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Continuum and spectral line commensality 5

Figure 2. The coverage in the redshift–MHI plane for LADUMA
(red contours, with ‘L’ label) and MIGHTEE (greyscale contours,
with ‘M’ label). The parameter space is divided into cells of width
0.01 in redshift and 0.1 in Log(MHI). The contour levels for both
surveys are the same, surrounding regions of parameter space con-
taining at least one (faint shading), 10 (medium shading), and
25 (dark shading) galaxies per cell. Due to the overlapping fre-
quency coverage of the two MeerKAT receivers, the redshift range
0.40 < z < 0.58 is observed for the full 5000 hours for LADUMA,
and is correspondingly deeper.

Design Document Version 23. As the final telescope will be
composed of two types of dishes, each with their own perfor-
mance characteristics, accurately anticipating the sensitiv-
ity of SKA1-MID is difficult. However, given the SEFD val-
ues provided in the Baseline Design Document for the SKA
dishes, and those provided in the public MeerKAT documen-
tation, we conservatively estimate a factor of 5 increase in
sensitivity of SKA1-MID Bands 1 and 2, with respect to the
VLA, consistent with simulations by Popping et al. (2015).

We construct the survey tiers keeping in mind that the
resulting data will be used commensally by both the H i and
continuum teams, and thus restrict ourselves to the range of
parameters that are useful to both. We use the sensitivity
to H i mass as a function of redshift as a measure of the
value of the survey tier combination, and optimise the tiers
by rearranging their depth and area to maximise coverage
of the redshift–MHI plane.

3.1 Optimal SKA Survey Tiers

The redshift and H i mass distribution of galaxies expected
from surveys displayed as in Fig. 2 can be used as a pow-
erful diagnostic tool to explore combinations of depth and
area which result in the most scientifically useful dataset.
LADUMA and MIGHTEE are clearly well paired at z < 0.4,
enhancing the usefulness of the data.

The SKA H i science working group (SWG) proposed
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a tiered observing strategy to be undertaken with SKA1-
MID to address many extragalactic H i science cases, con-
sisting of an ultra-deep, small area survey, a medium-wide,
medium-deep survey, and a wide-area, relatively shallow
survey. We refer to these three tiers as Ultra-Deep (UD),
Medium-Wide (MW) and Wide (W). Their areas, integra-
tion times and approximate 5-σ sensitivities that can be
expected are listed in Table 1 as the “Fiducial” case, as set
by (Staveley-Smith & Oosterloo 2015). A more detailed dis-
cussion within the H i SWG of the three tiers will come at a
later date, when the technical specifications of the SKA1-
MID are better known, but the suggested Fiducial case
serves as a useful starting point. We have not included the
“strawman” surveys outlined in the SKA H i galaxy evolu-
tion chapter (Blyth et al. 2015), as they rely heavily on the
SKA-SURVEY instrument, construction of which has been
deferred.

We show in Fig. 3 the coverage in the redshift–MHI plane
resulting from the three Fiducial H i survey tiers. Increasing
the integration time to 4000 hours per tier, to be consistent
with the proposed surveys discussed below, improves the
sensitivity by a factor of two, but the general features remain
unchanged.

A critical aspect missing from the H i SWG observing
strategy is the possibility of observing commensally, in par-
ticular sharing observations with the SKA continuum SWG
(Prandoni & Seymour 2015). While commensal observing
necessarily involves some compromises to be made on some
aspects, including field selection, the benefits are significant,
including the increased available observing time.

The continuum SWG also proposed a three-tiered ob-
serving strategy, with areas comparable to those explored
here, with a single pointing UD tier, a MW tier spanning
10–30 deg2, and a W tier of ∼ 1000 deg2. The suggested con-
tinuum RMS values for the three tiers of 0.05, 0.2 and 1µJy,
respectively, can be compared with the estimated RMS val-
ues computed for the Fiducial and Optimised surveys as
listed in Table 1. We do not list continuum RMS values for
the Requested or Ideal cases, because the relevant receivers
do not currently exist.

We suggest a number of tiered survey strategies work-
ing within the framework of commensal extragalactic H i and
continuum observations. The three tiers under consideration
are driven by different science cases. The UD tier is driven
primarily by the redshift evolution of H i science case, and
has very little flexibility. In order to detect the faintest ob-
jects at the greatest distances, long integration times are
required. The deepest integration is achieved by observing
only a single pointing, the area of which is set by the FoV
of the telescope. At the other extreme, the W tier is of gen-
eral use for many science cases. The size is restricted by the
amount of area that can be covered with individual point-
ings long enough such that they are not dominated by cal-
ibration overheads. The MW tier is intermediate between
the two, and requires advance planning to maximise the sci-
entific return. The area and depth must be simultaneously
adjusted such that a representative volume containing de-
tectable galaxies is observed.

For our purposes, we assume in the following that
the continuum science will be the primary driver behind
the MW tier, as it will provide the bulk of the contin-
uum science return. The W tier is too shallow to explore
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LADUMA 
• ~3,500 hours 
• 2.5 deg2 @ z~1 
• world-beating measurement of HI mass 

function at low end for z < 0.58 
• ~700 total detections for z > 0.58  
• no direct detections of ~109 M⊙ systems 

for z > 0.8

MIGHTEE HI survey 
• ~1,800 hours 
• ~20 deg2  
• >3000 total detection for z < 0.58  
• world-beating measurement of HI mass 

function at high end for z < 0.58
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Figure 2. The coverage in the redshift–MHI plane for LADUMA
(red contours, with ‘L’ label) and MIGHTEE (greyscale contours,
with ‘M’ label). The parameter space is divided into cells of width
0.01 in redshift and 0.1 in Log(MHI). The contour levels for both
surveys are the same, surrounding regions of parameter space con-
taining at least one (faint shading), 10 (medium shading), and
25 (dark shading) galaxies per cell. Due to the overlapping fre-
quency coverage of the two MeerKAT receivers, the redshift range
0.40 < z < 0.58 is observed for the full 5000 hours for LADUMA,
and is correspondingly deeper.
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mance characteristics, accurately anticipating the sensitiv-
ity of SKA1-MID is difficult. However, given the SEFD val-
ues provided in the Baseline Design Document for the SKA
dishes, and those provided in the public MeerKAT documen-
tation, we conservatively estimate a factor of 5 increase in
sensitivity of SKA1-MID Bands 1 and 2, with respect to the
VLA, consistent with simulations by Popping et al. (2015).

