �’s were obtained from the astrometric un-
certainties in Mörtsell et al. (2019). Subscript p on �

2

means that it is based on positional data only. In § 4.4
we consider time delays as well, which modifies the merit

function to

�
2
p,t =

1

9

⇣
6�2

p +
4X

j=2

h (tj,m � tj,o)2

(�t,j)2

i⌘
, (3)

where the time delays given in Mörtsell et al. (2019) are
with respect to the third arriving image.
We search over a ranges of parameters, given in Ta-

ble 1. Ellipticity parameters were not allowed to be too
far from circular, in keeping with the appearance of the
light of the lensing galaxy. Additionally, the core radii
of the two components, sA and sB , were constrained to
be smaller than the image radius. The ratio of normal-
ization parameters, bB/bA was picked from a wide range,
while the o↵set of the second component was confined to
about a quarter of the Einstein radius. While these start-
ing parameter ranges are somewhat arbitrary, we note
that the second stage of our two-step modeling procedure
(see below) allows parameters to wonder well outside of
the ranges set in this first step.
We use the following method to search the 12 dimen-

sional parameter space for solutions. Since the model
parameters outnumber lensing constraints, we do not ex-
pect a unique best fit solution. Instead, many solutions
will satisfy the constraints of iPTF16geu. Our model-
ing consists of two stages. First, we randomly search a
wide range of parameters, looking for approximate fits
to the lens system. It is not hard to find many fits with
�
2
p
<⇠ 9 using a random search. We generated 300 of these.

As expected, the distribution of �2
p values in this sam-

ple is heavily biased towards high values. Then, we use
randomly selected pairs of these bad solutions to define
pairs of points in the 12 dimensional parameter space.
The two solutions in a pair serve as “opposite” vertices of
a simplex. In 2D such a simplex will be a square, in 3D,
a cube, etc. Each simplex is input into downhill simplex



4 L.L.R. Williams et al.

Figure 2. Three mass maps. All fit images well. The center of light corresponds to the center of mass, even though the mass contours
are not purely elliptical. The think green and pink contours represent  = 1 levels of the total and main mass component, respectively.
The black thin contours are spaced by 0.05 in the log. Image labeling is same as in Mortsell.

Figure 3. Radial density profiles of the 3 models. Solid and short-dashed blue lines are profiles taken along the positive and negative
directions of the major axis, while the long-dashed line is along the positive direction of the axis perpendicular to the major axis. The
locations of the 4 images are marked with short vertical magenta lines. Two refence slopes, at ↵ = 1.0 and ↵ = 1.4 are also indicated.
M2 profile slope near images is approximately isothermal.
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Figure 4. Images of extended host galaxy. Images of supernova iPTF16geu are shown as black dots, and their IDs are the same as in
Figure 2. These are not fits. Center of host and iPTF16geu are displaced. Shape of the ring depends on this o↵set. All resemble the
observed ring: the segment between 2nd and 3rd arriving is the brightest, followed by the segment between 2nd and 4th.
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observed 
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Mortsell+19
mass PA

Isodensity contours of total mass
Central, more compact mass component

Mass models with two offset components
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Figure 2. Three mass maps. All fit images well. The center of light corresponds to the center of mass, even though the mass contours
are not purely elliptical. The think green and pink contours represent  = 1 levels of the total and main mass component, respectively.
The black thin contours are spaced by 0.05 in the log. Image labeling is same as in Mortsell.

Figure 3. Radial density profiles of the 3 models. Solid and short-dashed blue lines are profiles taken along the positive and negative
directions of the major axis, while the long-dashed line is along the positive direction of the axis perpendicular to the major axis. The
locations of the 4 images are marked with short vertical magenta lines. Two refence slopes, at ↵ = 1.0 and ↵ = 1.4 are also indicated.
M2 profile slope near images is approximately isothermal.
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Figure 4. Images of extended host galaxy. Images of supernova iPTF16geu are shown as black dots, and their IDs are the same as in
Figure 2. These are not fits. Center of host and iPTF16geu are displaced. Shape of the ring depends on this o↵set. All resemble the
observed ring: the segment between 2nd and 3rd arriving is the brightest, followed by the segment between 2nd and 4th.
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§ Center of mass is coincident with center of light; mass maps are lopsided
§ Density profiles steepen at large radii; slopes depend on azimuthal position
§ Microlensing is not in conflict with magnification probabilities  
§ Position angle of mass elongation not same as that of light



Two general features of iPTF16geu lensing galaxy 
can help explain properties of other galaxy quads4 L.L.R. Williams et al.

