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ABSTRACT

Strong gravitational lensing can provide accurate measurements of the stellar mass-to-light
ratio Y in low-redshift (z < 0.05) early-type galaxies, and hence probe for possible variations
in the stellar initial mass function (IMF). However, true multiple imaging lens systems are
rare, hindering the construction of large nearby lens samples. Here, we present a method to
derive upper limits on Y in galaxies with single close-projected background sources, where no
counter-image is detected, down to some relative flux limit. We present a proof-of-principle
application to three galaxies with integral field observations from different instruments. In
our first case study, only a weak constraint on Y is obtained. In the second, the absence of
a detectable counter-image excludes stellar masses higher than expected for a Salpeter IMF.
In the third system, the current observations do not yield a useful limit, but our analysis
indicates that deeper observations should reveal a counter-image if the stellar mass is any
larger than expected for a Milky Way IMFE. We discuss how our method can help enlarge
the current samples of low-redshift galaxies with lensing constraints, both by adding upper
limits on Y and by guiding follow-up of promising single-image systems in search of fainter

counter-images.
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1 INTRODUCTION

Strong gravitational lensing can be exploited on galaxy scales to
provide robust measurements of total projected mass within a char-
acteristic aperture, with uncertainties of only a few per cent (e.g.
Treu 2010). If the relative contributions of dark matter (DM) and
stars can be estimated, e.g. using additional information from stellar
dynamics, then the stellar mass-to-light ratio Y can be determined,
which in turn constrains the stellar initial mass function (IMF). Ap-
plications of this method to lenses at redshift z = 0.2 provided some
of the first evidence for ‘heavy’ IMFs in elliptical galaxies (Treu
et al. 2010), with a factor of ~2 mass excess, compared to Milky-
Way-like IMFs, for the most massive objects (velocity dispersions
o 2 300kms™1).

In recent work, we have developed the use of lenses at lower
redshifts (z < 0.05) as an especially robust probe of the IMF, min-
imizing the uncertainties associated with the DM component (Smith
& Lucey 2013). This advantage arises because the critical surface
density X (in Mg pc~2) scales inversely with the lens distance
(assuming distant sources), so that low-redshift lensing can occur
only in the high-density central parts of galaxies, where stars dom-
inate the total mass. In this case, the stellar mass-to-light ratio T
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can be estimated from a ‘pure’ lensing analysis, without using any
dynamical information. From four systems studied in detail to date,
with o ~300km s~!, Collier, Smith & Lucey (2018) concluded that
T is on average only 9 £ 8 per cent heavier than expected from a
Kroupa (2001) IMF. This result differs strikingly from the distant
lensing analysis, and is also in tension with results from pure stel-
lar dynamics (Cappellari et al. 2013) and spectroscopic limits on
low-mass stars (Conroy & van Dokkum 2012).

As the small sample size in Collier et al. (2018) suggests, identi-
fying nearby lenses is challenging. The number of potential lenses
is limited by the small volume available at low redshift, and the in-
trinsic rarity of high-mass galaxies. The number of nearby galaxies
with bright lensed background objects, recognizable as such from
broad-band imaging, is prohibitively small. Instead, we have devel-
oped a strategy using integral field unit (IFU) spectroscopy to detect
multiply imaged line-emission from faint sources behind selected
nearby galaxies. Our method was first applied in the SNELLS (SIN-
FONI Nearby Elliptical Lens Locator Survey) programme (Smith,
Lucey & Conroy 2015), and later adapted to optical data from
the MUSE (Multi-Unit Spectroscopic Explorer) instrument (Collier
et al. 2018), leading to the sample of four multiple-imaging lenses
described above, as well as a number of close-projected background
emitters without any identifiable lensed counter-image.

The new generation of multi-IFU galaxy surveys offers a promis-
ing new route to augmenting the nearby lens sample. The ongoing
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SAMI (Sydney-AAO Multi-object Integral field spectrograph) sur-
vey (Bryant et al. 2015) and SDSS-IV MaNGA (Mapping Nearby
Galaxies at Apache Point; Bundy et al. 2015) are observing thou-
sands of low-redshift galaxies, including hundreds that are mas-
sive enough potentially to act as strong lenses. Talbot et al. (2018)
recently identified 40 background emission-line sources behind
MaNGA target galaxies. In most of these systems, only a single im-
age of the background source is detected in the MaNGA data-cube,!
but future follow-up observations could detect counter-images to
establish more of these systems as low-redshift lenses.