We construct the survey tiers keeping in mind that the
resulting data will be used commensally by both the H i and
continuum teams, and thus restrict ourselves to the range of
parameters that are useful to both. We use the sensitivity
to H i mass as a function of redshift as a measure of the
value of the survey tier combination, and optimise the tiers
by rearranging their depth and area to maximise coverage
of the redshift–MHI plane.
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The redshift and H i mass distribution of galaxies expected
from surveys displayed as in Fig. 2 can be used as a pow-
erful diagnostic tool to explore combinations of depth and
area which result in the most scientifically useful dataset.
LADUMA and MIGHTEE are clearly well paired at z < 0.4,
enhancing the usefulness of the data.

The SKA H i science working group (SWG) proposed

3 https://www.skatelescope.org/key-documents/,
Released October 2015

a tiered observing strategy to be undertaken with SKA1-
MID to address many extragalactic H i science cases, con-
sisting of an ultra-deep, small area survey, a medium-wide,
medium-deep survey, and a wide-area, relatively shallow
survey. We refer to these three tiers as Ultra-Deep (UD),
Medium-Wide (MW) and Wide (W). Their areas, integra-
tion times and approximate 5-σ sensitivities that can be
expected are listed in Table 1 as the “Fiducial” case, as set
by (Staveley-Smith & Oosterloo 2015). A more detailed dis-
cussion within the H i SWG of the three tiers will come at a
later date, when the technical specifications of the SKA1-
MID are better known, but the suggested Fiducial case
serves as a useful starting point. We have not included the
“strawman” surveys outlined in the SKA H i galaxy evolu-
tion chapter (Blyth et al. 2015), as they rely heavily on the
SKA-SURVEY instrument, construction of which has been
deferred.

We show in Fig. 3 the coverage in the redshift–MHI plane
resulting from the three Fiducial H i survey tiers. Increasing
the integration time to 4000 hours per tier, to be consistent
with the proposed surveys discussed below, improves the
sensitivity by a factor of two, but the general features remain
unchanged.

A critical aspect missing from the H i SWG observing
strategy is the possibility of observing commensally, in par-
ticular sharing observations with the SKA continuum SWG
(Prandoni & Seymour 2015). While commensal observing
necessarily involves some compromises to be made on some
aspects, including field selection, the benefits are significant,
including the increased available observing time.

The continuum SWG also proposed a three-tiered ob-
serving strategy, with areas comparable to those explored
here, with a single pointing UD tier, a MW tier spanning
10–30 deg2, and a W tier of ∼ 1000 deg2. The suggested con-
tinuum RMS values for the three tiers of 0.05, 0.2 and 1µJy,
respectively, can be compared with the estimated RMS val-
ues computed for the Fiducial and Optimised surveys as
listed in Table 1. We do not list continuum RMS values for
the Requested or Ideal cases, because the relevant receivers
do not currently exist.

We suggest a number of tiered survey strategies work-
ing within the framework of commensal extragalactic H i and
continuum observations. The three tiers under consideration
are driven by different science cases. The UD tier is driven
primarily by the redshift evolution of H i science case, and
has very little flexibility. In order to detect the faintest ob-
jects at the greatest distances, long integration times are
required. The deepest integration is achieved by observing
only a single pointing, the area of which is set by the FoV
of the telescope. At the other extreme, the W tier is of gen-
eral use for many science cases. The size is restricted by the
amount of area that can be covered with individual point-
ings long enough such that they are not dominated by cal-
ibration overheads. The MW tier is intermediate between
the two, and requires advance planning to maximise the sci-
entific return. The area and depth must be simultaneously
adjusted such that a representative volume containing de-
tectable galaxies is observed.

For our purposes, we assume in the following that
the continuum science will be the primary driver behind
the MW tier, as it will provide the bulk of the contin-
uum science return. The W tier is too shallow to explore
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8.2 Feedback from AGNs (and Star Formation): Motivation
Before we indulge in heresy, we review the motivation for the idea that BHs and bulges coevolve.

(1) The tightness of theM• correlations with bulge velocity dispersion, mass, numbers of globular
clusters, and core properties suggests that BH growth and galaxy formation are connected.
Especially compelling is the conclusion that the scatter in the M• –σ correlation is consistent
with (Ferrarese & Merritt 2000; Gebhardt et al. 2000a) or only moderately larger than
(Tremaine et al. 2002; Gültekin et al. 2009c; this paper) the measurement errors. However,
seeing a tight correlation is not enough to ensure that coevolution happens because of AGN
feedback. For example, we argued in Section 6.13 that the correlations with core properties
are produced by dynamical processes that are purely gravitational.

(2) The binding energy ∼ 0.1M•c2 of a BH (assuming a radiative efficiency of 10%) is much
larger than the binding energy ∼ Mbulgeσ2 of its host bulge,. For M• ≈ 5.3 × 10−3Mbulge

(Section 6.6), the ratio of binding energies is 5.3× 10−4(c/σ)2, or ∼> 500 for σ ∼< 300 km s−1.
If only one percent of the AGN energy output couples to gas in the forming galaxy, then all
of the gas can be blown away (Silk & Rees 1998; Ostriker & Ciotti 2005). AGN feedback
can be radiative (acting via photons) or mechanical (acting via energetic particles or a wind
or a jet). Thus, BH growth may be self-limiting, and AGNs may quench star formation.

(3) The histories of BH growth and star formation in the universe are similar (Figure 34).
Quasars and starbursts appear, at least superficially, to be closely linked. The most luminous
starbursts always show signs of buried AGNs, even if these do not dominate the bolometric
output (Genzel et al. 1998), and the host galaxies of AGNs often show concurrent or recent
star formation (e. g., Kauffmann et al. 2003; Shi et al. 2009). Heckman et al. (2004) note
that the volume-averaged ratio of BH accretion rate to star formation rate today is ∼ 10−3,
eerily close to M•/Mbulge. Is this just a remarkable coincidence, or does it signify a profound
causal connection between BH and galaxy growth?

Figure 35
Evolution with redshift of the volume density of black hole accretion rate (black line with grey band),
scaled up by a factor of 5000. This closely tracks the evolution of cosmic star formation rate
compiled by Hopkins (2004; orange points) and by Bouwens et al. (2012; blue squares). Adapted
and updated from Aird et al. (2010).

