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TESTING CDM WITH 
STRONG GRAVITATIONAL 
LENSING OF AGN 



¡  Dark matter and the matter power spectrum 

¡ Measuring the small scale matter power spectrum with strong 
gravitational lensing 

¡ Many new lenses with AGN narrow-line lensing 

¡  Future prospects 

OUTLINE 



E.g. Warm Dark Matter has a large free streaming length at 
early times which erases structure on small scales. 

THE MICROSCOPIC PROPERTIES OF DARK 
MATTER AFFECT THE POWER SPECTRUM 

Properties of WDM haloes 5

Figure 2. Images of our haloes at redshift z = 0. The panels show CDM-W7 (top), m2.3, m2.0, m1.6, and m1.4 (left to right, then
top to bottom). Image intensity indicates projected squared dark matter density and hue density-weighted mean velocity dispersion
(Springel et al. 2008a). Each panel is 1.5Mpc on a side.
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Cold Dark Matter 1.5 keV sterile neutrino 

Lovell et al. 2014 

Simulated Milky Way mass dark matter halos 



MEASURING THE SMALL SCALE POWER 
SPECTRUM IS DIFFICULT WITH STAR TRACERS 

Bullock et al. 2010 

 
¡  Kinematic measurements rely 

on bright stars, of which there 
are very few in small halos 

 
¡  Stars occupy <100 pc of their 

DM halo which is believed to 
extend out ~kpc even for 
small halos 

¡  Some fraction of halos may 
contain no stars at all. 



STRONG GRAVITATIONAL LENSING; THE NEXT 
BEST THING TO DARK MATTER GOGGLES 
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Image positions and 
brightnesses depend on the 
mass distribution of the 
deflector  
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Figure 1. Left : Strong gravitational lensing provides a powerful test of CDM, as each
strongly lensed image probes low mass dark matter structure along the entire virial radius
of a lens halo. Right : The sensitivity of strongly lensed quasar narrow-line emission to dark
matter substructure, for the gravitational lens HE0435 (GO-13732, Nierenberg et al. 2017)
using WFC3 grism spatially resolved spectroscopy (see Figure 2 below).Black points
indicate the projected region in which a subhalo with mass M600 = 108M� is excluded at a
3� confidence allowing full flexibility in the large-scale macromodel. The average excluded
region is a cylinder with radius ⇠6 kpc at the redshift of the lens. A similar analysis yields
an exclusion of M600 = 107M� subhalos within ⇠ 0.6 kpc of each lensed imageNarrow-line flux ratios in HE0435 5
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Figure 1. Demonstration of the forward modeling method used to infer spectral parameters. Note that the image contrasts have been
altered between images to highlight different features. Panel i) Drizzled F140W image, arrow indicates North. Panel ii) Interlaced
G141W grism image, with light dispersed along the x-axis of the F140W image. QSO spectra (A-D) are labeled. They overlap with
spectra from the ring, the main deflector (G) and the spiral galaxy (G2). Blue arrows indicate the location of narrow [OIII] 4959 and
5007 Å emission which are partially blended at this resolution. Column iii) MCMC proposed 1D spectra for four of the seven components
labelled in panel i. Each of the QSO images A-D has a separate model spectrum (shown in Figure 3), only spectrum A is shown here.
Column iv) Model direct image for each separate spectral component, described in the text. The central QSO pixels are masked in
the ring model to account for noisy PSF subtraction in this region. Column v) Model 2D grism images for each spectral component
generated from convolving the model spectra in column iii with the model direct image in column iv. Panels vi, vii) Final, combined
model direct image and model grism image, generated from the sum of columns iv and v respectively (and the other three QSO images
not shown). Colors are the same as in columns iii, iv and v. The goodness of fit is calculated by the �2 difference between true and model
2D G141 images.

Figure 1 illustrates how the model 2D direct image compo-
nents are dispersed into the model 2D grism image for each
MCMC step.

4 SPECTRAL FORWARD MODELING
RESULTS

Figure 2 shows the 1D model, data and residual ‘traces’ for
the four lensed QSO images. These traces are obtained by in-
tegrating the flux along the y axis in the 2D image, weighted
by the relative flux of the direct F140 model PSF along that
axis. Jumps in flux are due to small misalignments between
the dispersion axis and the detector axis. This comparison
shows that the input model provides an excellent fit to the
observed spectra.

From the spectral modelling we obtain flux ratios be-
tween the broad H� fluxes and the [OIII] fluxes from the
image pairs A/C, B/C, D/C. Given that the intrinsic quasar
luminosity is not known, gravitational lensing analyses rely
on ratios of image fluxes rather than their absolute values.
In Figure 3, we compare these flux ratios with measurements
from other studies across a range of filters and for fixed filters
at multiple dates. These measurements are chosen to repre-
sent how the flux ratios vary with wavelength and time, and
are only a small subset of the many measurements of this
system obtained for time variability studies (Bonvin et al.
2016; Courbin et al. 2011; Kochanek et al. 2006, e.g.). Table
A2 contains references and observing dates for all flux ratios
plotted in Figure 3.

The narrow [OIII] flux ratios are strikingly different
from optical to mid-IR flux ratios which are subject to con-
tamination by microlensing and intrinsic QSO time variabil-
ity.

HE0435 has been monitored for 15 years (Bonvin et al.
2016; Courbin et al. 2011; Kochanek et al. 2006), and during
that time has shown highly variable broad band flux ratios
due to stellar microlensing and intrinsic variability. The in-
trinsic variability which particularly affects images B and D
which have time delays of over a week with relative to images
A and C. Figure 3 highlights several repeat measurements
of the system which show significant variability.

Based on simulations of QSO accretion disks and dusty
torii, blueward of rest-frame �4µm, (observed �10 µm) the
accretion disk makes a dominant contribution to the QSO
emission (Sluse et al. 2013). From chromatic microlensing
studies of this system, the quasar accretion continuum emis-
sion has a half light radius of � 1016.3±0.3 cm (or 0.003 pc)
at a rest-frame wavelength of 8000 Å. Sluse et al. (2012)
estimate the MgII broad line region size to be � 1018±1 cm
(or 0.03 pc). These sizes correspond to 0.5�5µas at the lens
redshift, and are thus affected by stellar microlensing. Bon-
vin et al. (2016) have inferred the approximate observed R
band (rest frame � 2500Å) stellar microlensing as a function
of time for each of the images since 2003. Figure 4 shows an
estimate for the microlensing effect on the flux ratios as a
function of time assuming a ‘true’ flux ratio value indicated
by the straight lines. The Bonvin et al. (2016) model has
degeneracies between the intrinsic QSO variability and the
microlensing variability, thus Figure 4 should be taken as an
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Figure 2. Lensed quasar spectra extracted along the x-axis of the 2D grism image (Figure 1) via PSF weighted averaging along the
y-axis. Absolute fluxes are arbitrary. 1D Spectra include contamination from neighboring dispersed QSO images, lens galaxy light, the
lens ring, and the nearby spiral galaxy G2 as illustrated in Figure 1. The residual is derived by subtracting the 2D model from the
2D interlaced data, and then performing the PSF weighted y-axis averaging, thus it is not a simple subtraction of the blue line from
the black points. The residual has been offset from zero by the amount indicated by the horizontal lines for ease of visualization. The
modelled region varies slightly for each image depending on its position in the 2D image.

approximate estimate of the magnitude of microlensing at a
given time. The amplitude of microlensing depends on the
source size. Given that bluer wavelengths are emitted from
smaller regions of the QSO accretion disc, thus bluer filters
are more strongly affected by microlensing than theBonvin
et al. (2016) result would indicate, while redder continuum
measurements are expected to be less affected. Blackburne
et al. (2014) have performed a detailed study of differential
microlensing as a function of wavelength for this system,
their data are included in Figure 3, and in Table A2.

The broad line emission flux ratios of both H� from
this study and CIII] and CIV from Wisotzki et al. (2003)
are closer to the narrow-line emission flux ratios, which is
consistent with microlensing being a function of emission
region size.

We can test for the effects of microlensing on our data
by comparing the relative amplitudes of emission features in
our inferred spectra. In Figure 5, we plot the marginalised
lensed image spectra from our analysis, normalised to the
continuum flux at 5100 Å in order to highlight how the emis-
sion features vary relative to each other between the lensed
images. Image A shows significant morphological differences
with an [OIII] flux which is much lower relative to the con-
tinuum emission than the other three images, indicating that
there is significant source-size dependent lensing. This find-
ing is consistent with the inferred R band microlensing of

image A in particular observed by Bonvin et al. (2016) and
plotted in Figure 4. The difference in the image A H� flux
and the narrow-line flux is not as dramatic. This is expected
given that the H� flux is less affected by microlensing than
the continuum.

The narrow-line [OIII] flux ratios are consistent with
5 GHz radio measurements fromJackson et al. (2015), with
A/C, B/C and D/C differing at 0.25, 1.8 and 2.2 � respec-
tively. This is expected given that both sources are expected
to be extended enough to avoid all microlensing contami-
nation. Although the results do not differ significantly, we
note that Jackson et al. (2015) found that their radio emis-
sion was somewhat resolved, with an intrinsic source size of
� � 288 pc, assuming the source had a Gaussian flux distri-
bution. This affects the flux ratios predicted from gravita-
tional lensing relative to a point source for a fixed deflector
mass model. We discuss this further in Section 6, where we
also place limits on the detected size of the narrow-emission
region in our data and we examine the effects of a resolved
narrow emission line region on our results.

5 GRAVITATIONAL LENS MODELING

The lensed image positions and [OIII] flux ratios are sensi-
tive to the mass distribution of the deflector. As discussed in
the Introduction, the image fluxes are particularly sensitive
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Figure 2. Results from Nierenberg et al. (2017) for the HST grism spectra of HE0435
(GO-13732). From left to right: (1): Direct image of HE0435 (2): Dispersed G141 spectra.
(3): 1D psf-weighted trace of the dispersed spectrum of image A. [OIII] emission fluxes
provide a microlensing free probe of substructure along the entire virial radius of the lens
halo. The blue line and gray points represent the trace and model residual of the 2D model
for image A respectively. The model accounts for blending between neighboring quasar
spectra (see N17 for details).(4): Inferred spectrum of image A with narrow [OIII] and
broad H� emission components
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strongly lensed image probes low mass dark matter structure along the entire virial radius
of a lens halo. Right : The sensitivity of strongly lensed quasar narrow-line emission to dark
matter substructure, for the gravitational lens HE0435 (GO-13732, Nierenberg et al. 2017)
using WFC3 grism spatially resolved spectroscopy (see Figure 2 below).Black points
indicate the projected region in which a subhalo with mass M600 = 108M� is excluded at a
3� confidence allowing full flexibility in the large-scale macromodel. The average excluded
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Figure 1. Demonstration of the forward modeling method used to infer spectral parameters. Note that the image contrasts have been
altered between images to highlight different features. Panel i) Drizzled F140W image, arrow indicates North. Panel ii) Interlaced
G141W grism image, with light dispersed along the x-axis of the F140W image. QSO spectra (A-D) are labeled. They overlap with
spectra from the ring, the main deflector (G) and the spiral galaxy (G2). Blue arrows indicate the location of narrow [OIII] 4959 and
5007 Å emission which are partially blended at this resolution. Column iii) MCMC proposed 1D spectra for four of the seven components
labelled in panel i. Each of the QSO images A-D has a separate model spectrum (shown in Figure 3), only spectrum A is shown here.
Column iv) Model direct image for each separate spectral component, described in the text. The central QSO pixels are masked in
the ring model to account for noisy PSF subtraction in this region. Column v) Model 2D grism images for each spectral component
generated from convolving the model spectra in column iii with the model direct image in column iv. Panels vi, vii) Final, combined
model direct image and model grism image, generated from the sum of columns iv and v respectively (and the other three QSO images
not shown). Colors are the same as in columns iii, iv and v. The goodness of fit is calculated by the �2 difference between true and model
2D G141 images.