Figure 2. Three mass maps. All fit images well. The center of light corresponds to the center of mass, even though the mass contours
are not purely elliptical. The think green and pink contours represent  = 1 levels of the total and main mass component, respectively.
The black thin contours are spaced by 0.05 in the log. Image labeling is same as in Mortsell.

Figure 3. Radial density profiles of the 3 models. Solid and short-dashed blue lines are profiles taken along the positive and negative
directions of the major axis, while the long-dashed line is along the positive direction of the axis perpendicular to the major axis. The
locations of the 4 images are marked with short vertical magenta lines. Two refence slopes, at ↵ = 1.0 and ↵ = 1.4 are also indicated.
M2 profile slope near images is approximately isothermal.
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Figure 4. Images of extended host galaxy. Images of supernova iPTF16geu are shown as black dots, and their IDs are the same as in
Figure 2. These are not fits. Center of host and iPTF16geu are displaced. Shape of the ring depends on this o↵set. All resemble the
observed ring: the segment between 2nd and 3rd arriving is the brightest, followed by the segment between 2nd and 4th.
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Figure 2. Three mass maps. All fit images well. The center of light corresponds to the center of mass, even though the mass contours
are not purely elliptical. The think green and pink contours represent  = 1 levels of the total and main mass component, respectively.
The black thin contours are spaced by 0.05 in the log. Image labeling is same as in Mortsell.

Figure 3. Radial density profiles of the 3 models. Solid and short-dashed blue lines are profiles taken along the positive and negative
directions of the major axis, while the long-dashed line is along the positive direction of the axis perpendicular to the major axis. The
locations of the 4 images are marked with short vertical magenta lines. Two refence slopes, at ↵ = 1.0 and ↵ = 1.4 are also indicated.
M2 profile slope near images is approximately isothermal.
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Figure 4. Images of extended host galaxy. Images of supernova iPTF16geu are shown as black dots, and their IDs are the same as in
Figure 2. These are not fits. Center of host and iPTF16geu are displaced. Shape of the ring depends on this o↵set. All resemble the
observed ring: the segment between 2nd and 3rd arriving is the brightest, followed by the segment between 2nd and 4th.
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lopsidedness (dipole)
azimuthal lens structure

a range of density profile slopes,
including shallower than isothermal
radial lens structure

1

2



Radial-azimuthal decomposition:
Quad population à common features of lens galaxies

q34q23

q12
d1

d2

d4
d3

Azimuthal
structure of
lens galaxy
population

Radial
structure of
lens galaxy
population

Azimuthal
structure of

quad
population

Radial
structure of

quad
population

Azimuthal and radial properties of lens galaxies are approximately
reflected in azimuthal and radial properties of their quads



Model-free analysis of quads

Absolute scale of quads not important
for structure à d2=D2/D1, etc.

6D “phase-space” of galaxy lensing

For now, use only  2+1 D space
azimuthal structure:

a 2D projection of 3D angle space 
radial structure: 

Dmin/Dmax

d1

d2

d4

q34

d3

q23

q12

Woldesenbet & Williams (2012, 2015)
Gomer & Williams (2018)

The goal is not to model individual quads, but to compare properties 
of observed vs. synthetic quad populations.

For a different take on model-independent
analysis of lenses, see Jenny Wagner’s talk.



Azimuthal properties 

Elliptical lenses of any ellipticity  
and density slope, but without shear
generate quads on a horizontal line

40 galaxy quads

Not sensitive to mass profile slope



Azimuthal properties 

Elliptical lenses with shear 
produce two ‘spiky’ distributions

40 galaxy quads

Not sensitive to mass profile slope
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Fig. 5.— GW17 10x⇤CDM model. Left panel: the projected density distribution of one

representative galaxy where the mass of each ⇤CDM sub-halo has been increased by x10.