Kormendy & Ho 2013



but with gravitational lensing,  
MeerKAT and FAST can do even better…
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HI lensing probability is set dramatically 
increase for next generation HI surveys

current: 
zmax ~0.2 

future: 
zmax ~1.4 and beyond 

credit: WMAP



redshift distribution of known lenses
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SDSS: Sloan Digital
Sky Survey

SLACS: Sloan Lens
Advanced Camera
(for) Surveys

HST: Hubble Space
Telescope

3. OBSERVATIONAL OVERVIEW

3.1. Present-Day Samples and Challenges

Approximately 200 examples of strong gravitational lensing by galaxies have been discovered to
date. A number of different strategies have been followed. The two most common strategies start
from a list of potential sources or potential deflectors and use additional information to identify
the (small) subset of strong gravitational lensing events. Other promising approaches include
searching for gravitational lensing morphologies in high-resolution data (Marshall et al. 2009,
and references therein) and exploiting variability in time domain data (Kochanek et al. 2006a).
The current state of the art is illustrated in Figure 7, which shows the redshift distribution of the
lenses discovered by the four largest surveys to date. The first two are source-based surveys, the
third is a deflector-based survey, and the fourth one is a lensing morphology survey.

The Cosmic Lens All-Sky Survey (CLASS) is based on radio imaging. Researchers discovered
22 multiply-imaged active nuclei, including a subset of 13 systems that are known as the statistically
well-defined sample (Browne et al. 2003). Source and deflector redshifts are available for 11 and
17 systems, respectively (C.D. Fassnacht 2009, private communication). The Sloan Digital Sky
Survey (SDSS) Quasar Lens Search (SQLS) identified 28 galaxy-scale multiply-imaged quasars
using SDSS multicolor imaging data to sift through the spectroscopic quasar sample (Oguri et al.
2006, 2008). All source redshifts are available, while deflector redshifts are available for 15 systems.
The Sloan Lens Advanced Camera (for) Surveys (SLACS) survey (Bolton et al. 2006) is an optical
survey based on spectroscopic preselection from SDSS data and imaging confirmation with the
Hubble Space Telescope (HST). SLACS discovered 85 galaxies acting as strong lenses (plus an
additional 13 probable lenses; Auger et al. 2009). Source and deflector redshifts are available for
all systems. Finally, twenty secure galaxy-scale lens systems were discovered by visual inspection
(Faure et al. 2008, Jackson 2008) of the HST images taken as part of the COSMOS Survey.
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historical perspective  
on lensed spectral lines in radio regime

Cool Gas in High Redshift Galaxies 59

Figure 2: Left: Discovery history of high–redshift (z>1) line detections. The
cummulative number of detections is shown, and the different colors indicate the
different galaxies populations. Historically, QSOs (Sec. 3.2), SMGs (Sec. 3.3)
and radio galaxies (Sec. 3.4) have been the focus of most studies. In recent years,
these have been complemented by observations of ‘main sequence’ starforming
galaxies (CSG, Sec. 3.5). To date close to 200 galaxies have been detected in
line emission at z>1. Right: Redshift distribution of all sources for all z>1 line
detections. The highest redshift sources z > 5 detected are the QSOs, with a
growing contribution from SMGs.
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z >1 CO detections

Almost all associated with Seyfert 2 or LINER galaxies at z << 0.06.
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ABSTRACT
Strong gravitational lensing provides some of the deepest views of the Universe, enabling
studies of high-redshift galaxies only possible with next-generation facilities without the
lensing phenomenon. To date, 21-cm radio emission from neutral hydrogen has only been
detected directly out to z ∼ 0.2, limited by the sensitivity and instantaneous bandwidth of
current radio telescopes. We discuss how current and future radio interferometers such as
the Square Kilometre Array (SKA) will detect lensed H I emission in individual galaxies at
high redshift. Our calculations rely on a semi-analytic galaxy simulation with realistic H I

discs (by size, density profile and rotation), in a cosmological context, combined with general
relativistic ray tracing. Wide-field, blind H I surveys with the SKA are predicted to be efficient
at discovering lensed H I systems, increasingly so at z ! 2. This will be enabled by the
combination of the magnification boosts, the steepness of the H I luminosity function at the
high-mass end, and the fact that the H I spectral line is relatively isolated in frequency. These
surveys will simultaneously provide a new technique for foreground lens selection and yield
the highest redshift H I emission detections. More near term (and existing) cm-wave facilities
will push the high-redshift H I envelope through targeted surveys of known lenses.

Key words: gravitational lensing: strong – galaxies: evolution – galaxies: ISM.

1 IN T RO D U C T I O N

The evolution of neutral cold gas (T " 104 K) is fundamental to our
understanding of galaxy evolution. Our current cosmological pic-
ture is that following recombination at z ∼ 1100, the Universe was
predominately neutral until reionization occurred between z ∼ 6
and 10, driven (in poorly constrained proportion) by the onset of
star formation and supermassive black hole accretion in the earliest
galactic haloes. The intergalactic medium is rapidly ionized about
1 Gyr after the big bang, with the vast majority of remaining neu-
tral hydrogen found in galaxies where it is sufficiently shielded
and/or replenished (e.g. Barkana & Loeb 2001; Fan, Carilli &
Keating 2006).

Within galactic haloes, cold gas is a significant mass component
and evolutionary ingredient: it is the pristine fuel for star formation,
as well as the exhaust of supernova explosions. The biggest obsta-
cle in uncovering the precise evolutionary role of H I is that direct
H I observations are currently restricted to the modern Universe
(z " 0.2). Many important questions remain observationally unan-
swered as a result: Does the cold gas continually condense on to
galactic discs, resupplying that which is driven out by active galac-
tic nucleus (AGN) and supernovae (e.g. Davé et al. 2013; Morganti

⋆ E-mail: r.deane@ru.ac.za

et al. 2013)? How do H I morphology and dispersion evolve out
to cosmic noon (z ∼ 2) and beyond? What is the link between the
evolution of H I and cosmic star formation history of the Universe
(e.g. Obreschkow & Rawlings 2009)? Addressing these questions
demands, H I observations at look-back times much greater than
∼10 dynamical times (i.e. at z ! 0.2). Since H I extends to large
galactocentric radii, high-z H I observations may also enable studies
of the halo structure evolution and allow an important measurement
of the baryon angular momentum (Obreschkow et al. 2015).