Figure 1 illustrates how the model 2D direct image compo-
nents are dispersed into the model 2D grism image for each
MCMC step.

4 SPECTRAL FORWARD MODELING
RESULTS

Figure 2 shows the 1D model, data and residual ‘traces’ for
the four lensed QSO images. These traces are obtained by in-
tegrating the flux along the y axis in the 2D image, weighted
by the relative flux of the direct F140 model PSF along that
axis. Jumps in flux are due to small misalignments between
the dispersion axis and the detector axis. This comparison
shows that the input model provides an excellent fit to the
observed spectra.

From the spectral modelling we obtain flux ratios be-
tween the broad H� fluxes and the [OIII] fluxes from the
image pairs A/C, B/C, D/C. Given that the intrinsic quasar
luminosity is not known, gravitational lensing analyses rely
on ratios of image fluxes rather than their absolute values.
In Figure 3, we compare these flux ratios with measurements
from other studies across a range of filters and for fixed filters
at multiple dates. These measurements are chosen to repre-
sent how the flux ratios vary with wavelength and time, and
are only a small subset of the many measurements of this
system obtained for time variability studies (Bonvin et al.
2016; Courbin et al. 2011; Kochanek et al. 2006, e.g.). Table
A2 contains references and observing dates for all flux ratios
plotted in Figure 3.

The narrow [OIII] flux ratios are strikingly different
from optical to mid-IR flux ratios which are subject to con-
tamination by microlensing and intrinsic QSO time variabil-
ity.

HE0435 has been monitored for 15 years (Bonvin et al.
2016; Courbin et al. 2011; Kochanek et al. 2006), and during
that time has shown highly variable broad band flux ratios
due to stellar microlensing and intrinsic variability. The in-
trinsic variability which particularly affects images B and D
which have time delays of over a week with relative to images
A and C. Figure 3 highlights several repeat measurements
of the system which show significant variability.

Based on simulations of QSO accretion disks and dusty
torii, blueward of rest-frame �4µm, (observed �10 µm) the
accretion disk makes a dominant contribution to the QSO
emission (Sluse et al. 2013). From chromatic microlensing
studies of this system, the quasar accretion continuum emis-
sion has a half light radius of � 1016.3±0.3 cm (or 0.003 pc)
at a rest-frame wavelength of 8000 Å. Sluse et al. (2012)
estimate the MgII broad line region size to be � 1018±1 cm
(or 0.03 pc). These sizes correspond to 0.5�5µas at the lens
redshift, and are thus affected by stellar microlensing. Bon-
vin et al. (2016) have inferred the approximate observed R
band (rest frame � 2500Å) stellar microlensing as a function
of time for each of the images since 2003. Figure 4 shows an
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degeneracies between the intrinsic QSO variability and the
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the dispersion axis and the detector axis. This comparison
shows that the input model provides an excellent fit to the
observed spectra.

From the spectral modelling we obtain flux ratios be-
tween the broad H� fluxes and the [OIII] fluxes from the
image pairs A/C, B/C, D/C. Given that the intrinsic quasar
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sent how the flux ratios vary with wavelength and time, and
are only a small subset of the many measurements of this
system obtained for time variability studies (Bonvin et al.
2016; Courbin et al. 2011; Kochanek et al. 2006, e.g.). Table
A2 contains references and observing dates for all flux ratios
plotted in Figure 3.

The narrow [OIII] flux ratios are strikingly different
from optical to mid-IR flux ratios which are subject to con-
tamination by microlensing and intrinsic QSO time variabil-
ity.

HE0435 has been monitored for 15 years (Bonvin et al.
2016; Courbin et al. 2011; Kochanek et al. 2006), and during
that time has shown highly variable broad band flux ratios
due to stellar microlensing and intrinsic variability. The in-
trinsic variability which particularly affects images B and D
which have time delays of over a week with relative to images
A and C. Figure 3 highlights several repeat measurements
of the system which show significant variability.

Based on simulations of QSO accretion disks and dusty
torii, blueward of rest-frame �4µm, (observed �10 µm) the
accretion disk makes a dominant contribution to the QSO
emission (Sluse et al. 2013). From chromatic microlensing
studies of this system, the quasar accretion continuum emis-
sion has a half light radius of � 1016.3±0.3 cm (or 0.003 pc)
at a rest-frame wavelength of 8000 Å. Sluse et al. (2012)
estimate the MgII broad line region size to be � 1018±1 cm
(or 0.03 pc). These sizes correspond to 0.5�5µas at the lens
redshift, and are thus affected by stellar microlensing. Bon-
vin et al. (2016) have inferred the approximate observed R
band (rest frame � 2500Å) stellar microlensing as a function
of time for each of the images since 2003. Figure 4 shows an
estimate for the microlensing effect on the flux ratios as a
function of time assuming a ‘true’ flux ratio value indicated
by the straight lines. The Bonvin et al. (2016) model has
degeneracies between the intrinsic QSO variability and the
microlensing variability, thus Figure 4 should be taken as an
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Figure 1. Demonstration of the forward modeling method used to infer spectral parameters. Note that the image contrasts have been
altered between images to highlight different features. Panel i) Drizzled F140W image, arrow indicates North. Panel ii) Interlaced
G141W grism image, with light dispersed along the x-axis of the F140W image. QSO spectra (A-D) are labeled. They overlap with
spectra from the ring, the main deflector (G) and the spiral galaxy (G2). Blue arrows indicate the location of narrow [OIII] 4959 and
5007 Å emission which are partially blended at this resolution. Column iii) MCMC proposed 1D spectra for four of the seven components
labelled in panel i. Each of the QSO images A-D has a separate model spectrum (shown in Figure 3), only spectrum A is shown here.
Column iv) Model direct image for each separate spectral component, described in the text. The central QSO pixels are masked in
the ring model to account for noisy PSF subtraction in this region. Column v) Model 2D grism images for each spectral component
generated from convolving the model spectra in column iii with the model direct image in column iv. Panels vi, vii) Final, combined
model direct image and model grism image, generated from the sum of columns iv and v respectively (and the other three QSO images
not shown). Colors are the same as in columns iii, iv and v. The goodness of fit is calculated by the �2 difference between true and model
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Figure 1 illustrates how the model 2D direct image compo-
nents are dispersed into the model 2D grism image for each
MCMC step.

4 SPECTRAL FORWARD MODELING
RESULTS

Figure 2 shows the 1D model, data and residual ‘traces’ for
the four lensed QSO images. These traces are obtained by in-
tegrating the flux along the y axis in the 2D image, weighted
by the relative flux of the direct F140 model PSF along that
axis. Jumps in flux are due to small misalignments between
the dispersion axis and the detector axis. This comparison
shows that the input model provides an excellent fit to the
observed spectra.

From the spectral modelling we obtain flux ratios be-
tween the broad H� fluxes and the [OIII] fluxes from the
image pairs A/C, B/C, D/C. Given that the intrinsic quasar
luminosity is not known, gravitational lensing analyses rely
on ratios of image fluxes rather than their absolute values.
In Figure 3, we compare these flux ratios with measurements
from other studies across a range of filters and for fixed filters
at multiple dates. These measurements are chosen to repre-
sent how the flux ratios vary with wavelength and time, and
are only a small subset of the many measurements of this
system obtained for time variability studies (Bonvin et al.
2016; Courbin et al. 2011; Kochanek et al. 2006, e.g.). Table
A2 contains references and observing dates for all flux ratios
plotted in Figure 3.

The narrow [OIII] flux ratios are strikingly different
from optical to mid-IR flux ratios which are subject to con-
tamination by microlensing and intrinsic QSO time variabil-
ity.

HE0435 has been monitored for 15 years (Bonvin et al.
2016; Courbin et al. 2011; Kochanek et al. 2006), and during
that time has shown highly variable broad band flux ratios
due to stellar microlensing and intrinsic variability. The in-
trinsic variability which particularly affects images B and D
which have time delays of over a week with relative to images
A and C. Figure 3 highlights several repeat measurements
of the system which show significant variability.

Based on simulations of QSO accretion disks and dusty
torii, blueward of rest-frame �4µm, (observed �10 µm) the
accretion disk makes a dominant contribution to the QSO
emission (Sluse et al. 2013). From chromatic microlensing
studies of this system, the quasar accretion continuum emis-
sion has a half light radius of � 1016.3±0.3 cm (or 0.003 pc)
at a rest-frame wavelength of 8000 Å. Sluse et al. (2012)
estimate the MgII broad line region size to be � 1018±1 cm
(or 0.03 pc). These sizes correspond to 0.5�5µas at the lens
redshift, and are thus affected by stellar microlensing. Bon-
vin et al. (2016) have inferred the approximate observed R
band (rest frame � 2500Å) stellar microlensing as a function
of time for each of the images since 2003. Figure 4 shows an
estimate for the microlensing effect on the flux ratios as a
function of time assuming a ‘true’ flux ratio value indicated
by the straight lines. The Bonvin et al. (2016) model has
degeneracies between the intrinsic QSO variability and the
microlensing variability, thus Figure 4 should be taken as an

c� 2016 RAS, MNRAS 000, 1–14

λ 

6 Nierenberg et al.

Figure 2. Lensed quasar spectra extracted along the x-axis of the 2D grism image (Figure 1) via PSF weighted averaging along the
y-axis. Absolute fluxes are arbitrary. 1D Spectra include contamination from neighboring dispersed QSO images, lens galaxy light, the
lens ring, and the nearby spiral galaxy G2 as illustrated in Figure 1. The residual is derived by subtracting the 2D model from the
2D interlaced data, and then performing the PSF weighted y-axis averaging, thus it is not a simple subtraction of the blue line from
the black points. The residual has been offset from zero by the amount indicated by the horizontal lines for ease of visualization. The
modelled region varies slightly for each image depending on its position in the 2D image.

approximate estimate of the magnitude of microlensing at a
given time. The amplitude of microlensing depends on the
source size. Given that bluer wavelengths are emitted from
smaller regions of the QSO accretion disc, thus bluer filters
are more strongly affected by microlensing than theBonvin
et al. (2016) result would indicate, while redder continuum
measurements are expected to be less affected. Blackburne
et al. (2014) have performed a detailed study of differential
microlensing as a function of wavelength for this system,
their data are included in Figure 3, and in Table A2.

The broad line emission flux ratios of both H� from
this study and CIII] and CIV from Wisotzki et al. (2003)
are closer to the narrow-line emission flux ratios, which is
consistent with microlensing being a function of emission
region size.

We can test for the effects of microlensing on our data
by comparing the relative amplitudes of emission features in
our inferred spectra. In Figure 5, we plot the marginalised
lensed image spectra from our analysis, normalised to the
continuum flux at 5100 Å in order to highlight how the emis-
sion features vary relative to each other between the lensed
images. Image A shows significant morphological differences
with an [OIII] flux which is much lower relative to the con-
tinuum emission than the other three images, indicating that
there is significant source-size dependent lensing. This find-
ing is consistent with the inferred R band microlensing of

image A in particular observed by Bonvin et al. (2016) and
plotted in Figure 4. The difference in the image A H� flux
and the narrow-line flux is not as dramatic. This is expected
given that the H� flux is less affected by microlensing than
the continuum.