In this paper, motivated by the difficulty of finding multiple-
imaging lenses at low redshift, we consider whether useful lensing
information can be inferred in the cases noted above where only a
single (and unresolved) image of a background source is detected in
close projection. As a crude argument (neglecting detection thresh-
olds, external shear, ellipticity, etc) consider a background emitter
observed at a projected separation r., from the lens candidate.
Lensed counter-images should be formed for any image projected
within twice the Einstein radius, Rg;,. Hence if no counter-image is
present, 0.5 re,, must be larger than the Einstein radius, and there-
fore enclose a mean surface density that is smaller than the critical
value, i.e. (X)o5, < Zcr- The critical surface density X, depends
only on the foreground and background redshifts, which are known
(in the case of IFU lens searches). Hence if the lensing mass is
dominated by stars, so that a mass-follows-light model is applica-
ble, this calculation yields an upper limit to the stellar mass-to-light
ratio Y.

An alternative, pixel-based, method for exploiting singly imaged
systems was described by Shu et al. (2015), and applied to mainly
more distant galaxies from the SLACS (Sloan Lens Advanced Cam-
era for Surveys) project. As we discuss later in this paper, while Shu
et al.’s goals are similar to ours, their implementation is quite dif-
ferent, and not well suited to the systems discussed here, where the
lensed images are unresolved.

The remainder of this paper expands on the simplified argument
above, taking into account some of the complicating factors already
noted. In Section 2, we present a more general treatment of a circu-
lar ‘toy model’, illustrating the effect of a finite detection threshold,
such that only sufficiently bright counter-images are detectable, and
the impact of the unknown external contributions to the lensing de-
flections, modelled as a quadrupole shear. In Section 3, we illustrate
the method with application to three observed galaxies (accounting
now also for the lens ellipticity), drawn from different data sources,
which exemplify the range of results that can be obtained. We show
that in favourable cases, useful upper limits to Y can be obtained,
which in principle provide further information on the IMF mass ex-
cess factor in elliptical galaxies. In other cases, our method provides
a framework to guide future observations, with the goal of either
establishing new multiply imaged systems or else placing tighter
upper limits on Y from single images. Section 4 summarizes the
results and discusses the prospects for using ‘upper-limit lensing’ to
derive statistical results for larger samples from current and future
surveys.

ITalbot et al. (2018) report multiple imaging for nine background emit-
ters based on pseudo-narrow-band images from the pipeline datacubes. We
have independently analysed the data for these systems, using the method
of Smith (2017), which was developed to avoid artefacts near galaxy cen-
tres caused by the cube reconstruction process. With this analysis, only
two of the Talbot et al. (2018) systems show possible evidence for multi-
ple imaging: SDSSJ170124.01+372258.09 (as reported in Smith 2017) and
SDSSJ143607.49+494313.22, both at zjens ~ 0.12.
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Where necessary, we adopt a cosmology with parameters (4,
Qm, 24)=1(0.696, 0.286, 0.714; Bennett et al. 2014). If we had
instead adopted the Planck Collaboration XIII (2016) parameters,
with 7 =0.678, all determinations of Y would be reduced by 2.5
per cent.

2 METHOD

In this section, we present a brief summary of how upper-limit
lensing can be used to extract information about the stellar mass-
to-light ratios in early-type galaxies. We describe the method as
implemented for the real galaxies in Section 3, and illustrate it by
application to a simple circular toy model.

Our key assumption is that the lensing mass is dominated by
the stellar component of the foreground galaxy, and that this can
be adequately described using a constant stellar mass-to-light ratio
Y. While DM is evidently not negligible in many lensing situa-
tions (e.g. cluster lenses, or distant lenses with Einstein rings far
larger than the effective radius), it should be a reasonable assump-
tion for low-redshift galaxies where Rgi, < 0.5 Refr, as in the cases
presented in Section 3. For example, Smith et al. (2015) estimated
contributions of <20 per cent from cosmological simulations. A
constant stellar mass-to-light ratio has been assumed in most dy-
namical and lensing studies, although some recent works suggest
a trend of increasing Y towards galaxy centres, possibly related to
IMF gradients (Oldham & Auger 2018; Sonnenfeld et al. 2018).

For the present analysis, we represent the stellar mass compo-
nent with an elliptical R"*-law profile in the lensing model, but a
more flexible profile could be adopted. DM is assumed to make
only a small contribution to the lensing deflection within the radius
probed by the emitter. To the extent that this is true, the difference
in distribution of the DM, compared to that of the stars, is unlikely
to affect the configuration significantly. In this case, any DM con-
tribution simply inflates the derived (upper) limit on Y. An explicit
DM halo, e.g. with a Navarro, Frenk & White (1996) profile, could
be included in the calculation in principle.

The lensing configuration will be affected by the external mass
distribution, which can be represented to first order by a quadrupole
‘shear’ term, parametrized by an amplitude, y, and angle, 6. For
a given observed position and lens mass, the background galaxy
may be singly imaged for some shear amplitudes and orientations,
but multiply imaged for others. Since y and 6 are unknown, the
shear introduces a probabilistic element into the calculation, and
the analysis must sample and marginalize over the likely range of
values.