Right panel: (plot similar to Fig. 4) even this extreme level of substructure (gray scale

distribution) cannot match the observed distribution of quad image angles (red points).
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Fig. 6.— Left panel: projected mass distribution of four synthetic lenses that include mass

inhomogeneities arising from unrelaxed nature of galaxies in equilibrium, including baryon-

dark matter transition (taken from GW17). Right panel: (plot similar to Fig. 4) 2D space

of relative image angles showing the distribution of quads from these galaxies (gray scale),

and the current sample of 40 galaxy quads (red points).
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Azimuthal properties 

Elliptical lenses with LCDM
substructure produce a quad 
population resembling that of 
purely elliptical lenses

Gomer & Williams (2018)

LCDM clump mass x 10
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Fig. 5.— GW17 10x⇤CDM model. Left panel: the projected density distribution of one

representative galaxy where the mass of each ⇤CDM sub-halo has been increased by x10.

Right panel: (plot similar to Fig. 4) even this extreme level of substructure (gray scale

distribution) cannot match the observed distribution of quad image angles (red points).
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inhomogeneities arising from unrelaxed nature of galaxies in equilibrium, including baryon-

dark matter transition (taken from GW17). Right panel: (plot similar to Fig. 4) 2D space

of relative image angles showing the distribution of quads from these galaxies (gray scale),

and the current sample of 40 galaxy quads (red points).
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Azimuthal properties 

Lopsided, approximately elliptical 
lenses produce a quad  population 
similar to the observed quad pop.

Gomer & Williams (2018)



Azimuthal properties 

Lopsided, approximately elliptical 
lenses produce a quad  population 
resembling the observed quad pop.

4 L.L.R. Williams et al.

Figure 2. Three mass maps. All fit images well. The center of light corresponds to the center of mass, even though the mass contours
are not purely elliptical. The think green and pink contours represent  = 1 levels of the total and main mass component, respectively.
The black thin contours are spaced by 0.05 in the log. Image labeling is same as in Mortsell.

Figure 3. Radial density profiles of the 3 models. Solid and short-dashed blue lines are profiles taken along the positive and negative
directions of the major axis, while the long-dashed line is along the positive direction of the axis perpendicular to the major axis. The
locations of the 4 images are marked with short vertical magenta lines. Two refence slopes, at ↵ = 1.0 and ↵ = 1.4 are also indicated.
M2 profile slope near images is approximately isothermal.
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Figure 4. Images of extended host galaxy. Images of supernova iPTF16geu are shown as black dots, and their IDs are the same as in
Figure 2. These are not fits. Center of host and iPTF16geu are displaced. Shape of the ring depends on this o↵set. All resemble the
observed ring: the segment between 2nd and 3rd arriving is the brightest, followed by the segment between 2nd and 4th.
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Azimuthal structure of quads
is very sensitive to lopsidedness
vs. shear of lensing galaxies;
not sensitive to profile slope



Radial properties 

Radial structure of quads
is sensitive to profile slope,
ellipticity and shear
of lensing galaxies;
not sensitive to lopsidedness

To obtain large radial range of image pos. need lens models with: 
large ellipticity or shear
or
shallower density profiles



Radial properties 

Ding+2020

also see  G
om

er &
 W

illiam
s (2021 [under review

])

To reproduce the population of observed quads, need 
isothermal density slopes with large-ish shear / ellipticity
or
shallower density profiles with  small-ish shear / ellipticity

( in some systems, modeled 
shear is larger than the lens
environment may justify )



Conclusions & implications for 
the determination of H0 

Model-free analysis of quad populations (6D “phase-space”) complements 
the information obtained from modeling of individual lenses. Unlike modeling,
it tells us about common (frequently occurring) properties of lens galaxies.

Azimuthal structure of quads is very sensitive to lopsidedness vs. shear of galaxies;
not sensitive to profile slope.

Radial structure of quads is sensitive to profile slope, ellipticity and shear
of lensing galaxies; not sensitive to lopsidedness or deviations from ellipticity.

Based on iPTF16geu and azimuthal structure of observed quads,
commonly used lens mass models, elliptical + shear, or models with co-centered 
two components may not fully reflect the detailed structure of lens galaxies,
which is needed to accurately predict model time delays, and hence H0.

In general, accurate, ~few%-level  determination of H0 requires that mass models 
match very closely the real mass distribution of the lens galaxy. 
This talk: model-free arguments that mass models may need improvement.
Matt Gomer’s talk: model-based conclusions on the accuracy of H0 determination.



extra slides



Time delays in  SNIa iPTF16geu

power law elliptical models

crosses: M1, M2, M3 models



Extended ring of SNIa host galaxy
4 Dhawan et al.