The narrow-line [OIII] flux ratios are consistent with
5 GHz radio measurements fromJackson et al. (2015), with
A/C, B/C and D/C differing at 0.25, 1.8 and 2.2 � respec-
tively. This is expected given that both sources are expected
to be extended enough to avoid all microlensing contami-
nation. Although the results do not differ significantly, we
note that Jackson et al. (2015) found that their radio emis-
sion was somewhat resolved, with an intrinsic source size of
� � 288 pc, assuming the source had a Gaussian flux distri-
bution. This affects the flux ratios predicted from gravita-
tional lensing relative to a point source for a fixed deflector
mass model. We discuss this further in Section 6, where we
also place limits on the detected size of the narrow-emission
region in our data and we examine the effects of a resolved
narrow emission line region on our results.

5 GRAVITATIONAL LENS MODELING

The lensed image positions and [OIII] flux ratios are sensi-
tive to the mass distribution of the deflector. As discussed in
the Introduction, the image fluxes are particularly sensitive
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Figure 2. Results from Nierenberg et al. (2017) for the HST grism spectra of HE0435
(GO-13732). From left to right: (1): Direct image of HE0435 (2): Dispersed G141 spectra.
(3): 1D psf-weighted trace of the dispersed spectrum of image A. [OIII] emission fluxes
provide a microlensing free probe of substructure along the entire virial radius of the lens
halo. The blue line and gray points represent the trace and model residual of the 2D model
for image A respectively. The model accounts for blending between neighboring quasar
spectra (see N17 for details).(4): Inferred spectrum of image A with narrow [OIII] and
broad H� emission components
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Figure 1. Demonstration of the forward modeling method used to infer spectral parameters. Note that the image contrasts have been
altered between images to highlight different features. Panel i) Drizzled F140W image, arrow indicates North. Panel ii) Interlaced
G141W grism image, with light dispersed along the x-axis of the F140W image. QSO spectra (A-D) are labeled. They overlap with
spectra from the ring, the main deflector (G) and the spiral galaxy (G2). Blue arrows indicate the location of narrow [OIII] 4959 and
5007 Å emission which are partially blended at this resolution. Column iii) MCMC proposed 1D spectra for four of the seven components
labelled in panel i. Each of the QSO images A-D has a separate model spectrum (shown in Figure 3), only spectrum A is shown here.
Column iv) Model direct image for each separate spectral component, described in the text. The central QSO pixels are masked in
the ring model to account for noisy PSF subtraction in this region. Column v) Model 2D grism images for each spectral component
generated from convolving the model spectra in column iii with the model direct image in column iv. Panels vi, vii) Final, combined
model direct image and model grism image, generated from the sum of columns iv and v respectively (and the other three QSO images
not shown). Colors are the same as in columns iii, iv and v. The goodness of fit is calculated by the �2 difference between true and model
2D G141 images.

Figure 1 illustrates how the model 2D direct image compo-
nents are dispersed into the model 2D grism image for each
MCMC step.

4 SPECTRAL FORWARD MODELING
RESULTS

Figure 2 shows the 1D model, data and residual ‘traces’ for
the four lensed QSO images. These traces are obtained by in-
tegrating the flux along the y axis in the 2D image, weighted
by the relative flux of the direct F140 model PSF along that
axis. Jumps in flux are due to small misalignments between
the dispersion axis and the detector axis. This comparison
shows that the input model provides an excellent fit to the
observed spectra.

From the spectral modelling we obtain flux ratios be-
tween the broad H� fluxes and the [OIII] fluxes from the
image pairs A/C, B/C, D/C. Given that the intrinsic quasar
luminosity is not known, gravitational lensing analyses rely
on ratios of image fluxes rather than their absolute values.
In Figure 3, we compare these flux ratios with measurements
from other studies across a range of filters and for fixed filters
at multiple dates. These measurements are chosen to repre-
sent how the flux ratios vary with wavelength and time, and
are only a small subset of the many measurements of this
system obtained for time variability studies (Bonvin et al.
2016; Courbin et al. 2011; Kochanek et al. 2006, e.g.). Table
A2 contains references and observing dates for all flux ratios
plotted in Figure 3.

The narrow [OIII] flux ratios are strikingly different
from optical to mid-IR flux ratios which are subject to con-
tamination by microlensing and intrinsic QSO time variabil-
ity.

HE0435 has been monitored for 15 years (Bonvin et al.
2016; Courbin et al. 2011; Kochanek et al. 2006), and during
that time has shown highly variable broad band flux ratios
due to stellar microlensing and intrinsic variability. The in-
trinsic variability which particularly affects images B and D
which have time delays of over a week with relative to images
A and C. Figure 3 highlights several repeat measurements
of the system which show significant variability.

Based on simulations of QSO accretion disks and dusty
torii, blueward of rest-frame �4µm, (observed �10 µm) the
accretion disk makes a dominant contribution to the QSO
emission (Sluse et al. 2013). From chromatic microlensing
studies of this system, the quasar accretion continuum emis-
sion has a half light radius of � 1016.3±0.3 cm (or 0.003 pc)
at a rest-frame wavelength of 8000 Å. Sluse et al. (2012)
estimate the MgII broad line region size to be � 1018±1 cm
(or 0.03 pc). These sizes correspond to 0.5�5µas at the lens
redshift, and are thus affected by stellar microlensing. Bon-
vin et al. (2016) have inferred the approximate observed R
band (rest frame � 2500Å) stellar microlensing as a function
of time for each of the images since 2003. Figure 4 shows an
estimate for the microlensing effect on the flux ratios as a
function of time assuming a ‘true’ flux ratio value indicated
by the straight lines. The Bonvin et al. (2016) model has
degeneracies between the intrinsic QSO variability and the
microlensing variability, thus Figure 4 should be taken as an
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Figure 1. Demonstration of the forward modeling method used to infer spectral parameters. Note that the image contrasts have been
altered between images to highlight different features. Panel i) Drizzled F140W image, arrow indicates North. Panel ii) Interlaced
G141W grism image, with light dispersed along the x-axis of the F140W image. QSO spectra (A-D) are labeled. They overlap with
spectra from the ring, the main deflector (G) and the spiral galaxy (G2). Blue arrows indicate the location of narrow [OIII] 4959 and
5007 Å emission which are partially blended at this resolution. Column iii) MCMC proposed 1D spectra for four of the seven components
labelled in panel i. Each of the QSO images A-D has a separate model spectrum (shown in Figure 3), only spectrum A is shown here.
Column iv) Model direct image for each separate spectral component, described in the text. The central QSO pixels are masked in
the ring model to account for noisy PSF subtraction in this region. Column v) Model 2D grism images for each spectral component
generated from convolving the model spectra in column iii with the model direct image in column iv. Panels vi, vii) Final, combined
model direct image and model grism image, generated from the sum of columns iv and v respectively (and the other three QSO images
not shown). Colors are the same as in columns iii, iv and v. The goodness of fit is calculated by the �2 difference between true and model
2D G141 images.

Figure 1 illustrates how the model 2D direct image compo-
nents are dispersed into the model 2D grism image for each
MCMC step.

4 SPECTRAL FORWARD MODELING
RESULTS

Figure 2 shows the 1D model, data and residual ‘traces’ for
the four lensed QSO images. These traces are obtained by in-
tegrating the flux along the y axis in the 2D image, weighted
by the relative flux of the direct F140 model PSF along that
axis. Jumps in flux are due to small misalignments between
the dispersion axis and the detector axis. This comparison
shows that the input model provides an excellent fit to the
observed spectra.

From the spectral modelling we obtain flux ratios be-
tween the broad H� fluxes and the [OIII] fluxes from the
image pairs A/C, B/C, D/C. Given that the intrinsic quasar
luminosity is not known, gravitational lensing analyses rely
on ratios of image fluxes rather than their absolute values.
In Figure 3, we compare these flux ratios with measurements
from other studies across a range of filters and for fixed filters
at multiple dates. These measurements are chosen to repre-
sent how the flux ratios vary with wavelength and time, and
are only a small subset of the many measurements of this
system obtained for time variability studies (Bonvin et al.
2016; Courbin et al. 2011; Kochanek et al. 2006, e.g.). Table
A2 contains references and observing dates for all flux ratios
plotted in Figure 3.

The narrow [OIII] flux ratios are strikingly different
from optical to mid-IR flux ratios which are subject to con-
tamination by microlensing and intrinsic QSO time variabil-
ity.

HE0435 has been monitored for 15 years (Bonvin et al.
2016; Courbin et al. 2011; Kochanek et al. 2006), and during
that time has shown highly variable broad band flux ratios
due to stellar microlensing and intrinsic variability. The in-
trinsic variability which particularly affects images B and D
which have time delays of over a week with relative to images
A and C. Figure 3 highlights several repeat measurements
of the system which show significant variability.

Based on simulations of QSO accretion disks and dusty
torii, blueward of rest-frame �4µm, (observed �10 µm) the
accretion disk makes a dominant contribution to the QSO
emission (Sluse et al. 2013). From chromatic microlensing
studies of this system, the quasar accretion continuum emis-
sion has a half light radius of � 1016.3±0.3 cm (or 0.003 pc)
at a rest-frame wavelength of 8000 Å. Sluse et al. (2012)
estimate the MgII broad line region size to be � 1018±1 cm
(or 0.03 pc). These sizes correspond to 0.5�5µas at the lens
redshift, and are thus affected by stellar microlensing. Bon-
vin et al. (2016) have inferred the approximate observed R
band (rest frame � 2500Å) stellar microlensing as a function
of time for each of the images since 2003. Figure 4 shows an
estimate for the microlensing effect on the flux ratios as a
function of time assuming a ‘true’ flux ratio value indicated
by the straight lines. The Bonvin et al. (2016) model has
degeneracies between the intrinsic QSO variability and the
microlensing variability, thus Figure 4 should be taken as an
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Figure 1. Demonstration of the forward modeling method used to infer spectral parameters. Note that the image contrasts have been
altered between images to highlight different features. Panel i) Drizzled F140W image, arrow indicates North. Panel ii) Interlaced
G141W grism image, with light dispersed along the x-axis of the F140W image. QSO spectra (A-D) are labeled. They overlap with
spectra from the ring, the main deflector (G) and the spiral galaxy (G2). Blue arrows indicate the location of narrow [OIII] 4959 and
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labelled in panel i. Each of the QSO images A-D has a separate model spectrum (shown in Figure 3), only spectrum A is shown here.
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the ring model to account for noisy PSF subtraction in this region. Column v) Model 2D grism images for each spectral component
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not shown). Colors are the same as in columns iii, iv and v. The goodness of fit is calculated by the �2 difference between true and model
2D G141 images.

Figure 1 illustrates how the model 2D direct image compo-
nents are dispersed into the model 2D grism image for each
MCMC step.

4 SPECTRAL FORWARD MODELING
RESULTS

Figure 2 shows the 1D model, data and residual ‘traces’ for
the four lensed QSO images. These traces are obtained by in-
tegrating the flux along the y axis in the 2D image, weighted
by the relative flux of the direct F140 model PSF along that
axis. Jumps in flux are due to small misalignments between
the dispersion axis and the detector axis. This comparison
shows that the input model provides an excellent fit to the
observed spectra.