With the above assumptions, for given parameters of the fore-
ground galaxy (redshift, effective radius, ellipticity, position angle,
luminosity within some calibration aperture) and of the background
source (redshift and position of the observed emitter, relative to
the lens), we can generate a large set of lens models, exploring the
(Y, y, ) parameter space. We use the GRAVLENS code of Keeton
(2001) to solve the lens equation for each model in this grid, all
conditioned on the position of one observed image (the ‘test im-
age’) of the background object. For each (Y, y, 6), we compute the
position of the background galaxy in the source plane, and locate
any corresponding counter-images in the image plane.

It is important to distinguish between intrinsically singly imaged
systems, and those that appear single because any counter-images
are fainter than the observational flux limit. We define this thresh-
old, fiim. relative to the test image, and apply it to the relative image
magnifications predicted by the lens model. This is valid if the back-
ground source is small compared to variations in the magnification
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Figure 1. Upper-limit lensing constraints on the mass-to-light ratio, for
the toy-model case in Section 2. Here, the mass profile is a circular R"4-
law profile, and we assume one image of the background galaxy (the ‘test
image’) has been detected at a projected separation half of the effective
radius. Green, red, and blue lines show the fraction of intrinsically single-,
double-, and quadruple-image configurations, for fixed observed location of
the ‘test image’, as a function of the stellar mass-to-light ratio Y. The heavy
grey line shows the probability of not observing any lensed counter-image,
to a flux limit of one quarter that of the test image, i.e. fiim =0.25. The
difference between green and grey lines is attributable to multiple image
systems (mainly doubles) with counter-images falling below this limit. The
green vertical bars show the values of Y selected in Fig. 2, corresponding to
different regimes in typical multiplicity. The horizontal scaling is arbitrary
for this synthetic example, but set to be similar to the observed cases shown
in subsequent figures. Below, we indicate the range in Y spanned by old-
metal-rich populations with a Milky-Way-like IMF, a Salpeter IMF (x1.55
higher in T), and a ‘heavy’ IMF (x2 higher).

map, but becomes unreliable close to the caustics, so we impose
a cap of 20 on the absolute magnifications to suppress unrealistic
flux ratios. Additionally, we include the size and orientation of the
instrument field of view so that any ‘outer’ counter-images lost from
the field are properly accounted for.

The remainder of the calculation simply summarizes the image
positions and fluxes from the model grid. At each (Y, y) pair, we
determine the fraction of 6 values yielding no detectable counter-
images, Fn(Y, y). Then, by marginalizing over y, we compute
the probability of observing no counter-image down to the im-
posed relative flux limit: U(Y) = f (Y, y)P(y)dy. Here, P(y)
is the probability distribution for the shear amplitude, which can be
written as a 2D-Maxwellian distribution, i.e. P(y) dy ocy e 77>/,
where s is the rms for each Cartesian component of the shear
vector.

As a concrete example, Fig. 1 shows the results derived for a
circular toy model, where we posit a test image at half the effective
radius, 0.5 R, of the R~"*-law surface density profile. This repre-
sents the position of the observed background emitter in the image
plane. The normalization of the lensing mass is set by the free pa-
rameter, Y, and by a calibrating aperture luminosity; this luminosity
is arbitrary for our toy model example, but chosen to yield results
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for Y that are similar to those of the real galaxies described in the
following section. For this example, we assume that no counter-
image is detected down to a flux of fj, = 0.25 relative to the test
image. Again, this is similar to the values for the observed galax-
ies. The grid of lensing models explored spans ranges ¥ =0.5-3.0
(step 0.05), y=0.00-0.20 (step 0.02), and & = 0°-180° (step 5°). In
marginalizing over the shear amplitude, we assume s =0.05 i.e. an
rms of 5 per cent in each component, which is similar to the average
derived from mass-follows-light + shear models of Grade A lenses
in Bolton et al. (2008). Some example lensing configurations from
the model grid are shown in Fig. 2.

As expected, the likely intrinsic multiplicity of the system de-
pends strongly on Y, with several regimes being identifiable. At
low YT (<1.15), intrinsically single images predominate, while
double-image configurations? are more likely at higher Y. Another
transition occurs where quadruply imaged systems become more
likely than doubles (at T =1.95). Doubles again become domi-
nant at Y > 2.25. The Y ranges spanned by these regimes will
in general depend on a combination of mass normalization and
projected separation of the background galaxy, while the sharp-
ness of the transitions between them depends on the assumed shear
rms.