Figure 1. a) NIRC2 J image of the iPTF16geu system obtained on on Nov 5, 2016. b) The model fitted simultaneously to all available
epochs as described in the text. The dashed circle shows the position of the host galaxy as described in eq. (A4). The dashed lines are
showing the angular positions of the four SN images. c) The subtraction between the data and the host and lens models. The fitted PSF
positions of the four SN images have been marked. d) The ”pulls”, i.e. the residuals normalized with the pixel uncertainties when the
lens, host and SN model is subtracted from the data. e) The profile of both the model and the residuals along the host radius marked by
the dashed circle in b), The fitted angles, �i , of the SN images are marked by the dotted, black lines. f) – i) The radial profiles from the
center for the SN images as marked and labelled in b). j) – k) NIRC2 H image obtained on Oct 23, 2016 and the corresponding fitted
model. l) – m) NIRC2 Ks image obtained on Oct 22, 2016 and the corresponding fitted model.

MNRAS 000, 1–17 (2019)
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Figure 1. a) NIRC2 J image of the iPTF16geu system obtained on on Nov 5, 2016. b) The model fitted simultaneously to all available
epochs as described in the text. The dashed circle shows the position of the host galaxy as described in eq. (A4). The dashed lines are
showing the angular positions of the four SN images. c) The subtraction between the data and the host and lens models. The fitted PSF
positions of the four SN images have been marked. d) The ”pulls”, i.e. the residuals normalized with the pixel uncertainties when the
lens, host and SN model is subtracted from the data. e) The profile of both the model and the residuals along the host radius marked by
the dashed circle in b), The fitted angles, �i , of the SN images are marked by the dotted, black lines. f) – i) The radial profiles from the
center for the SN images as marked and labelled in b). j) – k) NIRC2 H image obtained on Oct 23, 2016 and the corresponding fitted
model. l) – m) NIRC2 Ks image obtained on Oct 22, 2016 and the corresponding fitted model.
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4 Dhawan et al.

Figure 1. a) NIRC2 J image of the iPTF16geu system obtained on on Nov 5, 2016. b) The model fitted simultaneously to all available
epochs as described in the text. The dashed circle shows the position of the host galaxy as described in eq. (A4). The dashed lines are
showing the angular positions of the four SN images. c) The subtraction between the data and the host and lens models. The fitted PSF
positions of the four SN images have been marked. d) The ”pulls”, i.e. the residuals normalized with the pixel uncertainties when the
lens, host and SN model is subtracted from the data. e) The profile of both the model and the residuals along the host radius marked by
the dashed circle in b), The fitted angles, �i , of the SN images are marked by the dotted, black lines. f) – i) The radial profiles from the
center for the SN images as marked and labelled in b). j) – k) NIRC2 H image obtained on Oct 23, 2016 and the corresponding fitted
model. l) – m) NIRC2 Ks image obtained on Oct 22, 2016 and the corresponding fitted model.
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4 L.L.R. Williams et al.

Figure 2. Three mass maps. All fit images well. The center of light corresponds to the center of mass, even though the mass contours
are not purely elliptical. The think green and pink contours represent  = 1 levels of the total and main mass component, respectively.
The black thin contours are spaced by 0.05 in the log. Image labeling is same as in Mortsell.

Figure 3. Radial density profiles of the 3 models. Solid and short-dashed blue lines are profiles taken along the positive and negative
directions of the major axis, while the long-dashed line is along the positive direction of the axis perpendicular to the major axis. The
locations of the 4 images are marked with short vertical magenta lines. Two refence slopes, at ↵ = 1.0 and ↵ = 1.4 are also indicated.
M2 profile slope near images is approximately isothermal.
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Figure 4. Images of extended host galaxy. Images of supernova iPTF16geu are shown as black dots, and their IDs are the same as in
Figure 2. These are not fits. Center of host and iPTF16geu are displaced. Shape of the ring depends on this o↵set. All resemble the
observed ring: the segment between 2nd and 3rd arriving is the brightest, followed by the segment between 2nd and 4th.
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brightest ring segment

these rings are predictions of  mass models; not a fit to observations 

J                                 H                              K                             HST

M1                                         M2                                       M3



3D angles space                                                            2D projected angles 
space

Lenses	that	are	not	double-mirror	symmetric	do	not	lie	on	FSQ.
Instead,	produce	different	distributions	of	quads	around	FSQ.	

Fundamental Surface of Quads (FSQ)

D q23

Each general type of lens has its 
own characteristic distribution, i.e.
deviations from FSQ.

q23

q23

q12

q12
q34

q34