From the spectral modelling we obtain flux ratios be-
tween the broad H� fluxes and the [OIII] fluxes from the
image pairs A/C, B/C, D/C. Given that the intrinsic quasar
luminosity is not known, gravitational lensing analyses rely
on ratios of image fluxes rather than their absolute values.
In Figure 3, we compare these flux ratios with measurements
from other studies across a range of filters and for fixed filters
at multiple dates. These measurements are chosen to repre-
sent how the flux ratios vary with wavelength and time, and
are only a small subset of the many measurements of this
system obtained for time variability studies (Bonvin et al.
2016; Courbin et al. 2011; Kochanek et al. 2006, e.g.). Table
A2 contains references and observing dates for all flux ratios
plotted in Figure 3.

The narrow [OIII] flux ratios are strikingly different
from optical to mid-IR flux ratios which are subject to con-
tamination by microlensing and intrinsic QSO time variabil-
ity.

HE0435 has been monitored for 15 years (Bonvin et al.
2016; Courbin et al. 2011; Kochanek et al. 2006), and during
that time has shown highly variable broad band flux ratios
due to stellar microlensing and intrinsic variability. The in-
trinsic variability which particularly affects images B and D
which have time delays of over a week with relative to images
A and C. Figure 3 highlights several repeat measurements
of the system which show significant variability.

Based on simulations of QSO accretion disks and dusty
torii, blueward of rest-frame �4µm, (observed �10 µm) the
accretion disk makes a dominant contribution to the QSO
emission (Sluse et al. 2013). From chromatic microlensing
studies of this system, the quasar accretion continuum emis-
sion has a half light radius of � 1016.3±0.3 cm (or 0.003 pc)
at a rest-frame wavelength of 8000 Å. Sluse et al. (2012)
estimate the MgII broad line region size to be � 1018±1 cm
(or 0.03 pc). These sizes correspond to 0.5�5µas at the lens
redshift, and are thus affected by stellar microlensing. Bon-
vin et al. (2016) have inferred the approximate observed R
band (rest frame � 2500Å) stellar microlensing as a function
of time for each of the images since 2003. Figure 4 shows an
estimate for the microlensing effect on the flux ratios as a
function of time assuming a ‘true’ flux ratio value indicated
by the straight lines. The Bonvin et al. (2016) model has
degeneracies between the intrinsic QSO variability and the
microlensing variability, thus Figure 4 should be taken as an
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Figure 2. Lensed quasar spectra extracted along the x-axis of the 2D grism image (Figure 1) via PSF weighted averaging along the
y-axis. Absolute fluxes are arbitrary. 1D Spectra include contamination from neighboring dispersed QSO images, lens galaxy light, the
lens ring, and the nearby spiral galaxy G2 as illustrated in Figure 1. The residual is derived by subtracting the 2D model from the
2D interlaced data, and then performing the PSF weighted y-axis averaging, thus it is not a simple subtraction of the blue line from
the black points. The residual has been offset from zero by the amount indicated by the horizontal lines for ease of visualization. The
modelled region varies slightly for each image depending on its position in the 2D image.

approximate estimate of the magnitude of microlensing at a
given time. The amplitude of microlensing depends on the
source size. Given that bluer wavelengths are emitted from
smaller regions of the QSO accretion disc, thus bluer filters
are more strongly affected by microlensing than theBonvin
et al. (2016) result would indicate, while redder continuum
measurements are expected to be less affected. Blackburne
et al. (2014) have performed a detailed study of differential
microlensing as a function of wavelength for this system,
their data are included in Figure 3, and in Table A2.

The broad line emission flux ratios of both H� from
this study and CIII] and CIV from Wisotzki et al. (2003)
are closer to the narrow-line emission flux ratios, which is
consistent with microlensing being a function of emission
region size.

We can test for the effects of microlensing on our data
by comparing the relative amplitudes of emission features in
our inferred spectra. In Figure 5, we plot the marginalised
lensed image spectra from our analysis, normalised to the
continuum flux at 5100 Å in order to highlight how the emis-
sion features vary relative to each other between the lensed
images. Image A shows significant morphological differences
with an [OIII] flux which is much lower relative to the con-
tinuum emission than the other three images, indicating that
there is significant source-size dependent lensing. This find-
ing is consistent with the inferred R band microlensing of

image A in particular observed by Bonvin et al. (2016) and
plotted in Figure 4. The difference in the image A H� flux
and the narrow-line flux is not as dramatic. This is expected
given that the H� flux is less affected by microlensing than
the continuum.

The narrow-line [OIII] flux ratios are consistent with
5 GHz radio measurements fromJackson et al. (2015), with
A/C, B/C and D/C differing at 0.25, 1.8 and 2.2 � respec-
tively. This is expected given that both sources are expected
to be extended enough to avoid all microlensing contami-
nation. Although the results do not differ significantly, we
note that Jackson et al. (2015) found that their radio emis-
sion was somewhat resolved, with an intrinsic source size of
� � 288 pc, assuming the source had a Gaussian flux distri-
bution. This affects the flux ratios predicted from gravita-
tional lensing relative to a point source for a fixed deflector
mass model. We discuss this further in Section 6, where we
also place limits on the detected size of the narrow-emission
region in our data and we examine the effects of a resolved
narrow emission line region on our results.

5 GRAVITATIONAL LENS MODELING

The lensed image positions and [OIII] flux ratios are sensi-
tive to the mass distribution of the deflector. As discussed in
the Introduction, the image fluxes are particularly sensitive
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Figure 2. Results from Nierenberg et al. (2017) for the HST grism spectra of HE0435
(GO-13732). From left to right: (1): Direct image of HE0435 (2): Dispersed G141 spectra.
(3): 1D psf-weighted trace of the dispersed spectrum of image A. [OIII] emission fluxes
provide a microlensing free probe of substructure along the entire virial radius of the lens
halo. The blue line and gray points represent the trace and model residual of the 2D model
for image A respectively. The model accounts for blending between neighboring quasar
spectra (see N17 for details).(4): Inferred spectrum of image A with narrow [OIII] and
broad H� emission components

4

T.Treu: Flux ratio anomalies and the substructure problem 3

Figure 1. The substructure problem. In simulations (top, from Kravtsov 2010), galaxies and clusters
are self-similar and should have the same amount of satellites. In reality, this is not observed: galaxies
have many fewer (luminous) satellites than expected based on dark matter substructure. Does this mean
they are dark, or that they do not exist? Answering this question is the goal of this program.

Figure 2. HST-F160W images of the targets taken from the CASTLES database, sorted by RA.

T.Treu: Flux ratio anomalies and the substructure problem 4

Figure 3. Signal-to-noise ratio maps for the proposed experiment: The top row shows the expected
S/N maps obtained by rescaling the total line flux by the flux ratios as measured in the continuum from
HST. The bottom row shows the expected S/N maps obtained by rescaling the total line flux by the flux
ratios predicted by smooth models without substructure (see Table 1). The difference is apparent by
eye. All simulations have been performed using the OSIRIS ETC developed by David Law assuming
exposure times of 10800s (0810), 7200s (for 0924 and 1138), a3600s (for 1413 and 1422). The S/N
ratio scale shown is 0-50 for 0810, 0924 and 1138 and 0-150 for 1413 and 1422. The field of view
shown is the OSIRIS field of view for 0.0500 pixels in the appropriate narrow band filter.

Figure 4. Left Mid-IR Subaru image of
1422; note how A and B are blended, while D
is undetected (Chiba et al. 2005). Our experi-
ment will detect D and resolve all four images
(see Figure 3).Right: Mid-IR image of 1413
(MacLeod et al. 2009).
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WITH ENOUGH LENSES IT IS POSSIBLE TO 
DISTINGUISH BETWEEN THESE SCENARIOS 

Properties of WDM haloes 5

Figure 2. Images of our haloes at redshift z = 0. The panels show CDM-W7 (top), m2.3, m2.0, m1.6, and m1.4 (left to right, then
top to bottom). Image intensity indicates projected squared dark matter density and hue density-weighted mean velocity dispersion
(Springel et al. 2008a). Each panel is 1.5Mpc on a side.
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(Springel et al. 2008a). Each panel is 1.5Mpc on a side.
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THE LENS MASS SENSITIVITY DEPENDS 
ON THE SIZE OF THE SOURCE 

Lensed Radio Jet Lensed Accretion Disk 

Falco et al. 1997  
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FIG. 2.ÈContour plot of 5 GHz map of MG 0414]0534 on 1993
January 15. Contour levels are [0.375%, 0.375%, 0.75%, 1.5%, 3%, 6%,
12%, 24%, 48%, and 96% of the peak intensity of 398 mJy beam~1. The
rms noise level is 200 kJy beam~1. The box in the upper right corner shows
the beam FWHM ellipse. The map is centered at R.A. decl.04h14m37s.707,

(J2000).]05¡34@43A.19

approximately 2 mJy visible at 15 GHz. The extensions are
consistent with the structure seen in a 5 GHz MERLIN
image et al. and with that seen in the Hubble(Garrett 1992)
Space Telescope (HST ) image of Lehaç r, & ShapiroFalco,

FIG. 3.ÈContour plot of 8 GHz map of MG 0414]0534 on 1993
January 15. Contour levels are [0.1875%, 0.1875%, 0.375%, 0.75%, 1.5%,
3%, 6%, 12%, 24%, 48%, and 96% of the peak intensity of 238 mJy
beam~1. The rms noise level is 120 kJy beam~1. The box in the upper right
corner shows the beam FWHM ellipse. The map is centered at R.A.

decl. (J2000).04h14m37s.708, ]05¡34@43A.19

FIG. 4.ÈContour plot of 15 GHz map of MG 0414]0534 on 1993
January 15. Contour levels are [0.375%, 0.375%, 0.75%, 1.5%, 3%, 6%,
12%, 24%, 48%, and 96% of the peak intensity of 159 mJy beam~1. The
rms noise level is 250 kJy beam~1. The box in the upper right corner shows
the beam FWHM ellipse. The map is centered at R.A. decl.04h14m37s.708,

(J2000).]05¡34@43A.19

Our data provide upper limits on the surface bright-(1996).
ness of a –fth image of the background source and on any
emission associated with the lensing galaxy. If we take these
limits to be 10 times the rms surface brightness in each map,

FIG. 5.ÈContour plot of 22 GHz map of MG 0414]0534 on 1994 Apr
1. Contour levels are [0.75%, 0.75%, 1.5%, 3%, 6%, 12%, 24%, 48%, and
96% of the peak intensity of 112 mJy beam~1. The rms noise level is 330
kJy beam~1. The box in the upper right corner shows the beam FWHM
ellipse. The map is centered at R.A. decl.04h14m37s.708, ]05¡34@43A.19
(J2000).