In the intrinsically double configurations with 1<7Y <2, the test
image is the outer, generally brighter, of the pair. The counter-
image is closer to the lens galaxy centre and is usually fainter,
so that it may fall below the relative flux threshold (e.g. Panel 7
of Fig. 2). Hence in practice, U(Y) falls off less rapidly than the
fraction of true singles, the difference being attributable to faint
counter-images.> Quadruply imaged systems generally have less
disparate flux ratios, so U falls quickly to zero in the quad-dominated
regime.* In our example case, where the mass profile is circular,
and the shear rms is small, quads predominate in only a narrow
range of Y'; more elliptical and/or sheared models generate quads
more efficiently. In the intrinsically double configurations with
T>2, the test emitter is the inner image of the source, which is
usually the fainter of the pair; hence in these systems the counter-
image is unlikely to fall below the detection limit (e.g. Panel 25 of
Fig. 2).

If the results in Fig. 1 were obtained for a real galaxy, we
would conclude that observing no counter-image in this system
would be somewhat unlikely (<20 per cent) for mass-to-light ratios
larger than Y & 1.3. Deeper ‘observations’ would help to strengthen
this statement, by ruling out the 1.3<Y <2.0 models with fainter
counter-images.

2Strictly, because our lensing model does not diverge at the origin, these
configurations have a third, highly demagnified, central image. We formally
include these ‘Fermat-maximum’ images in the calculation, but they do not
affect the results as they are rarely if ever above the flux limit, and never the
only observable counter-image.

3If a DM halo is present, with an inner density profile shallower than that
of the stars (e.g. Navarro et al. 1996), then these inner counter-images have
slightly higher relative flux; hence U(T) is conservatively overestimated by
neglecting the DM.

“We note however that marginal “fold’ quads present a problem for our
point-image-based analysis: in these configurations, the brightest of three
counter-images is formed very close to the test image, and the two may be
blended and indistinguishable in the observations (e.g. Panel 18 of Fig. 2).
A future refinement of the method could account for the image PSF, but the
identification of such cases as lenses will also depend on the intrinsic source
structure, so this is only a partial solution.
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Figure 2. Example image configurations for the circular toy-model case. The fixed ‘test image’ position (representing the detected image of the background
galaxy) is at half the effective radius of the mass distribution, and indicated by the blue circle with cross hairs. Lensed counter-images are shown by other blue
points, with size proportional to their magnification, relative to the test image. The orange and cyan lines show lensing caustic and critical curves, respectively,
the red cross indicates the undeflected source position. Each row shows five cases for a given value of Y (these values are indicated in Fig. 1). The shear
amplitude y and orientation 6 are randomly drawn to illustrate the scatter introduced by these unknown parameters. In each panel, we note the intrinsic
multiplicity (ignoring ‘central’, i.e. Fermat-maximum, images), and also the number of detectable counter-images, defined as having >25 per cent the flux of

the test image.

3 EXAMPLE APPLICATIONS

In this section, we present a proof-of-principle implementation of
our technique to three observed cases of single close-projected emit-
ters behind massive early-type galaxies at z <0.05. Although the
systems are drawn from three different IFU datasets (SNELLS,
MUSE, and MaNGA), we exploit uniform imaging survey data to

keep the analysis as consistent as possible.
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For applying the upper-limit lensing method, as currently imple-
mented, the necessary inputs are as follows.

(i) The redshifts of the foreground and background galaxy (for
the distances entering X, in the lensing calculations), and the posi-
tion of the observed background emitter relative to the foreground
galaxy. These parameters are derived from the IFU data.

(ii) The effective radius, position angle, ellipticity, and flux nor-
malization (defining the lensing potential, up to an unknown factor
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of Y). These are obtained from fits to broad-band images. The flux
normalization is defined in K band from 2MASS (Skrutskie et al.
2006) to minimize sensitivity to age effects when comparing to the
expected values for candidate IMFs. We use an aperture of 5 arcsec
radius, and include a (small) correction for the point spread function
(PSF). For the effective radius, position angle, and ellipticity, we
use GALFIT (Peng et al. 2010) R"*-law fits to y-band images from
the Pan-STARRS (PS1) survey (Chambers et al. 2016). This profile
is a good fit to the galaxies analysed here.

(iii) An upper limit on the flux of any counter-image, relative to
the observed image. This is obtained by adding fake sources to the
residual emission-line image derived from the IFU data and visually
estimating the minimum flux at which an inner counter-image can
be securely identified.

(iv) The definition of the model grid and assumed shear rms.
These are set as in Section 2, except where specified below.

The relevant observational parameters for the three galaxies are
summarized in Table 1.