Over the next decade, we are set to revolutionize our view of
the cosmic evolution of neutral hydrogen. A broad range of ra-
dio telescopes are being developed to tune into the rest-frame
21 cm spectral line out to large redshifts. There are a number of
upcoming radio facilities, including the Australian Square Kilo-
metre Array Pathfinder (ASKAP; Johnston et al. 2007), MeerKAT
(Jonas 2009), Square Kilometre Array (SKA; e.g. Dewdney 2013),
as well the upgraded Karl G. Jansky Very Large Array (VLA),
Westerbork Synthesis Radio Telescope (WSRT) with the APER-
ture Tile In Focus project (APERTIF; Verheijen et al. 2008) and the
Giant Metrewave Radio Telescope (GMRT). These telescopes will
all perform deep H I surveys, some of which will detect individual
galaxies out to redshifts of z ∼ 1 and beyond. These telescopes
will enable the study of H I in galaxies with sample sizes and at
distances not practically possible with current facilities. This will

C⃝ 2015 The Authors
Published by Oxford University Press on behalf of the Royal Astronomical Society
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SAXLENS

• SAX - semi-analytics built on Millennium dark matter skeleton 

• find all galaxy pairs where: 

• impact parameter < 20 arcsec 

• foreground galaxy halo mass > 1011.7 M⊙  

• background source SHI > 100 uJy km/s 

• area: 150 deg2    with zmax = 4



SAXLENS pipeline

HI source profiles

lens models ray tracing

cosmological 
parameters

lensed (magn > 2) catalogue
&

lensed data cubes

compute 
magnification



example HI disk at z~0.5, 200 kHz channels

source models exponential disk with depleted core (Obreschkow+2009). Note, this 
decreases total magnification 

randomised inclination and position angle from simulation 

emission split into frequency channels velocity dispersion added (10 km/s)

lens models
• dark matter halo : spherical NFW profile, concentration parm set 

given mass and redshift (Klypin+2011) 

• bulge :  de Vaucoleurs’ profile, effective radius from dynamical model 
ellipticity = 0.3 ± 0.3 (Jorgensen & Franx 1994, Moller+2007). 

• disk : fit to exponential profile. Sub-dominant at all radii, but included 
as it increases  overall convergence. 

disk
bulge

DM halo
total





unlensed lensed

200 kHz channel maps 
(HST resolution)



MeerKAT angular resolution well matched to lensed HI sources: 
maximises detection probability



high magnification narrow channels
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Figure 3. Total magnification as a function of foreground lens virial mass
and impact parameter. The magnification is clipped to µ = 10 and only
every 10th lensed source in the full 150 deg2 simulation is shown. Ellipses
show the intrinsic angular size of the background H I disks, with a 1 arcsec
reference shown in black (below inset). This shows that the highest magni-
fication sources tend to have small angular size. The ellipse position angles
represent the angle between the H I semi-major axis and the impact vector.
Vertical (horizontal) semi-major axes represent aligned (perpendicular) im-
pact vectors and H I semi-major axes. The dark grey line shows the fit to the
upper envelope (see text). Inset: Total magnification distribution of µ � 2
sources based on full 150 deg2 simulation (bin width = 2).

will, due to the wide (� 2 : 1) instantaneous band widths of mod-
ern receivers, simultaneously detect the H I emission or absorption
of the foreground lens. This will greatly expedite the followup ob-
servations of lensed sources discovered with an entirely different
selection function to other lens catalogues (e.g. CLASS, Myers et
al. 2003; SLACS, Bolton et al. 2006).

In Fig. 3 we show some of the statistical properties of the
lens-source pairs, including the foreground lens halo (total) mass,
impact parameter (angular distance between lens and source cen-
troids), magnification (colour scale), as well as the H I disk angular
size. The ellipse axis ratios correspond to that of the background
H I source (with min=0.01). The ellipse position angle represents
the angle between the impact vector and H I semi-major axis (see
caption). Fig. 3 shows a rough envelope above which virtually no
sources are strongly lensed (marginalized over a number of param-
eters, e.g. redshifts, halo concentration parameter). An approximate
fit to this envelope is: impact ⇠ 0.50 + (Mlens/10

12.88 M�)
0.65

arcsec.
The highest magnification sources (µ & 10) in the SAX-Lens

catalogue have an Einstein ring (see Fig. 1) in at least one of their
channel maps and thus have the largest apparent solid angles. How-
ever, current and future radio facilities will not have sufficient angu-
lar resolution (for the vast majority of their collecting area) at the
appropriate frequency to spatially resolve the H I Einstein rings.
This maximises their probability of detection since the surveys will
benefit from the total H I magnification boost.

3.2 Survey-specific predictions

Having presented the basic statistical properties of the lensed H I
systems, we now turn to predicted detection rates with planned sur-
veys. There are a wide range of H I surveys planned over the course
of the next decade which will dramatically expand our view and
understanding of H I in galaxies. In Tab. 1 we list the predicted
number of H I lenses (and mean redshift) that will be detectable for
some of the major future surveys. We define the detection thresh-

Survey ⌦ �100kHz zmax Ndetect z̄detect
deg2 µJy/b

CHILES 0.25 20 0.45 < 0.1 0.35
LADUMA 0.60 8 1.45 20 (47) 0.96
DINGO-UD 60 38 0.43 3 (8) 0.30
DINGO-D 150 85 0.26 1 (2) 0.16
SKA1-Deep 100 10 3.06 2,880 (7,265) 1.26
SKA1-MedDeep 1,000 33 3.06 2,480 (7,193) 1.19
SKA1-Wide 10,000 100 3.06 2,667 (7,467) 0.93

Table 1. Predictions for the number of HI-detectable lensed systems in
future surveys. As described in the main text, a detection is defined as
Smean > 5�. For the single pointing surveys (CHILES, LADUMA),
the area (⌦) corresponds to the 1.4 GHz field of view, which scales as
(1+ z)2. SKA surveys assume the SKA1-MID specifications (re-baselined
from Dewdney et al. 2013), ⇠1 year integrations and indicative survey ar-
eas. The quoted SKA survey sensitivities are assumed for 1420.4 MHz and
1050 MHz, where the latter is the highest frequency in Band 1. Sensitivities
for both of these SKA bands scale as (1+z)�1 due to the increase field-of-
view but fixed survey area. Multi-wavelength cross-correlation may reveal
many more H I lenses, as suggested by the 3� predictions in parentheses.
For reference, the approximate number of strongly lensed systems known
at present is ⇠ 500.

old as S̄HI > 5�, where S̄HI the mean H I profile flux in units of Jy
and the noise corresponds to that expected in a channel width equal
to the H I profile FWHM for each individual galaxy. The latter are
determined from the 100 kHz channel sensitivities listed in Tab. 1.
A major caveat in any such prediction is the ability to distinguish
lensed from non-lensed sources, given that they will be unresolved
(in H I ) and the vast majority will only be lensed by a factor of
two (see inset, Fig. 3). Multi-wavelength data will therefore be es-
sential to unambiguously identify low (µ . 4) magnification H I
lenses, but may also be used to lower the detection threshold and
discover many more lensed systems, as suggested by the number of
3� detections indicated in parentheses.