15 GHz, Katz et al. 1997  

Gravitational lens MG 0414 



THERE ARE ONLY 7 RADIO LOUD QUAD 
LENSES KNOWN 

Dalal and Kochanek 2002, 7 radio-loud lens systems 
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Figure 1. Left : Strong gravitational lensing provides a powerful test of CDM, as each
strongly lensed image probes low mass dark matter structure along the entire virial radius
of a lens halo. Right : The sensitivity of strongly lensed quasar narrow-line emission to dark
matter substructure, for the gravitational lens HE0435 (GO-13732, Nierenberg et al. 2017)
using WFC3 grism spatially resolved spectroscopy (see Figure 2 below).Black points
indicate the projected region in which a subhalo with mass M600 = 108M� is excluded at a
3� confidence allowing full flexibility in the large-scale macromodel. The average excluded
region is a cylinder with radius ⇠6 kpc at the redshift of the lens. A similar analysis yields
an exclusion of M600 = 107M� subhalos within ⇠ 0.6 kpc of each lensed imageNarrow-line flux ratios in HE0435 5
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Figure 1. Demonstration of the forward modeling method used to infer spectral parameters. Note that the image contrasts have been
altered between images to highlight different features. Panel i) Drizzled F140W image, arrow indicates North. Panel ii) Interlaced
G141W grism image, with light dispersed along the x-axis of the F140W image. QSO spectra (A-D) are labeled. They overlap with
spectra from the ring, the main deflector (G) and the spiral galaxy (G2). Blue arrows indicate the location of narrow [OIII] 4959 and
5007 Å emission which are partially blended at this resolution. Column iii) MCMC proposed 1D spectra for four of the seven components
labelled in panel i. Each of the QSO images A-D has a separate model spectrum (shown in Figure 3), only spectrum A is shown here.
Column iv) Model direct image for each separate spectral component, described in the text. The central QSO pixels are masked in
the ring model to account for noisy PSF subtraction in this region. Column v) Model 2D grism images for each spectral component
generated from convolving the model spectra in column iii with the model direct image in column iv. Panels vi, vii) Final, combined
model direct image and model grism image, generated from the sum of columns iv and v respectively (and the other three QSO images
not shown). Colors are the same as in columns iii, iv and v. The goodness of fit is calculated by the �2 difference between true and model
2D G141 images.

Figure 1 illustrates how the model 2D direct image compo-
nents are dispersed into the model 2D grism image for each
MCMC step.

4 SPECTRAL FORWARD MODELING
RESULTS

Figure 2 shows the 1D model, data and residual ‘traces’ for
the four lensed QSO images. These traces are obtained by in-
tegrating the flux along the y axis in the 2D image, weighted
by the relative flux of the direct F140 model PSF along that
axis. Jumps in flux are due to small misalignments between
the dispersion axis and the detector axis. This comparison
shows that the input model provides an excellent fit to the
observed spectra.

From the spectral modelling we obtain flux ratios be-
tween the broad H� fluxes and the [OIII] fluxes from the
image pairs A/C, B/C, D/C. Given that the intrinsic quasar
luminosity is not known, gravitational lensing analyses rely
on ratios of image fluxes rather than their absolute values.
In Figure 3, we compare these flux ratios with measurements
from other studies across a range of filters and for fixed filters
at multiple dates. These measurements are chosen to repre-
sent how the flux ratios vary with wavelength and time, and
are only a small subset of the many measurements of this
system obtained for time variability studies (Bonvin et al.
2016; Courbin et al. 2011; Kochanek et al. 2006, e.g.). Table
A2 contains references and observing dates for all flux ratios
plotted in Figure 3.

The narrow [OIII] flux ratios are strikingly different
from optical to mid-IR flux ratios which are subject to con-
tamination by microlensing and intrinsic QSO time variabil-
ity.

HE0435 has been monitored for 15 years (Bonvin et al.
2016; Courbin et al. 2011; Kochanek et al. 2006), and during
that time has shown highly variable broad band flux ratios
due to stellar microlensing and intrinsic variability. The in-
trinsic variability which particularly affects images B and D
which have time delays of over a week with relative to images
A and C. Figure 3 highlights several repeat measurements
of the system which show significant variability.

Based on simulations of QSO accretion disks and dusty
torii, blueward of rest-frame �4µm, (observed �10 µm) the
accretion disk makes a dominant contribution to the QSO
emission (Sluse et al. 2013). From chromatic microlensing
studies of this system, the quasar accretion continuum emis-
sion has a half light radius of � 1016.3±0.3 cm (or 0.003 pc)
at a rest-frame wavelength of 8000 Å. Sluse et al. (2012)
estimate the MgII broad line region size to be � 1018±1 cm
(or 0.03 pc). These sizes correspond to 0.5�5µas at the lens
redshift, and are thus affected by stellar microlensing. Bon-
vin et al. (2016) have inferred the approximate observed R
band (rest frame � 2500Å) stellar microlensing as a function
of time for each of the images since 2003. Figure 4 shows an
estimate for the microlensing effect on the flux ratios as a
function of time assuming a ‘true’ flux ratio value indicated
by the straight lines. The Bonvin et al. (2016) model has
degeneracies between the intrinsic QSO variability and the
microlensing variability, thus Figure 4 should be taken as an
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Figure 1. Demonstration of the forward modeling method used to infer spectral parameters. Note that the image contrasts have been
altered between images to highlight different features. Panel i) Drizzled F140W image, arrow indicates North. Panel ii) Interlaced
G141W grism image, with light dispersed along the x-axis of the F140W image. QSO spectra (A-D) are labeled. They overlap with
spectra from the ring, the main deflector (G) and the spiral galaxy (G2). Blue arrows indicate the location of narrow [OIII] 4959 and
5007 Å emission which are partially blended at this resolution. Column iii) MCMC proposed 1D spectra for four of the seven components
labelled in panel i. Each of the QSO images A-D has a separate model spectrum (shown in Figure 3), only spectrum A is shown here.
Column iv) Model direct image for each separate spectral component, described in the text. The central QSO pixels are masked in
the ring model to account for noisy PSF subtraction in this region. Column v) Model 2D grism images for each spectral component
generated from convolving the model spectra in column iii with the model direct image in column iv. Panels vi, vii) Final, combined
model direct image and model grism image, generated from the sum of columns iv and v respectively (and the other three QSO images
not shown). Colors are the same as in columns iii, iv and v. The goodness of fit is calculated by the �2 difference between true and model
2D G141 images.
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tegrating the flux along the y axis in the 2D image, weighted
by the relative flux of the direct F140 model PSF along that
axis. Jumps in flux are due to small misalignments between
the dispersion axis and the detector axis. This comparison
shows that the input model provides an excellent fit to the
observed spectra.

From the spectral modelling we obtain flux ratios be-
tween the broad H� fluxes and the [OIII] fluxes from the
image pairs A/C, B/C, D/C. Given that the intrinsic quasar
luminosity is not known, gravitational lensing analyses rely
on ratios of image fluxes rather than their absolute values.
In Figure 3, we compare these flux ratios with measurements
from other studies across a range of filters and for fixed filters
at multiple dates. These measurements are chosen to repre-
sent how the flux ratios vary with wavelength and time, and
are only a small subset of the many measurements of this
system obtained for time variability studies (Bonvin et al.
2016; Courbin et al. 2011; Kochanek et al. 2006, e.g.). Table
A2 contains references and observing dates for all flux ratios
plotted in Figure 3.

The narrow [OIII] flux ratios are strikingly different
from optical to mid-IR flux ratios which are subject to con-
tamination by microlensing and intrinsic QSO time variabil-
ity.

HE0435 has been monitored for 15 years (Bonvin et al.
2016; Courbin et al. 2011; Kochanek et al. 2006), and during
that time has shown highly variable broad band flux ratios
due to stellar microlensing and intrinsic variability. The in-
trinsic variability which particularly affects images B and D
which have time delays of over a week with relative to images
A and C. Figure 3 highlights several repeat measurements
of the system which show significant variability.

Based on simulations of QSO accretion disks and dusty
torii, blueward of rest-frame �4µm, (observed �10 µm) the
accretion disk makes a dominant contribution to the QSO
emission (Sluse et al. 2013). From chromatic microlensing
studies of this system, the quasar accretion continuum emis-
sion has a half light radius of � 1016.3±0.3 cm (or 0.003 pc)
at a rest-frame wavelength of 8000 Å. Sluse et al. (2012)
estimate the MgII broad line region size to be � 1018±1 cm
(or 0.03 pc). These sizes correspond to 0.5�5µas at the lens
redshift, and are thus affected by stellar microlensing. Bon-
vin et al. (2016) have inferred the approximate observed R
band (rest frame � 2500Å) stellar microlensing as a function
of time for each of the images since 2003. Figure 4 shows an
estimate for the microlensing effect on the flux ratios as a
function of time assuming a ‘true’ flux ratio value indicated
by the straight lines. The Bonvin et al. (2016) model has
degeneracies between the intrinsic QSO variability and the
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altered between images to highlight different features. Panel i) Drizzled F140W image, arrow indicates North. Panel ii) Interlaced
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not shown). Colors are the same as in columns iii, iv and v. The goodness of fit is calculated by the �2 difference between true and model
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Figure 2 shows the 1D model, data and residual ‘traces’ for
the four lensed QSO images. These traces are obtained by in-
tegrating the flux along the y axis in the 2D image, weighted
by the relative flux of the direct F140 model PSF along that
axis. Jumps in flux are due to small misalignments between
the dispersion axis and the detector axis. This comparison
shows that the input model provides an excellent fit to the
observed spectra.

From the spectral modelling we obtain flux ratios be-
tween the broad H� fluxes and the [OIII] fluxes from the
image pairs A/C, B/C, D/C. Given that the intrinsic quasar
luminosity is not known, gravitational lensing analyses rely
on ratios of image fluxes rather than their absolute values.
In Figure 3, we compare these flux ratios with measurements
from other studies across a range of filters and for fixed filters
at multiple dates. These measurements are chosen to repre-
sent how the flux ratios vary with wavelength and time, and
are only a small subset of the many measurements of this
system obtained for time variability studies (Bonvin et al.
2016; Courbin et al. 2011; Kochanek et al. 2006, e.g.). Table
A2 contains references and observing dates for all flux ratios
plotted in Figure 3.

The narrow [OIII] flux ratios are strikingly different
from optical to mid-IR flux ratios which are subject to con-
tamination by microlensing and intrinsic QSO time variabil-
ity.

HE0435 has been monitored for 15 years (Bonvin et al.
2016; Courbin et al. 2011; Kochanek et al. 2006), and during
that time has shown highly variable broad band flux ratios
due to stellar microlensing and intrinsic variability. The in-
trinsic variability which particularly affects images B and D
which have time delays of over a week with relative to images
A and C. Figure 3 highlights several repeat measurements
of the system which show significant variability.

Based on simulations of QSO accretion disks and dusty
torii, blueward of rest-frame �4µm, (observed �10 µm) the
accretion disk makes a dominant contribution to the QSO
emission (Sluse et al. 2013). From chromatic microlensing
studies of this system, the quasar accretion continuum emis-
sion has a half light radius of � 1016.3±0.3 cm (or 0.003 pc)
at a rest-frame wavelength of 8000 Å. Sluse et al. (2012)
estimate the MgII broad line region size to be � 1018±1 cm
(or 0.03 pc). These sizes correspond to 0.5�5µas at the lens
redshift, and are thus affected by stellar microlensing. Bon-
vin et al. (2016) have inferred the approximate observed R
band (rest frame � 2500Å) stellar microlensing as a function
of time for each of the images since 2003. Figure 4 shows an
estimate for the microlensing effect on the flux ratios as a
function of time assuming a ‘true’ flux ratio value indicated
by the straight lines. The Bonvin et al. (2016) model has
degeneracies between the intrinsic QSO variability and the
microlensing variability, thus Figure 4 should be taken as an
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Figure 2. Lensed quasar spectra extracted along the x-axis of the 2D grism image (Figure 1) via PSF weighted averaging along the
y-axis. Absolute fluxes are arbitrary. 1D Spectra include contamination from neighboring dispersed QSO images, lens galaxy light, the
lens ring, and the nearby spiral galaxy G2 as illustrated in Figure 1. The residual is derived by subtracting the 2D model from the
2D interlaced data, and then performing the PSF weighted y-axis averaging, thus it is not a simple subtraction of the blue line from
the black points. The residual has been offset from zero by the amount indicated by the horizontal lines for ease of visualization. The
modelled region varies slightly for each image depending on its position in the 2D image.

approximate estimate of the magnitude of microlensing at a
given time. The amplitude of microlensing depends on the
source size. Given that bluer wavelengths are emitted from
smaller regions of the QSO accretion disc, thus bluer filters
are more strongly affected by microlensing than theBonvin
et al. (2016) result would indicate, while redder continuum
measurements are expected to be less affected. Blackburne
et al. (2014) have performed a detailed study of differential
microlensing as a function of wavelength for this system,
their data are included in Figure 3, and in Table A2.