Because the normalization of the lensing model is applied through
the K-band luminosity, all values of Y refer to this band. The limits
on Y can be interpreted relative to the expectations for different
choices of the IMF. Ideally, this would take into account the metal-
licity and star formation history of each galaxy, as determined from
high signal-to-noise spectroscopy (e.g. Newman et al. 2017), but
such data are not available for all of the objects discussed here.
Instead, we simply compare to a plausible range in the expected
‘reference’ stellar mass-to-light ratio Y, assuming that the stars
are old and metal rich, as typical in massive ellipticals. Specifically,
from the Maraston (2005) models, populations with metallicity 1—
27 and ages 10-13 Gyr (formation epoch z 2 2) have K-band
ratios 0.89 < Y'er < 1.12, for a Kroupa (2001) IMF. The limits on
Y can then be posed in terms of the mass-excess factor o = Y/ Y s,
such that a Milky-Way-like IMF has « = 1.0, an unbroken Salpeter
(1955) IMF has o = 1.55, and we define a ‘heavy’ IMF as o =2.0.

3.1 Case 1: SNL-4 from SNELLS

The first case we consider is a previously unreported single-image
system from the SNELLS programme. In Smith et al. (2015), we
identified three multiple-image systems, and one close single-image
background galaxy. The latter is unsuitable for our current anal-
ysis as it has a strong dust lane. In subsequent campaigns, we
observed 26 further candidate lens galaxies, using essentially the
same observing strategy. As before, targets were drawn from the
6dFGSv (Campbell et al. 2014) and SDSS (Abazajian et al. 2009)
surveys, selecting for high-velocity dispersion o > 300kms~! and
low redshift (z < 0.065). Cluster members and central galaxies of
rich groups were excluded to minimize DM halo contributions.
No new multiply imaged emitters were discovered from these ob-
servations, but one further close-projected background galaxy was
identified, with unambiguous z = 1.38 [O I11] emission detected be-
hind the z=0.037 target 2MASX J04431291—-1542101, hereafter
SNL-4.

The SINFONI data for SNL-4 are shown in the first row of Fig. 3.
Adding fake sources (with the appropriate PSF) to the narrow-band
emission-line image, we estimate a relative flux limit of fi;, =0.4.
(Note that this estimate must be made in the image domain, and
is hence larger than a naive estimation from the significance of
the line in the spectrum.) The SNELLS data only cover two offset
8 x 8arcsec” fields, so some models in the (Y, y, 6) grid produce
unobserved counter-images falling outside the field of view.
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The results for SNL-4 are shown in Fig. 4. The intrinsic mul-
tiplicity curves are similar to those in the toy model case, except
that the quad-dominated regime spans a wider range in Y. This
difference is attributable to the high ellipticity of the foreground
galaxy, which enlarges the inner caustic enclosing quadruply im-
aged sources. However, the apparent-singles curve U(Y), which
accounts for the detectability of the counter-image, is quite differ-
ent than for the toy model: for SNL-4, only the quadruple systems
would be identified as lenses at the SNELLS depth. The counter-
images in double systems would be too faint to detect at any Y. This
is partly due to the faintness of the test image itself, and correspond-
ingly high value of f},, and partly due to the system geometry; the
high ellipticity of the foreground galaxy, and the alignment of the
source along its major axis, tends to increase the flux ratio between
the two images, producing a relatively demagnified counter-image.
The limit we infer on the mass-to-light ratio for SNL-4 is Y < 1.85,
defined by the point where the probability of observing no counter-
image falls below 0.1. The limited SNELLS field of view prevents
detection of the widest doubles at large Y, hence U(Y') rises above
0.1 again for Y > 2.3, though such high values might be considered
implausible a priori.

Hence, we conclude that the absence of counter-image in SNL-4
is fully compatible with either a Milky-Way-like or a Salpeter IMF.
A correction for a ~20 per cent DM contribution inside the region
studied would not qualitatively change this statement. The results
for this galaxy are limited largely by the difficulty of recovering
faint counter-images in doubly imaged configurations. Much deeper
observations would be necessary to derive useful limits on the IMF
for this galaxy. (Fig. 4 shows a comparison case for fii, =0.1,
which would still not be sensitive enough to detect many of the
faint doubles.)

3.2 Case 2: PGC007748 from MUSE

The second system is a close-projected emitter discovered in our
systematic search for nearby lenses in public archival MUSE ob-
servations (Collier et al. 2018, and in preparation). The foreground
galaxy is PGC007748 (2MASX102021739—0107405), which is
the central galaxy of Abell 295, a poor cluster with X-ray mass
Myp=6 x 10 Mg (Piffaretti et al. 2011) and velocity disper-
sion o =359"33 kms~! (Fadda et al. 1996). This target was ob-
served as part of the MUSE Most Massive Galaxies project (094.B-
0592, PI: Emsellem), with a total exposure time of 1.6 h and seeing
~0.8 arcsec full width at half-maximum (FWHM). Our processing
follows the scheme described in Collier et al. (2018), starting from
the Phase 3 MUSE-DEEP datacube released by ESO.