Table 1 shows that none of the pre-SKA surveys are partic-
ularly optimized for detecting large numbers of lensed H I sys-
tems (e.g. ⇠4-47 detections for DINGO and LADUMA). However,
lensed H I systems will increase the number counts and enhance
these already planned H I surveys beyond their original science
cases. The predicted mean redshifts of these lensed H I sources
are much higher than the current record of z ⇠ 0.2 (except for
DINGO-D). This combined with the magnification boosts implies
that it will be possible to detect high redshift systems with much
lower H I mass than that possible for non-lensed systems. Further-
more, the relative isolation of the H I line, the steep high-end H I
mass function and the systematically larger magnification factors
at higher redshift suggest that some of the most distant H I sources
will be detected and identified within a fraction of the total sur-
vey duration. This, combined with the increasing H I lens opacity
at higher redshift (see Fig. 2, bottom panel) will make a significant
impact on ⌦HI measurements at z & 2. Indeed, even z ⇠ 1 ⌦HI

values with pre-SKA facilities may require strong-lensing correc-
tion factors. Tab. 1 also suggests that targeted surveys for lensed
H I may be the optimal strategy in the pre-SKA era.

The SKA1 surveys will revolutionize our view of H I in galax-
ies at high redshift. The predictions suggest ⇠ 0.8 � 2.2 ⇥ 104

lensed detections, well over an order of magnitude larger than the
presently known lens population at any wavelength. The mean and
maximum redshifts of sources detected in these surveys will pro-
vide important insights on the evolution of cold gas towards cosmic
noon (z ⇠ 2), a perspective not possible with any other facility.

c� 0000 RAS, MNRAS 000, 000–000
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why is MeerKAT well-suited? 

• most sensitive interferometer pre-SKA for zHI  < 1.45 

• well-matched angular resolution 

• wide instantaneous bandwidth 

• wide field-of-view 

• high imaging dynamic range  

• excellent low-RFI site (even better in UHF band)



• highest redshift detections of lensed HI emission in galaxies 

• low mass detections at cosmological distances 

• unique lens selection  

• high impact early science 

• guidance to future SKA1-mid surveys

what do lenses offer?



Continuum and spectral line commensality 5

Figure 2. The coverage in the redshift–MHI plane for LADUMA
(red contours, with ‘L’ label) and MIGHTEE (greyscale contours,
with ‘M’ label). The parameter space is divided into cells of width
0.01 in redshift and 0.1 in Log(MHI). The contour levels for both
surveys are the same, surrounding regions of parameter space con-
taining at least one (faint shading), 10 (medium shading), and
25 (dark shading) galaxies per cell. Due to the overlapping fre-
quency coverage of the two MeerKAT receivers, the redshift range
0.40 < z < 0.58 is observed for the full 5000 hours for LADUMA,
and is correspondingly deeper.

Design Document Version 23. As the final telescope will be
composed of two types of dishes, each with their own perfor-
mance characteristics, accurately anticipating the sensitiv-
ity of SKA1-MID is difficult. However, given the SEFD val-
ues provided in the Baseline Design Document for the SKA
dishes, and those provided in the public MeerKAT documen-
tation, we conservatively estimate a factor of 5 increase in
sensitivity of SKA1-MID Bands 1 and 2, with respect to the
VLA, consistent with simulations by Popping et al. (2015).

We construct the survey tiers keeping in mind that the
resulting data will be used commensally by both the H i and
continuum teams, and thus restrict ourselves to the range of
parameters that are useful to both. We use the sensitivity
to H i mass as a function of redshift as a measure of the
value of the survey tier combination, and optimise the tiers
by rearranging their depth and area to maximise coverage
of the redshift–MHI plane.

3.1 Optimal SKA Survey Tiers

The redshift and H i mass distribution of galaxies expected
from surveys displayed as in Fig. 2 can be used as a pow-
erful diagnostic tool to explore combinations of depth and
area which result in the most scientifically useful dataset.
LADUMA and MIGHTEE are clearly well paired at z < 0.4,
enhancing the usefulness of the data.

The SKA H i science working group (SWG) proposed

3 https://www.skatelescope.org/key-documents/,
Released October 2015

a tiered observing strategy to be undertaken with SKA1-
MID to address many extragalactic H i science cases, con-
sisting of an ultra-deep, small area survey, a medium-wide,
medium-deep survey, and a wide-area, relatively shallow
survey. We refer to these three tiers as Ultra-Deep (UD),
Medium-Wide (MW) and Wide (W). Their areas, integra-
tion times and approximate 5-σ sensitivities that can be
expected are listed in Table 1 as the “Fiducial” case, as set
by (Staveley-Smith & Oosterloo 2015). A more detailed dis-
cussion within the H i SWG of the three tiers will come at a
later date, when the technical specifications of the SKA1-
MID are better known, but the suggested Fiducial case
serves as a useful starting point. We have not included the
“strawman” surveys outlined in the SKA H i galaxy evolu-
tion chapter (Blyth et al. 2015), as they rely heavily on the
SKA-SURVEY instrument, construction of which has been
deferred.

We show in Fig. 3 the coverage in the redshift–MHI plane
resulting from the three Fiducial H i survey tiers. Increasing
the integration time to 4000 hours per tier, to be consistent
with the proposed surveys discussed below, improves the
sensitivity by a factor of two, but the general features remain
unchanged.

A critical aspect missing from the H i SWG observing
strategy is the possibility of observing commensally, in par-
ticular sharing observations with the SKA continuum SWG
(Prandoni & Seymour 2015). While commensal observing
necessarily involves some compromises to be made on some
aspects, including field selection, the benefits are significant,
including the increased available observing time.

The continuum SWG also proposed a three-tiered ob-
serving strategy, with areas comparable to those explored
here, with a single pointing UD tier, a MW tier spanning
10–30 deg2, and a W tier of ∼ 1000 deg2. The suggested con-
tinuum RMS values for the three tiers of 0.05, 0.2 and 1µJy,
respectively, can be compared with the estimated RMS val-
ues computed for the Fiducial and Optimised surveys as
listed in Table 1. We do not list continuum RMS values for
the Requested or Ideal cases, because the relevant receivers
do not currently exist.

We suggest a number of tiered survey strategies work-
ing within the framework of commensal extragalactic H i and
continuum observations. The three tiers under consideration
are driven by different science cases. The UD tier is driven
primarily by the redshift evolution of H i science case, and
has very little flexibility. In order to detect the faintest ob-
jects at the greatest distances, long integration times are
required. The deepest integration is achieved by observing
only a single pointing, the area of which is set by the FoV
of the telescope. At the other extreme, the W tier is of gen-
eral use for many science cases. The size is restricted by the
amount of area that can be covered with individual point-
ings long enough such that they are not dominated by cal-
ibration overheads. The MW tier is intermediate between
the two, and requires advance planning to maximise the sci-
entific return. The area and depth must be simultaneously
adjusted such that a representative volume containing de-
tectable galaxies is observed.

