
EXTRA-GALACTIC WORKING GROUP PRELIMINARY
VLASS SURVEY DEFINITION

Below is a proposal for VLASS to be conducted as a three-tiered survey, using as a baseline the white
papers by Jarvis (for the DEEP component, also Wang and Hales), Richards and Myers (for the WIDE and
ALL-SKY components), with further considerations for polarization (Mao) and transients (Hallinan). Each
component would take of order 3000 hours—too long for the general proposal process, but not so long that
they cannot be completed on a competitive timescale. The ALL-SKY tier would sample to ∼ 100µJy rms
over 23,500–34,000 deg2, the WIDE tier would reach ∼ 30µJy rms over ∼ 3600 deg2, and the DEEP tier
would sample to ∼ 2µJy over ∼ 10 deg2—all at a resolution higher than that afforded by the upcoming
EMU/Wodan1 programs.

Tier 1: All Sky
• Science Case:

Multi-wavelength astronomical research has become much more common in recent years as new facil-
ities open up new parts of the electromagnetic spectrum to the community. For the Chandra X-ray
and Spitzer infrared observatories, science-ready data products—abetted by grants that accompany
observing time—have facilitated the conversion (or at least assimilation) of optical astronomers into
these formerly insular fields. In the radio this has been more difficult, probably due both to the lack of
user grants for NRAO facilities and also to the challenging nature of interferometric data processing.
However, the FIRST and NVSS surveys have had great success in broadening the community that uses
radio data by providing ready access to radio images and catalogs for those astronomers that would
never have submitted their own proposals for radio observations. These surveys can be considered as
a sort of “virtual” VLA. The FIRST catalog is heavily utilized; it is accessed through many online
systems, and over the past year, complete versions of the catalog have been downloaded more than
1000 times. In addition, the FIRST cutout server (http://third.ucllnl.org) delivers on average more
than 12,000 image cutouts every day to users around the world. Every week the FIRST cutout server
distributes snapshots with a total exposure time equal to the entire 4000 hours invested in the FIRST
survey! The time spent on surveys with widely usable data products is clearly repaid many fold.

It is in this light that we propose that one facet of VLASS should be an all-sky2 survey that will
have broad utility to the whole astronomical community. The primary driver for this survey is to
create a set of legacy products that can be used for a very broad range of science by the entire
astronomical community. The results will impact all areas of astronomy. The 1700 papers citing the
FIRST survey cover the expected topics such as AGN and star-forming galaxies. But they also include
many hundreds of papers on binary stars, neutron stars, X-rays sources, diffuse gamma-ray emission,
gravitational lensing, galaxy clusters, the intergalactic medium and many other topics. And the FIRST
survey did not even cover the Galactic plane, which is a rich source of radio science. Certainly the
VLASS all-sky survey will become a top-level resource for almost every area of astronomy.

This tier of observations will provide an all-sky survey at unprecedented combination of resolution and
sensitivity. This tier will cover the same sky as NVSS, but with an rms of 100 µJy/beam it will be
∼3 times more sensitive than the NVSS (and roughly as sensitive as FIRST) to sources with ν−0.7

radio spectra. Most importantly, the synthesized beam will have a FWHM of 2.7 arcsec, ∼15 times
smaller than the NVSS (more than 250 times smaller in area) and ∼ 2 times smaller than the FIRST
beam, allowing radio sources to be confidently identified with optical and infrared counterparts at faint
magnitudes. Many extragalactic sources will be resolved, enabling studies of the spatial distribution
of the intensity and polarization. The main value of this survey comes from its high resolution and
accurate positions, which enable secure IDs both among the dense populations of faint galaxies and
rare objects such as high-redshift quasars that are buried in the mass of faint red stars.