Two apparently distinct emission-line sources were identified at
a common redshift of z=0.830, at distances of 3.6 and 5.5 arcsec
from the galaxy centre. The inner feature is not seen in Hubble
Space Telescope continuum imaging (500 s F§814W WFPC2) from
Laine et al. (2003), while the outer one is barely visible there. The
two emission sources have very different spectra, with the inner
one bright in [O111], while the outer feature has strong [O II] but is
much fainter in [O 11I] (seen at top of frame in Fig. 3). Considering
this difference, as well as the spatial configuration (both sources on
the same side of the target galaxy), we interpret the system as two
separate singly imaged objects at the same redshift (the line centres
differ by < 50 kms™"). Here, we use only the inner image to derive
stellar mass constraints for PGC007748.

In calculating the lensing model grid, we adopt arelative flux limit
of fiim = 0.08, estimated by adding fake sources to the emission-line
image. All counter-images are formed within the large field of view
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Table 1. Relevant parameters of the systems analysed in Section 3. The velocity dispersion o sqr/spss is from Campbell et al. (2014) or Abazajian et al. (2009).

Short ID SNL-4 PGC007748 J0728+4005

2MASS ID (2MASX...) J04431291—1542101 J02021739—-0107405 J07281702+4005025

IFU data source SNELLS MUSE MaNGA

Zlens 0.037 0.043 0.050

Zsre 1.38 0.830 0.954

O 6dF/SDSS 304 £ 16 254+ 6 268 £ 6 km S_l

Rese 3.8 11.6 5.4 Effective radius (arcsec)

PA —52.8 +72.8 +69.6 deg E of N

e 0.38 0.20 0.21 Ellipticity 1-b/a

Lap 17.6 18.9 20.6 K band; Ryp =5arcsec (10'°L)
Da 152.6 175.9 201.4 Ang. size distance of lens (Mpc)
Ser 11.34 10.09 8.778 Crit. surf. density (10° M pc™2)
Tem 4.25 3.64 3.16 Emitter separation (arcsec)

PAem —36.0 —717.6 —53.2 Emitter angle (deg E of N)

fiim 0.4 0.08 0.4 Relative flux limit for counter-image

of MUSE (1 arcmin). Given that this object may reside in a more
massive halo, we explore two choices for the external shear rms: the
default case, with s = 0.05, and a high-shear case, with s =0.10. As
expected, the latter assumption leads to a greater blurring between
the single, double, and quad regimes.

The results are shown in Fig. 5. The mass-to-light ratio con-
straint is much stronger than for the case of SNL-4, due to the
bright background source and to the more circular mass distribu-
tion that favours relatively brighter counter-images. For s =0.05,
the probability of not detecting a counter-image falls below 0.1 at
T =& 1.4; the constraint is only marginally weaker in the high-shear
calculation. Unlike the SNL-4 case, there is no rise in U(Y) at large
T, due to the large field of view. Comparing to the expected values
for old stellar populations, this result disfavours a Salpeter IMF
(or other IMF with similarly high mass-to-light ratio). Correcting
for DM contributions would lead to an even smaller maximum Y.
We note that deeper observations would not significantly alter the
results for this system, since the existing data can already detect the
predicted counter-images for almost all of the intrinsically multiple
models in the grid.

3.3 Case 3: J0728+4005 from MaNGA

Our final application is to one of the single-image systems from
the MaNGA survey, reported by Talbot et al. (2018). Among
this sample, J0728+4005 (2MASXJ07281702+4005025) is the
most suitable candidate for our method, because the background
emitter is projected at very small separation (3.2 arcsec), and the
velocity dispersion of the foreground galaxy is relatively large
(0 =268kms™"). J0728+4005 does not appear to be part of any
substantial group or cluster.

To establish the relative flux limit, we constructed a narrow-band
image centred on the [O 1] line, using the method described in Smith
(2017). The key difference compared to the approach of Talbot
et al. (2018) is that we remove the galaxy continuum signal from
each fibre individually prior to reconstructing a residual data-cube,
which produces a much cleaner residual image, especially close to
the centre of the foreground galaxy. Adding fake sources with the
MaNGA PSF (2 arcsec FWHM), we estimate a relative flux limit
for counter-image detection of fj;,, = 0.4. The MaNGA fibre bundle
used for this galaxy has a field-of-view diameter ~20 arcsec, which
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is sufficient to cover all counter-images generated in the lensing
models.