For our purposes, we assume in the following that
the continuum science will be the primary driver behind
the MW tier, as it will provide the bulk of the contin-
uum science return. The W tier is too shallow to explore

MNRAS 000, 1–15 (2016)
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8.2 Feedback from AGNs (and Star Formation): Motivation
Before we indulge in heresy, we review the motivation for the idea that BHs and bulges coevolve.

(1) The tightness of theM• correlations with bulge velocity dispersion, mass, numbers of globular
clusters, and core properties suggests that BH growth and galaxy formation are connected.
Especially compelling is the conclusion that the scatter in the M• –σ correlation is consistent
with (Ferrarese & Merritt 2000; Gebhardt et al. 2000a) or only moderately larger than
(Tremaine et al. 2002; Gültekin et al. 2009c; this paper) the measurement errors. However,
seeing a tight correlation is not enough to ensure that coevolution happens because of AGN
feedback. For example, we argued in Section 6.13 that the correlations with core properties
are produced by dynamical processes that are purely gravitational.

(2) The binding energy ∼ 0.1M•c2 of a BH (assuming a radiative efficiency of 10%) is much
larger than the binding energy ∼ Mbulgeσ2 of its host bulge,. For M• ≈ 5.3 × 10−3Mbulge

(Section 6.6), the ratio of binding energies is 5.3× 10−4(c/σ)2, or ∼> 500 for σ ∼< 300 km s−1.
If only one percent of the AGN energy output couples to gas in the forming galaxy, then all
of the gas can be blown away (Silk & Rees 1998; Ostriker & Ciotti 2005). AGN feedback
can be radiative (acting via photons) or mechanical (acting via energetic particles or a wind
or a jet). Thus, BH growth may be self-limiting, and AGNs may quench star formation.

(3) The histories of BH growth and star formation in the universe are similar (Figure 34).
Quasars and starbursts appear, at least superficially, to be closely linked. The most luminous
starbursts always show signs of buried AGNs, even if these do not dominate the bolometric
output (Genzel et al. 1998), and the host galaxies of AGNs often show concurrent or recent
star formation (e. g., Kauffmann et al. 2003; Shi et al. 2009). Heckman et al. (2004) note
that the volume-averaged ratio of BH accretion rate to star formation rate today is ∼ 10−3,
eerily close to M•/Mbulge. Is this just a remarkable coincidence, or does it signify a profound
causal connection between BH and galaxy growth?

Figure 35
Evolution with redshift of the volume density of black hole accretion rate (black line with grey band),
scaled up by a factor of 5000. This closely tracks the evolution of cosmic star formation rate
compiled by Hopkins (2004; orange points) and by Bouwens et al. (2012; blue squares). Adapted
and updated from Aird et al. (2010).

Kormendy & Ho 2013



H2-to-HI mass ratio at z > 1

• detection of z~1.5 systems in low-J 
CO now routine 

• to measure H2-to-HI ratio towards 
peak cosmic star formation peak, 
will need direct detections of HI  

• important synergy with ALMA, and 
lasting legacy towards SKA1-mid
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Figure 1. MFs of H i and H2. Lines show the simulation results at z = 0 (solid),
z = 2 (dashed), z = 5 (dash-dotted), z = 10 (dotted). Square dots represent the
empirical data and 1-σ scatter at z = 0 (Zwaan et al. 2005a; Obreschkow &
Rawlings 2009b), and the open circle represents our density estimate at z = 1.5
(Section 4) based on Daddi et al. (2008).

of Equations (1), (2) and their impact on the predicted H2/H i
ratios are discussed in Obreschkow et al. (2009).

2.2. H i and H2 in the Millennium Simulation

The Millennium simulation (Springel et al. 2005) is an N-
body simulation within the ΛCDM cosmology of ∼1010 grav-
itationally interacting particles in a periodic box of comoving
volume (500/h Mpc)3, where H0 = 100 h km s−1 Mpc−1 and
h = 0.73. The evolving large-scale structure generated by this
simulation served as the skeleton for the simulation of ∼3×107

galaxies at the halo centers. In the “semianalytic” approach
adopted by De Lucia & Blaizot (2007), galaxies were consid-
ered as simplistic objects with a few global properties that are
evolved stepwisely using a list of physical prescriptions. For ex-
ample, the total amount of cold hydrogen (H i+H2) in a galaxy
is defined by the history of the net accretion, which in the model
consists of (1) the infall of gas from the hot halo, (2) the loss of
gas by star formation, and (3) outflows driven by supernovae and
active galactic nuclei. Star formation in each galaxy is tackled
using a law, where all cold gas above a critical surface den-
sity is transformed into stars on a timescale proportional to the
dynamical time of the disk (for details, see Croton et al. 2006).

In Obreschkow et al. (2009), we applied the model of
Section 2.1 to the simulated galaxies in the catalog of De Lucia &
Blaizot (2007) (“DeLucia catalog”) to split their cold hydrogen
masses into H i and H2. Our simulation successfully reproduced
many local observations of H i and H2, such as mass functions
(MFs), mass–diameter relations, and mass–velocity relations.
Yet, the high-redshift predictions are inevitably limited by the
semianalytic recipes of the DeLucia catalog. The most uncertain
recipes are those related to mergers (e.g., feedback of black hole
coalescence and starbursts), but they have a minor effect on the
cosmic space densities of H i and H2, since most cold gas in the
simulation is found in regular disk galaxies1 with at most minor
merger histories. However, inaccurate prescriptions for isolated
galaxies could significantly affect the space densities of H i and
H2, and it may well become necessary to refine our simulation
as improved semianalytic methods come on line.

1 In contrast, a significant fraction of the stars at z = 0 is in massive elliptical
galaxies with violent merger histories, but even those galaxies formed most
stars in their spiral progenitors.
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Figure 2. Evolution of the fractional densities of H i and H2. Solid lines represent
the simulation results and the dashed line is the power-law fit of Equation (3).
The points represent observations described in Section 4.

3. RESULTS

3.1. Predicted Evolution of H i and H2

Figure 1 shows the predicted evolution of the H i–MF and H2–
MF, i.e., the comoving space densities of sources per logarithmic
mass interval. The predictions at z = 0 roughly agree with
available observational data, but the obvious differences, such
as the spurious bumps around MHI ≈ 108.5 and MH2 ≈ 108 (a
mass resolution limit), have been discussed in Obreschkow et al.
(2009).