The entire sky down to −30◦ declination has been covered by the Pan-STARRS survey, which is
producing catalogs deeper than SDSS and which will be publicly released through the STScI archive

1Acronyms are defined at the end of the document.
2Here we use “all-sky” as a shorthand for the entire sky area observable by the JVLA, i.e., declination > −40◦.
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in 2015. So we can guarantee that the whole VLASS all-sky survey will be utilized for science as soon
as it is available, just as FIRST+SDSS has been a powerful combination. But this new survey will
also have positions that are sufficient for matching to the next generation of deep surveys including
DES and LSST. Note that is not the case for the SKA-precursor surveys such as WODAN. While
WODAN is planned to cover the northern sky with very deep observations, its synthesized beam of
15′′ × 17′′ covers 35 times the area of the JVLA S-band B-configuration beam. It is often argued that
high signal-to-noise observations will make the positions accurate enough for optical identifications of
brighter radio sources in these low-resolution surveys. However, high SNR observations only improve
the accuracy which which the centroid of the radio flux is known, yet the flux-weighted centroid is
not necessarily the location of the optical counterpart. Only high-resolution observations can identify
which component of an extended radio source matches an optical counterpart. Comparisons of FIRST
and NVSS positions show that it is necessary to use large error circles to find optical counterparts to
NVSS sources even when the sources have SNRs of 100 or greater. So our expectation is that lower-
resolution surveys like WODAN will be unsuitable for much of the multi-wavelength science that will
be the bread and butter of the all-sky tier of the VLASS. This survey will have a long, useful, and
heavily used lifetime.

Other science: Enables stacking studies (also applies to WIDE).

As yet unresolved: Debate over S vs. L has largely settled on S despite not being as sensitive as L
to the typical source population. There is still some debate over B vs. A (and even some in favor of
lower resolution), with B affording “good enough” resolution without over-resolving extended source,
with some preferring the highest resolution possible to better distinguish VLASS ALL-SKY from
EMU/Wodan. The final area is very sensitive to the conclusion of this debate as the highest resolution
beam below dec=-10 and above dec=+78 is BnA. This suggests that a truly “all sky” proposal would
have to be B. If A array were preferred, it would restrict the area covered, which would strongly
limit overlap with the LSST, DES, and HSC footprints. Two epochs in A/C was rejected (modulo
further study) due to the difficulty of combining the observations, but a hybrid A/B/C configuration
was discussed. It was also argued that an effective ALL-SKY component would be to simply “finish”
FIRST.

• Technical Requirements:

Parameter Requirement Science Goal

Area 23,500–34,000 deg2 All sky survey
for broad community use

Cadence 1 epoch
Baseline for future
transient surveys

Frequency S-band (3 GHz)
Bandwidth 2− 4 GHz Good rms Sensitivity

Point Source Sensitivity (1σ) 100µJy bm−1

TB Sensitivity (1σ) 2 K/19 K

Resolution 2.′′0, 0.′′9

Highest resolution
possible;

to resolve galaxies from
deep optical surveys;
limited by southern

extent
Configurations B?, A? (or Custom)

Full Polarization Yes
Total Time: ∼2600 hr (based on Myers white paper, 34,000 deg2, and 25% overhead )
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Tier 2: Wide
• Science Case:

We can think of the ALL-SKY component of VLASS as finishing the FIRST survey and providing a
legacy high-resolution data set that will last through the LSST era. However, in many ways, FIRST
was just the tip of the iceberg (and NVSS was a factor of 2.5 less sensitive than FIRST). Simply
completing the FIRST survey would fail to capitalize on our knowledge of the bright radio population
and extend it to fainter limits. While the DEEP component of VLASS will probe to far greater depths
(as much as a factor of 50) and includes enough area to mitigate against “cosmic variance”, it will
necessarily not survey enough area to produce statistically significant samples of those rare sources
with low space densities, but high intrinsic value.

Ideally we would simply run ALL-SKY even to greater depth (and possibly with more epochs for time-
domain investigations), but the existing multi-wavelength photometry doesn’t support such a strategy.
It is more efficient to concentrate the added depth where is is most needed. In the long run that will
be the LSST area (with a co-added depth of i = 26.8) and these data will serve an important legacy
value in combination with LSST. However, in the more immediate future, the Dark Energy Survey
(DES) and Hyper-Suprime Cam (HSC) serve as better guides with depths of i = 25.3 and i = 25.9,
respectively—an order of magnitude deeper than Pan-STARRS.

