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In the past decade, our understanding of galaxy evolution has been
revolutionized by the discovery that luminous, dusty starburst
galaxies were 1,000 times more abundant in the early Universe than
at present'?. It has, however, been difficult to measure the complete
redshift distribution of these objects, especially at the highest red-
shifts (z> 4). Here we report a redshift survey at a wavelength of
three millimetres, targeting carbon monoxide line emission from
the star-forming molecular gas in the direction of extraordinarily
bright millimetre-wave-selected sources. High-resolution imaging
demonstrates that these sources are strongly gravitationally lensed
by foreground galaxies. We detect spectral lines in 23 out of 26
sources and multiple lines in 12 of those 23 sources, from which we
obtain robust, unambiguous redshifts. Atleast 10 of the sources are
found to lie at z> 4, indicating that the fraction of dusty starburst
galaxies at high redshifts is greater than previously thought.
Models of lens geometries in the sample indicate that the back-
ground objects are ultra-luminous infrared galaxies, powered by
extreme bursts of star formation.

We constructed a catalogue of high-redshift (z> 1) galaxy candi-
dates from the first 1,300 square degrees of the South Pole Telescope
(SPT)’ survey by selecting sources with dust-like spectral indexes in the
1.4 and 2.0 mm SPT bands®. A remarkable aspect of selecting sources
based on their flux at millimetre wavelengths is the so-called negative
k-correction®, whereby cosmological dimming is compensated by
the steeply rising dust spectrum as the source redshift increases. As a
result, a millimetre-wave-selected sample should draw from the red-
shift distribution of dusty starburst galaxies with little bias over the
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counterparts in the IRAS Faint Source Catalog® (typically z < 0.03)
were removed, and those with counterparts in the 843 MHz Sydney
University Molonglo Sky Survey” were removed to exclude sources
with strong synchrotron emission (for example, flat-spectrum radio
quasars) that may have passed the spectral index cut. A sample of 47
sources with 1.4-mm flux density >20m]y and accurate positions
were selected for high-resolution imaging with the Atacama Large
Millimeter/submillimeter Array (ALMA). Our ALMA spectroscopic
observations targeted a sample of 26 sources, all but two of which are in
the imaging sample (see Supplementary Information). These objects
are among the brightest dusty-spectrum sources in the z> 0.1 extra-
galactic sky at millimetre wavelengths.

Gravitationally lensed sources are expected to predominate in
samples of the very brightest dusty galaxies because of the rarity of
unlensed dusty starburst galaxies at these flux levels® *°. Massive ellip-
tical galaxies, acting as lenses, will have Einstein radii as large as 2" and
may magnify background galaxies by factors of 10 or more. To confirm
the lensing hypothesis and determine magnifications, we imaged
47 SPT sources with ALMA at 870 um in two array configurations,
which provide angular resolutions of 1.5" and 0.5" (full-width at half-
maximum). A sample of these objects with infrared imaging, spectro-
scopic redshifts and resolved structure is shown in Fig. 1. Integration
times of only one minute per source are adequate to show that most
sources are resolved into arcs or Einstein rings—hallmarks of gravi-
tational lensing. For all sources for which we have infrared and sub-
millimetre imaging, as well as spectroscopic redshifts, the emission
detected by ALMA coincides with massive foreground galaxies or
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SPT: 2 ALMA proposals accepted in cycle-0:

» |D: 2011.0.00958.S; Pl: Dan Marrone (Univ. of Arizona, USA)
“Imaging the brightest starbursts in the Universe”

Targets: 47 lens candidates with F >20mJy

1.4mm

» |D: 2011.0.00957.S; Pl: Axel Weiss (MPI, Germany)
“The ALMA-SPT Redshift Survey”’

Targets: 26 lens candidates with F >20mJy

1.4mm
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» Studying faint/high-z galaxies
(e.g. Swinbank et al. 2010, Mture)

» Measuring the mass profile of the lenses
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» Quantifing dark matter substructures in the lens
(e.g. Vegetti et al. 2012, Nature)

» Constraining cosmological parameters
(e.g. gri[fo et al. 2008)



Arc Seconds

REGULARIZED SEMILINEAR INVERSION METHOD (Warren & Dye 2033; Suyu et al. 2006)

source (input)

L lensed source (input)

1 b

reconstructed

reconstructed JL residuals

Arc Seconds

-1 2 1 0 -1
Arc Seconds

-2 1

0
Arc Seconds

-1 2 1 0 -1 =2 2 1 0 -1 =2
Arc Seconds Arc Seconds

no assumptions on

Pixelized source :> = Source light profile
* Number of clumps

Andrea Enia, Tesi magistrale 2015, UniPD









1 I I I I VT \ I ] I'_ I LA

\ (\1\-0) I(2-1 )
\ CO(5-4)CO{6-5) C{(7-6) .
120 |- CO(§-2) CO(4-3)

Spectroscopy
(Nov. 2011-Jan 2012):

0NNy  HE@OATH

(14-17 antennas)

! \ > Band-3: 84-116GHz
T ¢ ~3.5-2.6mm
Saoo - F: (=35 )
2 1 y » compact configuration
A

’” :
80 |- Slcofi-0  cordn » ~6” resolution
c
= | | > 10 minutes on-source
0 1 2 3 ; 5 6 7 a
=0 lines, zdesert =1 line, ambiguous z - = 2 lines, unambiguous z

Weiss et al. 2013, Ap], 767, 88
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ALMA cycle-o: project 2011.0.00476.S (P.l. Orellana)
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H-ATLAS in red
SPT in blue
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