The predicted H i masses remain roughly constant from
z = 0 to z = 2, while H2 masses increase dramatically.
These different evolutions are also reflected in the comoving
space densities ΩHI ≡ ρHI/ρc and ΩH2 ≡ ρH2/ρc, where
ρc(z) = 3H 2(z)/(8πG) is the critical density for closure.
Here, ΩHI and ΩH2 only account for gas in galaxies, excluding
unbound H i between the first galaxies (Becker et al. 2001) or
possible H2 in halos (Pfenniger & Combes 1994). The simulated
functions ΩHI(z) and ΩH2 (z) are shown in Figures 2(a), (b), while
Figure 2(c) represents their ratio Rcosmic

mol (z) ≡ ΩH2 (z)/ΩHI(z),
which is closely described by the power law

Rcosmic
mol (z) ≈ 0.3 × (1 + z)1.6. (3)

The simulation yields Rcosmic
mol (0) ≈ 0.3 and finds the crossover,

Rcosmic
mol (z) = 1, at z ≈ 1.4. Our model predicts that Equation (3)

extends to epochs, where the first galaxies formed, but this
prediction is likely to breakdown at the highest redshifts, where
the formation of H2 was inhibited by the lack of metals (Abel
& Haiman 2000).

Physically, the strong evolution of H2/H i is essentially driven
by the size evolution of galaxies and their halos. The Millennium
simulation assumes that the virial radius rvir of a spherical halo
always encloses a mass with an average density 200 times above
the critical density ρc ∝ H 2 (Croton et al. 2006). Hence, for a
fixed halo mass, rvir ∝ H−2/3. In a flat universe this implies

rvir ∝
[
Ωm(1 + z)3 + ΩΛ

]−1/3
, (4)

Obreschkow & Rawlings 2009



efficient lens selection with steep luminosity functions 

• technique used at submm/mm wavelengths 
(Herschel, SPT) 

• steep gradient at high end enables highly 
efficient selection 

• similar opportunity for HI, but even better 
given that redshift is known 

• no other strong emission lines between 580 
and 1420 MHz 

the number counts (the number of galaxies at a
given brightness) of dust-obscured star-forming
galaxies, which are usually referred to as sub-
millimeter galaxies (SMGs) (15). Because of that,
even a small number of highly magnified SMGs
can substantially affect the shape of the bright
end of the submillimeter source counts enhancing
the number of SMGs seen at bright flux densities
than would be expected on the basis of our knowl-
edge of the unlensed SMG population (Fig. 1).
Furthermore, the frequency of lensing events is
relatively high in the submillimeter (11) because
SMGs are typically at high redshift (z > ∼ 1) (16),
and this increases the probability that a SMG is in
alignment with, and therefore lensed by, a fore-
ground galaxy. Other important contributors to
the bright tail of the submillimeter counts are
low-redshift (z ≤ 0.1) spiral and starburst galaxies
(17) and higher redshift radio-bright Active Ga-
lactic Nuclei (AGNs) (18); however, both of these
are easily identified, and therefore removed, in
relatively shallow optical and radio surveys. There-
fore, flux-density–limited submillimeter surveys
could provide a sample of lens candidates from
which contaminants can be readily removed,
leaving a high fraction (close to 100%) of gravita-
tional lens systems (Fig. 1). Because this selection
of lens candidates relies only on the properties of
the background source (its flux density), it can
probe a wide range of lens properties (such as
redshifts and masses) and thus provide a valuable
sample for studying the elliptical properties of
lensing galaxies (19) as well as investigating the
detailed properties of the lensed SMGs.

The submillimeter lens candidate selection
at work. Although the approach presented above
may be more efficient and vastly more time-
effective than those exploited so far in the radio
(20) or the optical (21, 22), at least several tens of
square degrees (deg2) of the sky must be ob-
served in the submillimeter to produce a statis-
tically significant sample of strongly lensed objects
and a minimal contamination from unlensed gal-
axies. This is because the surface density of
lensed submillimeter galaxies is predicted to be
lower than ∼0.5 deg−2 for flux densities above
100 mJy at 500 mm (Fig. 1). Submillimeter sur-
veys conducted before the advent of Herschel
were either limited to small areas of the sky
(15, 23) or were severely affected by source
confusion due to poor spatial resolution (24).
Therefore, no previous test of this selection
method has been performed, although the SPT
has recently mapped an area of more than 80
deg2 at millimeter wavelengths (9) and found an
“excess” of sources that could be accounted for
by a population of gravitationally lensed objects.

The Herschel Astrophysical Terahertz Large
Area Survey (H-ATLAS) (25) represents the
largest-area submillimeter survey being currently
undertaken byHerschel. H-ATLAS uses the Spec-
tral and Photometric Imaging Receiver (SPIRE)
(26) and the Photodetector Array Camera and
Spectrometer (PACS) (27, 28) instruments and,
when completed, will cover ∼550 deg2 of the sky

from 100 to 500 mm. H-ATLAS has been de-
signed to observe areas of the skywith previously
existing multiple-wavelength data: Galaxy Evo-
lution Explorer (GALEX) ultraviolet (UV) data,
Sloan Digital Sky Survey (SDSS) optical imag-
ing and spectroscopy, NIR data from the UK
Infrared Telescope (UKIRT) Infrared Deep Sky
Survey (UKIDSS) Large Area Survey (LAS),
spectra from the Galaxy And Mass Assembly
(GAMA) (29) project, radio-imaging data from
the Faint Images of the Radio Sky at Twenty-cm
(FIRST) survey and the NRAO Very Large Ar-
ray Sky Survey (NVSS). The first 14.4 deg2 of
the survey, centered on J2000 RA 09:05:30.0
DEC 00:30:00.0 and covering ∼3% of the total
area, was observed in November 2009 as part of
the Herschel Science Demonstration Phase (SDP).
The results were a catalog of ∼6600 sources (30),
with a significance >5s, in at least one SPIRE
waveband, where the noise (s) includes both in-
strumental and source confusion noise and cor-
responds to ∼7 to 9 mJy/beam.

The Herschel/SPIRE 500-mm channel is fa-
vorable for selecting lens candidates because the
submillimeter source counts steepen at longer
wavelengths (24, 31). We used theoretical pre-
dictions (14) to calculate the optimal limiting flux
density, above which it is straightforward to re-
move contaminants from the parent sample and
maximize the number of strongly lensed high-
redshift galaxies. The surface-density of unlensed
SMGs is predicted to reach zero by S500 ∼ 100
mJy (14), and these objects are only detectable
above this threshold if gravitationally lensed by a
foreground galaxy (Fig. 1). The H-ATLAS SDP
catalog contains 11 sources with 500 mm flux
density above 100mJy. Ancillary data in the field
revealed that six of these objects are contam-
inants, four are spiral galaxies with spectroscop-
ic redshifts in the range of 0.01 to 0.05 [see (32) for
a detailed analysis of one of these sources], one is
an extended galactic star-forming region, and one
is a previously known radio-bright AGN (33).
Although the number of these sources are few at

Fig. 1. Selection of grav-
itational lenses at sub-
millimeter wavelengths.
The 500-mm source counts
consist of three different
populations (14): high-
redshift SMGs; lower red-
shift late type (starburst
plus normal spiral) gal-
axies; and radio sources
powered by active galac-
tic nuclei. Strongly lensed
SMGs dominate over un-
lensedSMGsat verybright
fluxes, where the count
of unlensed SMGs falls
off dramatically (yellow
shaded region). The data
points are from H-ATLAS
(31).

