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MeerKAT highest priority science

neutral hydrogen

pulsar timing

high-z HI emission with MeerKAT
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

Figure 2. The coverage in the redshift–MHI plane for LADUMA
Maddox+2016
(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-
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high-z HI emission with MeerKAT

a tiered observing strategy to be undertaken with SKA1MID to address many extragalactic H i science cases, consisting 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, integration 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 discussion within the H i SWG of the three tiers will come at a
later date, when the technical specifications of the SKA1MID 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 evolution 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
z = 1.45
resulting
from the three Fiducial H i survey tiers. Increasing
the integration time to 4000 hours per tier, to be consistent
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stacking

but with gravitational lensing,
MeerKAT and FAST can do even better…

cosmic telescopes

credit:Vieira

HI lensing probability is set dramatically
increase for next generation HI surveys
current:
zmax ~0.2

future:
zmax ~1.4 and beyond

credit: WMAP
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Survey (SDSS) Quasar Lens Search (SQLS) identified 28 galaxy-scale multiply-i
SQLS
using SDSS multicolor imaging data to sift through
the spectroscopic quasar samp
2006, 2008). All source redshifts are available, while deflector redshifts are available
The Sloan Lens Advanced Camera (for) Surveys (SLACS) survey (Bolton et al. 200
survey based on spectroscopic preselection from SDSS data and imaging confirm
Hubble Space Telescope (HST). SLACS discovered 85 galaxies acting as strong l
additional 13 probable lenses; Auger et al. 2009). Source and deflector redshifts a
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historical perspective
on lensed spectral lines in radio regime
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z >1 CO detections
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distribution
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22 GHz water maser detections
~ 100 water masers
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2.5

Almost all associated with Seyfert 2 or LINER galaxies at z << 0.06.
Most distant and luminous water maser at z = 0.66 (type 2 quasar; L ~ 23 000 L⨀)

lensed detection at z = 2.6!
first detection was a z = 2.3 lensed system!

Figure 2: Left: Discovery history of high–redshift (z>1) line detections. The
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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.
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ABSTRACT

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

compute
magnification

cosmological
parameters
lensed (magn > 2) catalogue
&
lensed data cubes

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.

source models

disk
bulge
DM halo
total

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)

example HI disk at z~0.5, 200 kHz channels

200 kHz channel maps
(HST resolution)

unlensed

lensed

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

high magnification narrow channels

lensed HI predictions for future HI surveys

Survey
CHILES
LADUMA
DINGO-UD
DINGO-D
SKA1-Deep
SKA1-MedDeep
SKA1-Wide

⌦
deg2
0.25
0.60
60
150
100
1,000
10,000

100kHz

zmax

Ndetect

z̄detect

0.45
1.45
0.43
0.26
3.06
3.06
3.06

< 0.1
20 (47)
3 (8)
1 (2)
2,880 (7,265)
2,480 (7,193)
2,667 (7,467)

0.35
0.96
0.30
0.16
1.26
1.19
0.93

µJy/b
20
8
38
85
10
33
100

Table 1. Predictions for the number of H I-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),

lensed HI opportunities with
MeerKAT
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The SKA era is set to revolutionize our understanding of neutral hydrogen (H I) in individual
galaxies out to redshifts of z ⇠ 0.8; and in the z > 6 intergalactic medium through the detection
and imaging of cosmic reionization. Direct H I number density constraints will, nonetheless, remain relatively weak out to cosmic noon (z ⇠ 2) - the epoch of peak star formation and black
hole accretion - and beyond. However, as was demonstrated from the 1990s with molecular line
observations, this can be overcome by utilising the natural amplification afforded by strong gravitational lensing, which results in an effective increase in integration time by a factor of µ 2 for an
unresolved source. Here we outline how a dedicated lensed H I survey will leverage MeerKAT’s
high sensitivity, frequency coverage, large instantaneous bandwidth, and high dynamic range
imaging to enable a lasting legacy of high-redshift H I emission detections well into the SKA era.
This survey will not only provide high-impact, rapid-turnaround MeerKAT science commissioning results, but also unveil Milky Way-like systems towards cosmic noon which is not possible
with any other SKA precursors/pathfinders. An ambitious lensed H I survey will therefore make
a significant impact from MeerKAT commissioning all the way through to the full SKA era, and
provide a more complete picture of the H I history of the Universe.

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)

what do lenses offer?

•

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
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high-z HI emission with MeerKAT

a tiered observing strategy to be undertaken with SKA1MID to address many extragalactic H i science cases, consisting 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, integration 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 discussion within the H i SWG of the three tiers will come at a
later date, when the technical specifications of the SKA1MID 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 evolution 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
z = 1.45
resulting
from the three Fiducial H i survey tiers. Increasing
the integration time to 4000 hours per tier, to be consistent
Figure 35
proposed
surveys
discussed
improves
the
Evolutionwith
withthe
redshift
of the
volume
densitybelow,
of black
hole accretion
rate (
Figure 2. The coverage in the redshift–MHI plane for LADUMA
Maddox+2016
Kormendy
&
Ho
2013
sensitivity
by
a
factor
of
two,
but
the
general
features
remain
(red contours, with ‘L’ label) and MIGHTEE (greyscale contours,
scaled up by a factor of 5000. This closely tracks the evolution of co
unchanged.
with ‘M’ label). The parameter space is divided into cells of width
compiled by Hopkins
(2004; orange points) and by Bouwens et al. (2012
A critical aspect missing from the H i SWG observing
0.01 in redshift and 0.1 in Log(MHI ). The contour levels for both
fromis Aird
et al. (2010).
surveys are the same, surrounding regions of parameter spaceand
con- updated
strategy
the possibility
of observing commensally, in par-

stacking
&
lensing

H2-to-HI mass ratio at z > 1
OBRESCHKOW & RAWLINGS

Vol. 696

(a) HI

•

•

to measure H2-to-HI ratio towards
peak cosmic star formation peak,
will need direct detections of HI
important synergy with ALMA, and
Figure 1. MFs of H i and H2 . Lines show the simulation results at z = 0 (solid),
towards
SKA1-mid
z =lasting
2 (dashed), z legacy
= 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 Nbody simulation within the ΛCDM cosmology of ∼1010 grav-
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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).
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The points represent observations described in Section 4.