The broad line emission flux ratios of both H� from
this study and CIII] and CIV from Wisotzki et al. (2003)
are closer to the narrow-line emission flux ratios, which is
consistent with microlensing being a function of emission
region size.

We can test for the effects of microlensing on our data
by comparing the relative amplitudes of emission features in
our inferred spectra. In Figure 5, we plot the marginalised
lensed image spectra from our analysis, normalised to the
continuum flux at 5100 Å in order to highlight how the emis-
sion features vary relative to each other between the lensed
images. Image A shows significant morphological differences
with an [OIII] flux which is much lower relative to the con-
tinuum emission than the other three images, indicating that
there is significant source-size dependent lensing. This find-
ing is consistent with the inferred R band microlensing of

image A in particular observed by Bonvin et al. (2016) and
plotted in Figure 4. The difference in the image A H� flux
and the narrow-line flux is not as dramatic. This is expected
given that the H� flux is less affected by microlensing than
the continuum.

The narrow-line [OIII] flux ratios are consistent with
5 GHz radio measurements fromJackson et al. (2015), with
A/C, B/C and D/C differing at 0.25, 1.8 and 2.2 � respec-
tively. This is expected given that both sources are expected
to be extended enough to avoid all microlensing contami-
nation. Although the results do not differ significantly, we
note that Jackson et al. (2015) found that their radio emis-
sion was somewhat resolved, with an intrinsic source size of
� � 288 pc, assuming the source had a Gaussian flux distri-
bution. This affects the flux ratios predicted from gravita-
tional lensing relative to a point source for a fixed deflector
mass model. We discuss this further in Section 6, where we
also place limits on the detected size of the narrow-emission
region in our data and we examine the effects of a resolved
narrow emission line region on our results.

5 GRAVITATIONAL LENS MODELING

The lensed image positions and [OIII] flux ratios are sensi-
tive to the mass distribution of the deflector. As discussed in
the Introduction, the image fluxes are particularly sensitive
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Figure 2. Results from Nierenberg et al. (2017) for the HST grism spectra of HE0435
(GO-13732). From left to right: (1): Direct image of HE0435 (2): Dispersed G141 spectra.
(3): 1D psf-weighted trace of the dispersed spectrum of image A. [OIII] emission fluxes
provide a microlensing free probe of substructure along the entire virial radius of the lens
halo. The blue line and gray points represent the trace and model residual of the 2D model
for image A respectively. The model accounts for blending between neighboring quasar
spectra (see N17 for details).(4): Inferred spectrum of image A with narrow [OIII] and
broad H� emission components
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Figure 1. The substructure problem. In simulations (top, from Kravtsov 2010), galaxies and clusters
are self-similar and should have the same amount of satellites. In reality, this is not observed: galaxies
have many fewer (luminous) satellites than expected based on dark matter substructure. Does this mean
they are dark, or that they do not exist? Answering this question is the goal of this program.

Figure 2. HST-F160W images of the targets taken from the CASTLES database, sorted by RA.
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Figure 1. Left : Strong gravitational lensing provides a powerful test of CDM, as each
strongly lensed image probes low mass dark matter structure along the entire virial radius
of a lens halo. Right : The sensitivity of strongly lensed quasar narrow-line emission to dark
matter substructure, for the gravitational lens HE0435 (GO-13732, Nierenberg et al. 2017)
using WFC3 grism spatially resolved spectroscopy (see Figure 2 below).Black points
indicate the projected region in which a subhalo with mass M600 = 108M� is excluded at a
3� confidence allowing full flexibility in the large-scale macromodel. The average excluded
region is a cylinder with radius ⇠6 kpc at the redshift of the lens. A similar analysis yields
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Figure 1. Demonstration of the forward modeling method used to infer spectral parameters. Note that the image contrasts have been
altered between images to highlight different features. Panel i) Drizzled F140W image, arrow indicates North. Panel ii) Interlaced
G141W grism image, with light dispersed along the x-axis of the F140W image. QSO spectra (A-D) are labeled. They overlap with
spectra from the ring, the main deflector (G) and the spiral galaxy (G2). Blue arrows indicate the location of narrow [OIII] 4959 and
5007 Å emission which are partially blended at this resolution. Column iii) MCMC proposed 1D spectra for four of the seven components
labelled in panel i. Each of the QSO images A-D has a separate model spectrum (shown in Figure 3), only spectrum A is shown here.
Column iv) Model direct image for each separate spectral component, described in the text. The central QSO pixels are masked in
the ring model to account for noisy PSF subtraction in this region. Column v) Model 2D grism images for each spectral component
generated from convolving the model spectra in column iii with the model direct image in column iv. Panels vi, vii) Final, combined
model direct image and model grism image, generated from the sum of columns iv and v respectively (and the other three QSO images
not shown). Colors are the same as in columns iii, iv and v. The goodness of fit is calculated by the �2 difference between true and model
2D G141 images.

Figure 1 illustrates how the model 2D direct image compo-
nents are dispersed into the model 2D grism image for each
MCMC step.

4 SPECTRAL FORWARD MODELING
RESULTS

Figure 2 shows the 1D model, data and residual ‘traces’ for
the four lensed QSO images. These traces are obtained by in-
tegrating the flux along the y axis in the 2D image, weighted
by the relative flux of the direct F140 model PSF along that
axis. Jumps in flux are due to small misalignments between
the dispersion axis and the detector axis. This comparison
shows that the input model provides an excellent fit to the
observed spectra.

From the spectral modelling we obtain flux ratios be-
tween the broad H� fluxes and the [OIII] fluxes from the
image pairs A/C, B/C, D/C. Given that the intrinsic quasar
luminosity is not known, gravitational lensing analyses rely
on ratios of image fluxes rather than their absolute values.
In Figure 3, we compare these flux ratios with measurements
from other studies across a range of filters and for fixed filters
at multiple dates. These measurements are chosen to repre-
sent how the flux ratios vary with wavelength and time, and
are only a small subset of the many measurements of this
system obtained for time variability studies (Bonvin et al.
2016; Courbin et al. 2011; Kochanek et al. 2006, e.g.). Table
A2 contains references and observing dates for all flux ratios
plotted in Figure 3.

The narrow [OIII] flux ratios are strikingly different
from optical to mid-IR flux ratios which are subject to con-
tamination by microlensing and intrinsic QSO time variabil-
ity.

HE0435 has been monitored for 15 years (Bonvin et al.
2016; Courbin et al. 2011; Kochanek et al. 2006), and during
that time has shown highly variable broad band flux ratios
due to stellar microlensing and intrinsic variability. The in-
trinsic variability which particularly affects images B and D
which have time delays of over a week with relative to images
A and C. Figure 3 highlights several repeat measurements
of the system which show significant variability.

Based on simulations of QSO accretion disks and dusty
torii, blueward of rest-frame �4µm, (observed �10 µm) the
accretion disk makes a dominant contribution to the QSO
emission (Sluse et al. 2013). From chromatic microlensing
studies of this system, the quasar accretion continuum emis-
sion has a half light radius of � 1016.3±0.3 cm (or 0.003 pc)
at a rest-frame wavelength of 8000 Å. Sluse et al. (2012)
estimate the MgII broad line region size to be � 1018±1 cm
(or 0.03 pc). These sizes correspond to 0.5�5µas at the lens
redshift, and are thus affected by stellar microlensing. Bon-
vin et al. (2016) have inferred the approximate observed R
band (rest frame � 2500Å) stellar microlensing as a function
of time for each of the images since 2003. Figure 4 shows an
estimate for the microlensing effect on the flux ratios as a
function of time assuming a ‘true’ flux ratio value indicated
by the straight lines. The Bonvin et al. (2016) model has
degeneracies between the intrinsic QSO variability and the
microlensing variability, thus Figure 4 should be taken as an
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plotted in Figure 3.

The narrow [OIII] flux ratios are strikingly different
from optical to mid-IR flux ratios which are subject to con-
tamination by microlensing and intrinsic QSO time variabil-
ity.

HE0435 has been monitored for 15 years (Bonvin et al.
2016; Courbin et al. 2011; Kochanek et al. 2006), and during
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trinsic variability which particularly affects images B and D
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redshift, and are thus affected by stellar microlensing. Bon-
vin et al. (2016) have inferred the approximate observed R
band (rest frame � 2500Å) stellar microlensing as a function
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Figure 2. Lensed quasar spectra extracted along the x-axis of the 2D grism image (Figure 1) via PSF weighted averaging along the
y-axis. Absolute fluxes are arbitrary. 1D Spectra include contamination from neighboring dispersed QSO images, lens galaxy light, the
lens ring, and the nearby spiral galaxy G2 as illustrated in Figure 1. The residual is derived by subtracting the 2D model from the
2D interlaced data, and then performing the PSF weighted y-axis averaging, thus it is not a simple subtraction of the blue line from
the black points. The residual has been offset from zero by the amount indicated by the horizontal lines for ease of visualization. The
modelled region varies slightly for each image depending on its position in the 2D image.

approximate estimate of the magnitude of microlensing at a
given time. The amplitude of microlensing depends on the
source size. Given that bluer wavelengths are emitted from
smaller regions of the QSO accretion disc, thus bluer filters
are more strongly affected by microlensing than theBonvin
et al. (2016) result would indicate, while redder continuum
measurements are expected to be less affected. Blackburne
et al. (2014) have performed a detailed study of differential
microlensing as a function of wavelength for this system,
their data are included in Figure 3, and in Table A2.

The broad line emission flux ratios of both H� from
this study and CIII] and CIV from Wisotzki et al. (2003)
are closer to the narrow-line emission flux ratios, which is
consistent with microlensing being a function of emission
region size.

We can test for the effects of microlensing on our data
by comparing the relative amplitudes of emission features in
our inferred spectra. In Figure 5, we plot the marginalised
lensed image spectra from our analysis, normalised to the
continuum flux at 5100 Å in order to highlight how the emis-
sion features vary relative to each other between the lensed
images. Image A shows significant morphological differences
with an [OIII] flux which is much lower relative to the con-
tinuum emission than the other three images, indicating that
there is significant source-size dependent lensing. This find-
ing is consistent with the inferred R band microlensing of

image A in particular observed by Bonvin et al. (2016) and
plotted in Figure 4. The difference in the image A H� flux
and the narrow-line flux is not as dramatic. This is expected
given that the H� flux is less affected by microlensing than
the continuum.

The narrow-line [OIII] flux ratios are consistent with
5 GHz radio measurements fromJackson et al. (2015), with
A/C, B/C and D/C differing at 0.25, 1.8 and 2.2 � respec-
tively. This is expected given that both sources are expected
to be extended enough to avoid all microlensing contami-
nation. Although the results do not differ significantly, we
note that Jackson et al. (2015) found that their radio emis-
sion was somewhat resolved, with an intrinsic source size of
� � 288 pc, assuming the source had a Gaussian flux distri-
bution. This affects the flux ratios predicted from gravita-
tional lensing relative to a point source for a fixed deflector
mass model. We discuss this further in Section 6, where we
also place limits on the detected size of the narrow-emission
region in our data and we examine the effects of a resolved
narrow emission line region on our results.