Table 1. Photometric and spectroscopic redshifts of the five lens candidates. Spectroscopic redshifts were
derived from optical lines for the lens [zspec(opt)] and from CO lines for the background source [zspec(CO)].
Photometric redshifts are based on UV/optical/NIR photometry for the lens [zphot(opt)] and H-ATLAS plus
SMA and MAMBO photometry for the background source [zphot (sub−mm/millimeter); using the photometric
redshift code of (36, 37)]. The quoted errors on the redshifts correspond to a 68% confidence interval (CI).

SDP ID zphot(opt) zspec(opt) zphot(sub−mm/millimeter) zspec(CO)

9 0.679 T 0.057 − 1.4−0.4
+0.3 1.577 T 0.008*

11 0.72 T 0.16 0.7932 T 0.0012† 1.9−0.3
+0.4 1.786 T 0.005*

17 0.77 T 0.13 0.9435 T 0.0009† 2.0−0.3
+0.4 0.942 T 0.004 and 2.308 T 0.011*

81 0.334 T 0.016 0.2999 T 0.0002‡ 2.9−0.3
+0.2 3.037 T 0.010*

3.042 T 0.001§‖
130 0.239 T 0.021 0.2201 T 0.002¶ 2.6−0.2

+0.4 2.625 T 0.001§
2.6260 T 0.0003‖

*Datum is from CSO/Z-Spec (43). †Datum is from the William Herschel Telescope (35). ‡Datum is from SDSS.
§Datum is from GBT/Zpectrometer (45). ‖Datum is from PdBI (35). ¶Datum is from the Apache Point Observatory
(35).
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Obreschkow+2009

Negrello+2010
Predictions for future surveys

Survey zmax Lenses
S/N>5 (3)

Chiles 0.50 <<1

Dingo-Deep 0.29 ~1 (2)

Dingo-UDeep 0.43 ~2 (3)

Laduma 1.45 11 (28)

SKA1-Deep 0.50 37 (65)

SKA1-Wide 0.50 65 (145)

Causes a factor 2 
over-estimation of 
ρ(MHI>3e10, z=1)!

10x

1000x



(one possible) MeerKAT lensed HI strategy

5 clusters for 50 hours (UHF band) 

1 cluster for 250 hours (UHF band)

NB: for magnification = 10, the effective observation time 
is 5000 hours for a 50 hour observation

20 known galaxy-galaxy lenses  

(0.4 < z < 1.4, detections in 10-50 hours) 
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SDSS: Sloan Digital
Sky Survey

SLACS: Sloan Lens
Advanced Camera
(for) Surveys

HST: Hubble Space
Telescope

3. OBSERVATIONAL OVERVIEW

3.1. Present-Day Samples and Challenges

Approximately 200 examples of strong gravitational lensing by galaxies have been discovered to
date. A number of different strategies have been followed. The two most common strategies start
from a list of potential sources or potential deflectors and use additional information to identify
the (small) subset of strong gravitational lensing events. Other promising approaches include
searching for gravitational lensing morphologies in high-resolution data (Marshall et al. 2009,
and references therein) and exploiting variability in time domain data (Kochanek et al. 2006a).
The current state of the art is illustrated in Figure 7, which shows the redshift distribution of the
lenses discovered by the four largest surveys to date. The first two are source-based surveys, the
third is a deflector-based survey, and the fourth one is a lensing morphology survey.

The Cosmic Lens All-Sky Survey (CLASS) is based on radio imaging. Researchers discovered
22 multiply-imaged active nuclei, including a subset of 13 systems that are known as the statistically
well-defined sample (Browne et al. 2003). Source and deflector redshifts are available for 11 and
17 systems, respectively (C.D. Fassnacht 2009, private communication). The Sloan Digital Sky
Survey (SDSS) Quasar Lens Search (SQLS) identified 28 galaxy-scale multiply-imaged quasars
using SDSS multicolor imaging data to sift through the spectroscopic quasar sample (Oguri et al.
2006, 2008). All source redshifts are available, while deflector redshifts are available for 15 systems.
The Sloan Lens Advanced Camera (for) Surveys (SLACS) survey (Bolton et al. 2006) is an optical
survey based on spectroscopic preselection from SDSS data and imaging confirmation with the
Hubble Space Telescope (HST). SLACS discovered 85 galaxies acting as strong lenses (plus an
additional 13 probable lenses; Auger et al. 2009). Source and deflector redshifts are available for
all systems. Finally, twenty secure galaxy-scale lens systems were discovered by visual inspection
(Faure et al. 2008, Jackson 2008) of the HST images taken as part of the COSMOS Survey.
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MeerKAT and FAST synergies for lensed HI 

• zHI < 1.45 

• (A/Tsys) ~ 300 m2/K 

• survey speed: (A/Tsys) x FoV ~ 
300 m2/K deg2 

• angular resolution ~10”

• zHI ~< 4 

• (A/Tsys) ~ 2000 m2/K 

• survey speed: (A/Tsys) x FoV ~ 
5 m2/K deg2 

• angular resolution ~180”



Abell 370 (Hubble Frontier Field)
z = 0.375 

Dec = -01:35:00



Abell 370 (Hubble Frontier Field)
z = 0.375 

Dec = -01:35:00

magnification map, z = 1 magnification map, z = 2

3 30030

FAST beam



FAST beam

MeerKAT PSF

MACS J0707
van Weeren et al. (2016)



high impact early science 
(c.f. ALMA/SPT, Herschel)

Vieira+ 2013, Nature

Hezaveh+2016

lenses have been a major part of 
early science for a range of new 

observatories/surveys 

MeerKAT and FAST have the 
same opportunity with HI



summary

• MeerKAT and FAST will (emphatically) be the best facilities to detect lensed 
HI pre-SKA and likely be highly synergistic 

• a dedicated HI lensing programme will provide high-impact, rapid-
turnaround early science 

• important cross-checks with stacking/statistical methods  

• significantly lower risk on calibration for high-z HI  

• high legacy value well into SKA era