3. RESULTS
3.1. Predicted Evolution of H i and H2

the number of SMGs seen at bright flux densities
than would be expected on the basis of our knowledge 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 foreground 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 Galactic Nuclei (AGNs) (18); however, both of these
are easily identified, and therefore removed, in
relatively shallow optical and radio surveys. Therefore, 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 gravitational 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 timeeffective 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 observed in the submillimeter to produce a statistically significant sample of strongly lensed objects
and a minimal contamination from unlensed galaxies. 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 surveys 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 by Herschel. H-ATLAS uses the Spectral 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

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 Array 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 instrumental and source confusion noise and corresponds to ∼7 to 9 mJy/beam.

maximize the number of strongly lensed highredshift 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 100 mJy. Ancillary data in the field
revealed that six of these objects are contaminants, four are spiral galaxies with spectroscopic 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

efficient lens selection with steep luminosity functions
Fig. 1. Selection of gravitational lenses at submillimeter wavelengths.
The 500-mm source counts
consist of three different
populations (14): highredshift SMGs; lower redshift late type (starburst
plus normal spiral) galaxies; and radio sources
powered by active galactic nuclei. Strongly lensed
SMGs dominate over unlensed SMGs at very bright
fluxes, where the count
of unlensed SMGs falls
off dramatically (yellow
shaded region). The data
points are from H-ATLAS
(31).

•

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

•

steep gradient at high end enables highly
efficient selection

Predictions for future surveys

•

Negrello+2010
1. Photometric and spectroscopic redshifts of the five lens candidates. Spectroscopic redshifts were
similar opportunity for HI, but even betterTable
derived from optical lines for the lens [z
] and from CO lines for the background source [z
].
Photometric redshifts are based on UV/optical/NIR photometry for the lens [z
] and H-ATLAS plus
Lenses
SMA and MAMBO photometry for the background source [z
; using the photometric
given that redshiftSurvey
is known
zmax
redshift code of (36, 37)]. The quoted errors on the redshifts correspond to a 68% confidence interval (CI).
(opt)
spec

S/N>5 (3)

•

no other strong
and 1420 MHz

Chiles
emission

lines

Dingo-Deep

Dingo-UDeep

zphot(sub−mm/millimeter)

zspec(CO)

0.679 T 0.057

−
0.7932 T 0.0012†
0.77 T 0.13 0.9435 T 0.0009†
0.334 T 0.016 0.2999 T 0.0002‡

1.4−0.4+0.3
1.9−0.3 +0.4
2.0−0.3+0.4
2.9−0.3+0.2

0.239 T 0.021 0.2201 T 0.002¶

2.6−0.2+0.4

1.577 T 0.008*
1.786 T 0.005*
0.942 T 0.004 and 2.308 T 0.011*
3.037 T 0.010*
3.042 T 0.001§‖
2.625 T 0.001§
2.6260 T 0.0003‖

SDP ID

zphot(opt)

0.50
<<1
between
580
11
0.72 T 0.16
0.29
0.43

9

17
81

~1130(2)

1.45

zspec(opt)

1000x

*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).

~2 (3)
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SKA1-Deep

0.50

37 (65)

(one possible) MeerKAT lensed HI strategy

20 known galaxy-galaxy lenses

5 clusters for 50 hours (UHF band)

(0.4 < z < 1.4, detections in 10-50 hours)

1 cluster for 250 hours (UHF band)

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

respectively (C.D. Fassnacht 2009, private communication). The Sloan Digital Sky
SS) Quasar Lens Search (SQLS) identified 28 galaxy-scale multiply-imaged quasars
multicolor imaging data to sift through the spectroscopic quasar sample (Oguri et al.
. All source redshifts are available, while deflector redshifts are available for 15 systems.
Lens Advanced Camera (for) Surveys (SLACS) survey (Bolton et al. 2006) is an optical
d on spectroscopic preselection from SDSS data and imaging confirmation with the
e Telescope (HST). SLACS discovered 85 galaxies acting as strong lenses (plus an
3 probable lenses; Auger et al. 2009). Source and deflector redshifts are available for
Finally, twenty secure galaxy-scale lens systems were discovered by visual inspection
. 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

•

zHI ~< 4

•

(A/Tsys) ~ 300 m2/K

•

(A/Tsys) ~ 2000 m2/K

•

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

•

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

•

angular resolution ~10”

•

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

FAST beam

magnification map, z = 1
3

magnification map, z = 2
30

300

FAST beam
MeerKAT PSF

MACS J0707
van Weeren et al. (2016)

high impact early science
(c.f. ALMA/SPT, Herschel)
Hezaveh+2016

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

Vieira+ 2013, Nature

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, rapidturnaround 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