5 GRAVITATIONAL LENS MODELING

The lensed image positions and [OIII] flux ratios are sensi-
tive to the mass distribution of the deflector. As discussed in
the Introduction, the image fluxes are particularly sensitive
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Figure 2. Results from Nierenberg et al. (2017) for the HST grism spectra of HE0435
(GO-13732). From left to right: (1): Direct image of HE0435 (2): Dispersed G141 spectra.
(3): 1D psf-weighted trace of the dispersed spectrum of image A. [OIII] emission fluxes
provide a microlensing free probe of substructure along the entire virial radius of the lens
halo. The blue line and gray points represent the trace and model residual of the 2D model
for image A respectively. The model accounts for blending between neighboring quasar
spectra (see N17 for details).(4): Inferred spectrum of image A with narrow [OIII] and
broad H� emission components
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LIMITS ON THE PRESENCE OF AN NFW 
PERTURBER 
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Figure 6. Regions of exclusion for a singular isothermal spheroid perturber with fixed mass. Light grey and dark grey positions are
ruled out with greater than 95% and 99.7% respectively, based on the �2 probability of the best fit gravitational lens model to the image
positions and [OIII] fluxes after adding a perturber with M600 = 108.2M� (left panel) and 107.2M� (right panel), corresponding to
perturber Einstein radii of 0.0001 and 0.00001. The left panel shows the entire lens system with the green square indicating the lens centroid,
and the orange circles representing the quasar images. The right panels are shown on a smaller scale around individual images, as the
exclusion regions are smaller for the lower mass perturber. The average radial limits are ⇠0.004 (0.001), 0.003 (0.0008), 0.004 (0.0009) and 0.003
(0.0006) for images A, B, C and D for the 108.2 (107.2) M600/M� perturber.

Figure 7. Regions of exclusion for an NFW perturbing subhalo with M600 = 108M� and 107.2M�, corresponding to NFW scale radii of
1.000 and 0.001 respectively, determined the same way as in the previous Figure. The average radial limits are A: 1.002 (0.001), B: 0.003 (0.0008),
C: 1.001 (0.0009), D: 0.008 (0.0006) for images A, B, C and D for the for a 108 (107.2) M600/M� perturber.

6 FINITE SOURCE EFFECTS

Until this point we have assumed that the narrow-line emis-
sion in HE0435 is unresolved with HST resolution, even after
being strongly lensed and thus magnified, however it is im-
portant to explore the effect of a resolved emission region on
our results. Jackson et al. (2015) found that the 5 GHz radio
emission fluxes for HE0435 were best fit with a smooth de-
flector mass distribution and a resolved source with a Gaus-
sian profile with intrinsic size of � ⇠ 34mas (288 pc). This
model significantly improved the fit relative to unresolved
emission in their case. Given this, it is important that we
test whether the narrow-line emission is resolved in our data,

and what the effects would be of incorrectly assuming the
narrow-line emission was unresolved.

The narrow-line region is extended and in some cases
has been observed to extend out several hundreds of parsecs
(e.g. Bennert et al. 2006a). The narrow-line flux is not uni-
form, and can be dominated by the central tens of parsecs
even for very luminous quasars (Müller-Sánchez et al. 2011).
Sluse et al. (2007) demonstrated that the [OIII] emission in
the gravitational lens RXS J1131-1231 is resolved in their
data, and thus inferred a minimum size of ⇠ 150 pc. Nieren-
berg et al. (2014) found that the narrow [OIII] emission for
B1422+231 (Patnaik et al. 1992) was marginally resolved
with a dispersion of ⇠ 10 mas (50 pc).
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Fig. 4.— The mass within 0.6 kpc versus the maximum circular
velocity for the mass ranges of Via Lactea subhalos corresponding
to the population of satellites we study.

10% by the finite numerical resolution.
We define subhalos in Via Lactea to be the self-bound

halos that lie within the radius R200 = 389 kpc, where
R200 is defined to enclose an average density 200 times
the mean matter density. We note that in comparing
to the observed MW dwarf population, we could have
conservatively chosen subhalos that are restricted to lie
within the same radius as the most distant MW dSph
(250 kpc). We find that this choice has a negligible effect
on our conclusions – it reduces the count of small halos
by ∼ 10%.

In Figure 4, we show how M0.6 relates to the more
familiar quantity Vmax in Via Lactea subhalos. We note
that the relationship between subhalo M0.6 and Vmax will
be sensitive to the power spectrum shape and normaliza-
tion, as well as the nature of dark matter (Bullock et al.
2001; Zentner & Bullock 2003). The relationship shown
is only valid for the Via Lactea cosmology, but serves as
a useful reference for this comparison.

Given likelihood functions for the dSph M0.6 values,
we are now in position to determine the M0.6 mass func-
tion for Milky Way (MW) satellites and compare this to
the corresponding mass function in Via Lactea. For both
the observations and the simulation, we count the num-
ber of systems in four mass bins from 4 × 106 < M0.6 <
4× 108 M⊙. This mass range is chosen to span the M0.6

values allowed by the likelihood functions for the MW
satellites. We assume that the two non-dSph satellites,
the LMC and SMC, belong in the highest mass bin, cor-
responding to M0.6 > 108 M⊙ (Harris & Zaritsky 2006;
van der Marel et al. 2002).

In Figure 5 we show resulting mass functions for MW
satellites (solid) and for Via Lactea subhalos (dashed,
with Poisson error-bars). For the MW satellites, the cen-
tral values correspond to the median number of galaxies
per bin, which are obtained from the maximum values
of the respective likelihood functions. The error-bars
on the satellite points are set by the upper and lower
configurations that occur with a probability of > 10−3

after drawing 1000 realizations from the respective like-
lihood functions. As seen in Figure 5, the predicted dark

Fig. 5.— The M0.6 mass function of Milky Way satellites and
dark subhalos in the Via Lactea simulation. The red (short-dashed)
curve is the total subhalo mass function from the simulation. The
black (solid) curve is the median of the observed satellite mass
function. The error-bars on the observed mass function represent
the upper and lower limits on the number of configurations that
occur with a probability of > 10−3.

subhalo mass function rises as ∼ M−2
0.6 while the visi-

ble MW satellite mass function is relatively flat. The
lowest mass bin (M0.6 ∼ 9 × 106M⊙) always contains 1
visible galaxy (Sextans). The second-to-lowest mass bin
(M0.6 ∼ 2.5×107M⊙) contains between 2 and 4 satellites
(Carina, Sculptor, and Leo II). The fact that these two
lowest bins are not consistent with zero galaxies has im-
portant implications for the Stoehr et al. (2002) solution
to the MSP: specifically, it implies that the 11 well-known
MW satellites do not reside in subhalos that resemble the
11 most massive subhalos in Via Lactea.

To further emphasize this point, we see from Figure 5
that the mass of the 11th most massive subhalo in Via
Lactea is 4 × 107 M⊙. From the likelihood functions in
Figure 1, Sextans, Carina, Leo II, and Sculptor must
have values of M0.6 less than 4 × 107 M⊙ at 99% c.l.,
implying a negligible probability that all of these dSphs
reside in halos with M0.6 > 4 × 107 M⊙.

Using the M0.6 mass function of MW satellites, we
can test other CDM-based solutions to the MSP. Two
models of interest are based on reionization suppres-
sion (Bullock et al. 2000; Moore et al. 2006) and on there
being a characteristic halo mass scale prior to subhalo
accretion (Diemand et al. 2007). To roughly represent
these models, we focus on two subsamples of Via Lactea
subhalos: the earliest forming (EF) halos, and the largest
mass halos before they were accreted (LBA) into the
host halo. As described in Diemand et al. (2007), the
LBA sample is defined to be the 10 subhalos that had
the highest Vmax value throughout their entire history.
These systems all had Vmax > 37.3 kms−1 at some point
in their history. The EF sample consists of the 10 sub-
halos with Vmax > 16.2 kms−1 (the limit of atomic cool-
ing) at z = 9.6. The Kravtsov et al. (2004) model would
correspond to a selection intermediate between EF and
LBA. In Figure 6 we show the observed mass function of
MW satellites (solid, squares) along with the EF (dotted,

A sample of ~20 systems will contain a significant number of subhalo 
detections and can place more stringent constraints on WDM than current ly-
alpha forest limits 
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Fig. 4.— The mass within 0.6 kpc versus the maximum circular
velocity for the mass ranges of Via Lactea subhalos corresponding
to the population of satellites we study.

10% by the finite numerical resolution.
We define subhalos in Via Lactea to be the self-bound

halos that lie within the radius R200 = 389 kpc, where
R200 is defined to enclose an average density 200 times
the mean matter density. We note that in comparing
to the observed MW dwarf population, we could have
conservatively chosen subhalos that are restricted to lie
within the same radius as the most distant MW dSph
(250 kpc). We find that this choice has a negligible effect
on our conclusions – it reduces the count of small halos
by ∼ 10%.

In Figure 4, we show how M0.6 relates to the more
familiar quantity Vmax in Via Lactea subhalos. We note
that the relationship between subhalo M0.6 and Vmax will
be sensitive to the power spectrum shape and normaliza-
tion, as well as the nature of dark matter (Bullock et al.
2001; Zentner & Bullock 2003). The relationship shown
is only valid for the Via Lactea cosmology, but serves as
a useful reference for this comparison.

Given likelihood functions for the dSph M0.6 values,
we are now in position to determine the M0.6 mass func-
tion for Milky Way (MW) satellites and compare this to
the corresponding mass function in Via Lactea. For both
the observations and the simulation, we count the num-
ber of systems in four mass bins from 4 × 106 < M0.6 <
4× 108 M⊙. This mass range is chosen to span the M0.6

values allowed by the likelihood functions for the MW
satellites. We assume that the two non-dSph satellites,
the LMC and SMC, belong in the highest mass bin, cor-
responding to M0.6 > 108 M⊙ (Harris & Zaritsky 2006;
van der Marel et al. 2002).

In Figure 5 we show resulting mass functions for MW
satellites (solid) and for Via Lactea subhalos (dashed,
with Poisson error-bars). For the MW satellites, the cen-
tral values correspond to the median number of galaxies
per bin, which are obtained from the maximum values
of the respective likelihood functions. The error-bars
on the satellite points are set by the upper and lower
configurations that occur with a probability of > 10−3

after drawing 1000 realizations from the respective like-
lihood functions. As seen in Figure 5, the predicted dark

Fig. 5.— The M0.6 mass function of Milky Way satellites and
dark subhalos in the Via Lactea simulation. The red (short-dashed)
curve is the total subhalo mass function from the simulation. The
black (solid) curve is the median of the observed satellite mass
function. The error-bars on the observed mass function represent
the upper and lower limits on the number of configurations that
occur with a probability of > 10−3.

subhalo mass function rises as ∼ M−2
0.6 while the visi-

ble MW satellite mass function is relatively flat. The
lowest mass bin (M0.6 ∼ 9 × 106M⊙) always contains 1
visible galaxy (Sextans). The second-to-lowest mass bin
(M0.6 ∼ 2.5×107M⊙) contains between 2 and 4 satellites
(Carina, Sculptor, and Leo II). The fact that these two
lowest bins are not consistent with zero galaxies has im-
portant implications for the Stoehr et al. (2002) solution
to the MSP: specifically, it implies that the 11 well-known
MW satellites do not reside in subhalos that resemble the
11 most massive subhalos in Via Lactea.