The results for J0728 are shown in Fig. 6. The absence of a de-
tectable counter-image in the MaNGA data places only weak con-
straints on Y'; only very high masses (Y > 2.2) and a narrow interval
in the quad-dominated regime (Y & 1.7) are excluded. Hence little
can be concluded about the IMF in this galaxy from the MaNGA
data alone.

On the other hand, our analysis shows that J0728+4005 is an
inherently powerful system deserving further study, due to the high
luminosity of the foreground galaxy, and the small projected separa-
tion of the background emitter. Moreover, this target does not suffer
the combination of high ellipticity and alignment of the background
source with the lens major axis, which causes de-magnification of
any counter-images in SNL-4. Hence in Fig. 6, we also show U(Y)
calculated for a possible future observation with fji, = 0.1, which
could be undertaken for example with the Gemini GMOS IFU. This
sensitivity gain is a realistic goal, given the increase in telescope
size and achievable angular resolution compared to MaNGA.

With the assumptions of the deeper observation, essentially all
doubles with inner counter-images should be detectable, so U(T)
falls below 0.1 at T ~ 0.9. This test shows that deeper observations
should recover a counter-image to the background source for any
model where the IMF is heavier than that of the Milky Way, adding
a new low-redshift lens to the small sample currently in hand. Con-
versely, failure to detect the counter-image would be clear evidence
for a ‘lightweight’ (i.e. Milky-Way-like) IMF in this galaxy, even
assuming negligible DM contributions.

4 DISCUSSION AND SUMMARY

We have described a new method to derive limits on the stellar
mass-to-light ratios in galaxies with single close-projected back-
ground sources, and presented a proof-of-principle application to
three galaxies from different IFU data sources.

Our approach is most suitable for application to IFU observations
of massive field galaxies, because in this case: (a) the redshifts of
both the foreground and background galaxy are known, and hence so
is the critical density for lensing, X.,; (b) the lensing convergence
kK =2/% is likely to be dominated by the stellar mass of the
foreground galaxy, and hence is known from observations except
for a factor representing the stellar mass-to-light ratio, Y'; and (c) the
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Figure 3. IFU observations of the three single-image systems analysed in this paper. For SNL-4, we show SINFONI data from the SNELLS project. For
P007748, the data are from archival MUSE observations. For J0728+4005, we use MaNGA data re-processed according to the methods of Smith (2017). In
each row, the left-hand panel shows a narrow-band image extracted around the brightest line from the background emitter. The second panel shows the PS1
y-band continuum image, with the emission line map overlaid as contours (the dashed outline indicates the box size in the left-hand panel). The right-hand
panel shows the residual spectrum extracted at the position of the line emitter and showing the brightest lines in each case.

IFU allows for fairly unambiguous identification of faint counter-
images, even close to the centre of the target galaxy, through the
spectral contrast advantage of narrow emission lines.

We note here that Shu et al. (2015) have previously described
an analysis of SLACS ‘grade-C’ systems, i.e. those with no iden-
tifiable counter-images, with the aim of deriving constraints from
singly imaged background sources. Their method is based on pixel-
based fitting to residual (lens-subtracted) images, assuming a Sersic-
profile source, with the lens treated as a singular isothermal ellipse,
parametrized by the normalization bgg. This approach can be effec-
tive where the background image shows distinct curvature around
the foreground galaxy, which can be unambiguously attributed to
lensing (e.g. SDSSJ0847+2925, SDSSJ1446+4943 from their fig-
ures A1-A2). In other cases, however, the pixelized method may
be susceptible to overfitting of the intrinsic source structure, or
residuals from subtracting the foreground galaxy. For example,
in around half of their grade-C systems (e.g. SDSSJ1039+1555,

SDSS0818+5410), the residual image shows a single source with-
out obvious distortions suggestive of lensing, yet the Shu et al.
(2015) analysis surprisingly still recovers bgig with a few per cent
precision. The origin of the tight constraint, especially the lower
bound, is unclear in these cases. By comparison, our ‘point image’
method, using only an estimated upper limit on the counter-image
flux, is more conservative but probably more robust. In any case,
the unresolved images in our example cases are not suitable for
pixel-based fitting methods.

The results of Section 3 are intended to demonstrate the potential
of the upper-limit lensing method, rather than to be interpreted as
firm limits on the IMF in massive galaxies. In particular, we have
not attempted here to determine the ‘correct’ reference mass-to-
light ratio for each galaxy. The three examples show the variety of
results that can be obtained. In SNL-4, the constraint is currently
weak, and can only be tightened with much deeper observations,
due to the faintness of the observed source and the alignment of the
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Figure 4. Upper-limit lensing constraints on the K-band stellar mass-to-
light ratio Y in SNL-4. The heavy grey line shows the probability of not
observing a lensed counter-image to the emission-line source discovered
in SNELLS, as a function of Y, for the relative flux limit of the existing
data, fiim = 0.4. The yellow curve shows a hypothetical deeper observation
with fiim = 0.1. The calculations account for the limited field of view, which
causes the rise at large Y. Other annotations are as in Fig. 1. The SNELLS
observation only excludes very large values, Y 2> 1.85, and even a significant
increase in depth would not improve this constraint. The position of the
background source along the major axis of SNL-4 leads to demagnified
counter-images that hinder derivation of tight limits on Y with our method.