To further emphasize this point, we see from Figure 5
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being a characteristic halo mass scale prior to subhalo
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host halo. As described in Diemand et al. (2007), the
LBA sample is defined to be the 10 subhalos that had
the highest Vmax value throughout their entire history.
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Tentative constraint forecast 



¡  Combine these results with gravitational lensing results from 
lensed background galaxies and radio jets (Vegetti, Hezaveh…) 

¡  Extend analysis to hundreds of quad quasar lenses to be 
discovered in DES, PAN-STARRS and LSST. 

¡  JWST and next generation of ground based telescopes will 
enable rapid follow up and allow us to push to lower 
luminosities. 

EVEN MORE SYSTEMS 



 
¡  Strong gravitational lensing is a powerful tool for constraining 

the properties of dark matter on small scales 

¡  Narrow-line lensing is a promising new way to expand the sample 
of gravitational lenses with can be used to probe dark matter 
substructure 

¡  The WFC3 grism provides sufficient spatial and spectral 
resolution to detect low mass subhalos, well below the regime 
where stars become unreliable tracers of dark matter.  

¡  With the current sample of narrow-line lenses we expect to be 
able to place new constraints on WDM/CDM. 

¡  Thousands of new lenses will be discovered in LSST and can be 
followed up with this method with JWST/next generation of 
telescopes. 

CONCLUSIONS (THANKS FOR LISTENING!) 
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Figure 6. Azimuthally averaged surface-brightness radial profiles of the Brγ
flux distribution for the galaxies observed with SINFONI and OSIRIS as
indicated in the legend. The horizontal dashed line indicates the HWHMBrγ .
Typically, the standard deviation of the azimuthally averaged flux is 5%.
(A color version of this figure is available in the online journal.)

NGC 7469, (2) disturbed rotational patterns (NGC 2992 and
NGC 6814), and (3) velocity fields dominated by non-circular
motions (NGC 3783, NGC 4151, and NGC 1068). As discussed
in Section 2.3.2, the Brγ and [Si vi] line profiles of NGC 1068
are composed of multiple spectral components. This clearly
affects the velocity and dispersion maps and therefore they
cannot be used for analysis. The kinematics of the NLR and
CLR in NGC 1068 will be analyzed in Section 4.1 by means of
the velocity channel maps.

The velocity dispersion maps, or σ maps, show a wide range
of values ranging from 30 km s−1 to ∼300 km s−1. Interestingly,
in each galaxy, there exist regions where the velocity dispersion
clearly increases. This will be further discussed in Section 4.1.
Table 2 lists the mean and the highest σ measured for each of
the galaxies.

3.2. Spatial Distribution and Kinematics
of the Coronal-line Region

In general, the S/N of the spectra is high enough to reliably
measure the coronal gas flux distributions in all galaxies of the
sample. As can be seen in Table 1, coronal line emission was
detected in the seven Seyfert galaxies of the sample. However,
the kinematics can only be accurately measured where the
emission line is strong. Because [Si vi] is generally the most
prominent coronal line in the K band, it was used for the
measurements of the size and kinematics of the CLR. Figures 7
and 8 show the [Si vi] flux, velocity, and dispersion maps for the
SINFONI and OSIRIS subsamples. In all panels the contours
delineate the K-band continuum emission and the position of the
AGN is marked with a cross. Once again, in the kinematic maps,
we only display velocities for regions with a flux density higher
than 5% of the peak of [Si vi] emission. The 2D flux, velocity,
and dispersion maps of the second strongest coronal line in
our spectra [Ca viii] look very similar to the equivalent [Si vi]
maps, so they are not shown here. Measurements of the [Al ix]
line also result in similar flux, σ, and velocity distributions.
Figure 9 demonstrates the similarities between the morphologies
of [Si vi], [Al ix], and [Ca viii] in the three galaxies where we
detected the three coronal lines. The quantitative analysis of
the line fluxes over the entire CLRs, F([Si vi])int, as well as
within a circular aperture equivalent to two times the spatial

resolution achieved in each galaxy (2 × FWHM) and centered
at the nucleus, F([Si vi])nuc, is presented in Table 3. Once again,
in NGC 6814 and NGC 7469 these quantities were measured in
the OSIRIS and SINFONI data cubes, and the results from both
data sets are consistent within 5%.

As can be seen in Figures 7 and 8, in all cases the CLR
is resolved (except in NGC 3783) and the peak of emission
is located at the position of the AGN (or very close to it),
being spatially coincident with the peak of Brγ emission.
This supports the hypothesis that most of the Brγ in these
objects is produced by the AGN, rather than star formation
(probably except in Circinus and NGC 7469, see the Appendix,
Sections A.1 and A.7). Despite the diversity of the observed
morphologies, most of the CLRs consist of a bright nucleus
and extended diffuse emission along a preferred position angle,
which usually appears to coincide with that of the Brγ gas. In
NGC 1068 and NGC 4151, the emission is enhanced at ∼0.′′35
north and west of the nucleus, respectively. In each of these
galaxies, this bright knot is spatially coincident with the jet/
cloud interaction region (the “northern tongue” of molecular
gas in NGC 1068, Müller-Sánchez et al. 2009), just as it occurs
in the secondary peak of Brγ (see Section 5.5.1).

In order to quantify the extent of the CLR, we have con-
structed azimuthal averages within circular radial annuli of the
flux distribution of [Si vi]. The resulting spatial profiles are
shown in Figure 10. The FWHM of the CLR is less than 60 pc
in all of the AGNs, with a mean FWHM[Si vi] for the sample of
24 pc (Figure 10 and Table 3). These measurements reflect the
sizes of the compact and bright [Si vi] cores, which are equiva-
lent to the sizes of the Brγ cores. We also measured the extent of
the photometric semimajor axis of the [Si vi] emission (R[Si vi]),
as well as its P.A.[Si vi], in the same way as done for the NLR.
The results shown in Table 3 indicate that the CLRs and the
NLRs are extended along the same P.A., and that the CLRs are
slightly more compact than the NLRs.

The fact that the flux distributions of [Si vi], [Ca viii], and
[Al ix] are resolved (or marginally resolved) and extended,
support an origin for these coronal lines in the inner part of
the NLR or in the transition region between the BLR and the
NLR, as suggested by previous authors (e.g., Prieto et al. 2005).
As can be seen in Figure 9, [Ca viii] is always less extended
than [Si vi], and [Al ix] is always the most compact of the three
coronal lines. Recent studies (Rodrı́guez-Ardila et al. 2006)
support the formation of the observed stratified CLR through
photoionization by the central source, with higher ionization
potential species located closer to the AGN. Our measurements
of [Al ix], which has the highest ionization potential of the
three, are consistent with this hypothesis. However, what is
surprising is the smaller extent of the [Ca viii] emission region
when compared to that of the [Si vi], which has higher ionization
potential. This fact can be attributed to depletion of gas-phase
calcium as it is deposited in dust grains, which can alter its
gas-phase abundance by large factors (e.g., Groves et al. 2004).
Still, the apparent differences in size might be merely an artifact
of the lower S/N of the weaker lines.

As can be seen in the velocity maps of Figures 7 and 8, the
kinematics of the CLR in the majority of the AGNs appears
to be dominated by non-circular motions, except for Circinus,
NGC 2992, and NGC 6814, in which it appears to be dominated
by rotation. When comparing the velocity fields of [Si vi] and
Brγ , one notices that the kinematics of the NLR and CLR in
five of the seven Seyfert galaxies shown in Figures 7 and 8
are very similar, suggesting that the mechanism responsible for
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Figure 8. Effects of resolved narrow-line emission on model fit. We repeat the analysis of Section 4, now using a simulated extended
narrow-emission region with a Gaussian flux distribution with dispersion �NL = 50, 100 and 288 pc. Here we show in the large left panels
the best fit grism model for the extended emission with a fixed finite size, after re-optimizing the 1D spectral parameters. In adjacent
right hand panels we show a comparison of the model 1D trace spectra with the data, as in Figure 2 the black points, blue line and light
grey points correspond to the data, model and residual respectively. The point source model and comparison between model and data
are show in the upper left corner for comparison. The best fit �2 values calculated from the difference between the 2D model grism and
true grism images are 13228, 13368 and 13990 for 3909 DOF for the 50, 100 and 288 pc narrow-line regions, and 13112 for 3906 DOF
for the point source model. The point source model has three extra degrees of freedom as the narrow-line fluxes are allowed to vary
independently for each image.

the likely increase in tidal stripping close to the center of the
halo. From this we estimate that roughly 0.1% of subhalos
are expected to be found within a cylinder within the ⇠ 5

kpc exclusion radius of the lensed images integrated along
the full virial radius of the group halo in projection. This
corresponds to an expected number of ⇠ 0.3 subhalos with
masses greater than 10

8M600/M� per lensed image and ⇠ 15

subhalos with masses greater than 10

7M600/M�. We stress
that this number should be taken as an upper limit on the
CDM predicted number of subhalos near the lensed images
given that it does not account for the effects of tidal strip-
ping which impacts both M600 and the radial distribution
of subhalos.

Our non-detection is approximately consistent with the
expectations of ⇤CDM. The approximate estimated abun-
dance shows that samples of ⇠ 10� 15 quads should detect
of order several tens of 107M600/M� satellites and thus be
sufficient to constrain the mass function in this regime (See
Vegetti & Koopmans 2009, for a similar estimate for the
gravitational imaging technique). We emphasise however,
that a true comparison requires a CDM model which in-
corporates effects such as tidal stripping and destruction of
subhalos near the centre of the halo, as well as a marginaliza-
tion over possible halo orientations, masses and formation
histories. We leave such an analysis to a future paper, in
which we jointly infer the properties of the subhalo mass
function given our joint sample of narrow-line gravitational
lenses measured with OSIRIS and the WFC3 grism.

8 SUMMARY

(i) We present a forward modelling method which uses
the 3D-HST pipeline (Brammer et al. 2012) to measure spec-
tra in the presence of significant spatial blending for G141
grism data. We apply this method to infer the lensed narrow,
broad and continuum fluxes of the images in HE0435-1223.

(ii) The narrow [OIII] flux ratios for HE0435 are consis-
tent with radio measurements from Jackson et al. (2015),
and are significantly different from other emission measures
which are subject to contamination by microlensing and in-
trinsic QSO time variability.

(iii) We find that the [OIII] fluxes and image positions
are well modelled with a simple gravitational lens model
consisting of a singular isothermal ellipsoid, for the main
galaxy, and a singular isothermal sphere for nearby spiral
galaxy G2 in the presence of external shear.

(iv) Our data strongly disfavours a perturber with mass
greater than 10

8.2
(10

7.2
)M600/M� within ⇠ 1 (0.1) arcsec-

ond of the lensed images, where M600 is the projected per-
turber mass within its central 600 pc (best fit model prob-
ability < 0.3%).

(v) This demonstration that WFC3 grism measurement
of narrow-line lensed quasars can be used to detect low-
mass < 10

8M600/M� subhalos is extremely promising for
future constraints of dark matter given the large number of
quadruply imaged quasar lenses to be discovered in optical
surveys such as DES and LSST, and with the rapid follow-up
which will be enabled by JWST.

c� 2016 RAS, MNRAS 000, 1–14
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