L PGCO007748 —— s=0.05 & s=0.1 |

Singles Doubles Quads
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Kroupa Salpeter Heavy
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Figure 5. Upper-limit lensing results for PGC007748, derived from MUSE
data. The thick grey curve shows the probabilities derived for 5 per cent rms
shear in each direction. Since this is the central galaxy of a cluster (Abell
295), it may be subject to larger shear than the other cases considered in
this paper; hence for comparison, we also show the equivalent results for a
calculation where the assumed rms is doubled (dotted lines and thick cyan
curve). In contrast to the SNL-4 case, the existing data provide a useful
upper-limit constraint on Y': an IMF heavier than Salpeter is disfavoured in
this galaxy by the absence of a detectable counter-image.
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Figure 6. Upper-limit lensing results for J0728+4005. The thick grey curve
assumes the MaNGA field of view and relative detection threshold. The yel-
low curve is for a putative follow-up observation with the Gemini GMOS
IFU, comprising three 5 x 7 arcsec? fields (see Fig. 7), and relative thresh-
old of 0.1. Although MaNGA does not yield a useful limit on Y, deeper
observations of this system should reveal a counter-image, if the IMF in this
galaxy is any heavier than that of the Milky Way.

background galaxy with the major axis of the lens. For PGC007748,
auseful (though not very restrictive) limit on the IMF is already pos-
sible: the dynamical «-versus-o relation of Cappellari et al. (2013)
predicts o =1.5 + 0.3 at the velocity dispersion of this galaxy
(254 kms™!); hence our limit of « < 1.4 (if the stellar population is
old) places PGC007748 below the mean of this relation. Finally in
J0728+4005, the existing MaNGA data do not provide a useful con-
straint, but realistic future observations should establish a firm limit
on the IMF in this object, since a detectable counter-image should
be present over a wide range of Y. Conversely, failure to detect a
counter-image in deeper data would imply « < 1.0, which would
be ~20 below the Cappellari et al. (2013) trend at this velocity
dispersion.

These results lead to two related applications for the upper-limit
lensing approach described here.

First, and most obviously, exploiting singly imaged background
sources promises to increase the sample of low-redshift galaxies
amenable to lensing constraints on «. In particular, while large IFU
galaxy surveys like SAMI and MaNGA should generate a few new
multiple-image lens systems (Smith 2017; Talbot et al. 2018), the
number of singly imaged close-projected emitters will be much
larger. In principle, the inclusion of upper limits can provide ad-
ditional information on the intrinsic distribution of «, e.g. using
survival statistics methods (Feigelson & Nelson 1985). Indeed, in-
cluding constraints from singly imaged systems is essential to avoid
a ‘lensing bias’ that would otherwise favour higher o galaxies at a
given separation. Shu et al. (2015) make a similar point with regard
to their derivation of the total mass profile slopes from SLACS.

The second application of our method is as a framework to guide
follow-up observations of systems with close projected background
sources, with the aim of either (a) recovering a faint counter-image,
to establish a new lens system, or (b) attaining more stringent upper-
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Figure 7. Predicted counter-image locations from the lensing model grid,
as a function of the stellar mass-to-light ratio, Y, for a deep observation of
J0728+4005, with fiim =0.1 (see Fig. 6). The ‘test image’ (the position of
the detected image of the background emitter) is shown by the black cross.
The 5 x 7arcsec” rectangles indicate hypothetical future Gemini/GMOS
IFU observations motivated by our analysis.

limit lensing constraints, by pushing U(Y) closer to the fraction
of intrinsically single sources. This is exemplified by the case of
JO728+4005. Fig. 7 shows the positions of the counter-images pre-
dicted from the model grid for this galaxy, colour-coded by Y, and
the suggested arrangement of three GMOS IFU fields, as used in
our fiji, = 0.1 calculation in Fig. 6.

Taken together, these strategies offer a promising route to speed
up the hitherto laborious task of enlarging the sample of low-redshift
lenses, with the aim of deriving secure and robust limits on varia-
tion in the IMF mass excess factor in massive early-type galaxies.
In future work, we will present a combined analysis of multiple-
and single-image systems from ongoing observational programmes,
including a more rigorous treatment of the conversion between Y
and o.
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