It is for these fields that the high resolution afforded by JVLA is most needed. At the limits of the DES,
HSC, and LSST surveys there are 5, 8, and 14 galaxies in an ASKAP beam—nevermind the number
of stars. As we argued for the ALL-SKY component, the higher S/N observations of EMU/Wodan
will not mitigate this source density when it comes to associating optical and radio sources. B-array
observations in the S-band provides sufficient resolution to bring these numbers down to < 1 in the
JVLA beam without unnecessarily over-resolving extended radio sources.

Thus while the ALL-SKY tier provides the broadest sky coverage to maximize public utility, and
the DEEP tier will probe the faintest radio sources in those regions with ultra-deep multi-wavelength
imaging, those two tiers alone leave a gaping hole in the VLASS program. As such we propose a middle
tier where a fraction of the sky be covered to ∼ 30µJy, or roughly 5× deeper than FIRST, concentrating
on the DES and HSC footprints. This would allow the detection of a statistically significant number
of objects in source populations that are only moderately fainter than the FIRST detection limit.

All of the science enabled by the ALL-SKY tier would be strengthened by the WIDE component. For
example, in terms of AGN/quasars, the science case is particularly clear. To start with, the FIRST
survey detects barely 10% of SDSS quasars, allowing only stacking analyses for the vast majority of
sources. That is a real problem as only about 10% of quasars are formally “radio-loud”, leaving us
with a very biased view of the radio properties of quasars. By extending the VLASS depth to 30µJy
that fraction would increase to ∼25%, which would crucially allow the detection of radio-quiet (but
not radio-silent!) quasars that FIRST generally does not probe. Indeed, FIRST is only sensitive to
radio-loud SDSS quasars with i < 18.9 and z < 2.0. By probing to both fainter limits and over a
wide area, we will collect enough radio data on the high-redshift population to resolve the controversy
regarding the redshift and luminosity evolution of quasars. Until we can move from the realm of object
stacking to object detection for a significant number of high-redshift objects, the detailed physics that
produces strong radio jets in some objects and not others will elude us.

WIDE need not cover the same area as FIRST, but it should be a significant fraction of the uniformly
spectroscopically targeted area of SDSS, which is about 6200 deg2. A survey covering the HSC and
DES wide fields amounts to about 3600 deg2, which would enable, for example, detection of significant
numbers of z > 5 quasars. However, high resolution also important at these depths given the increase
in both the AGN fraction among galaxies and also the radio-loud fraction of AGNs with decreasing
luminosity.

The proposed WIDE tier parameters would also enable a number of other unique aspects to VLASS.
WIDE observations can become an integral part of HST and DESI spectroscopy. The breadth of the S-
band, coupled with the depth and area of the survey would enable robust spectral index measurements
(good to δα ± 0.1) for a significant number of objects (down to ∼ 2 mJy). This would enable, for
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example, AGN orientation measures necessary for a host of science investigations. In terms of time-
domain science, the deeper limit of WIDE (as compared to ALL-SKY) affords more economical splitting
into multiple epochs (to be determined), whereas the exposure time for ALL-SKY is too short to
consider repeat scans. Finally, polarization studies will benefit from the combination of high resolution,
depth and area.

As yet unresolved: As with ALL-SKY the issue of S vs. L has largely come down in favor of S. This
appears to allow the broadest science and has the added benefit of providing broader frequency coverage
for the DEEP fields if they are included in the WIDE footprint as well. As with ALL-SKY, the choice
of B array or A array is not entirely clear. However, the proposed depth of WIDE is guided by a desire
to match to deep optical surveys such as DES, HSC, and LSST. This biases the fields southward,
which argues in favor of B array since BnA affords the highest resolution with a reasonably symmetric
beam for the areas south of Dec=-10. If A is really more desirable, then the footprint will have to be
drastically reconsidered. Either way satellite IF could be an issue for some of the key DES/HSC area.
The depth should allow multiple epochs more efficiently than for the ALL-SKY tier (if the additional
overhead is not too burdensome), but could be accomplished in 1 epoch as well.

• Technical Requirements:

Parameter Requirement Science Goal

Area ∼3600 deg2 Cover DES & HSC
footprints

Frequency S-band (3 GHz)

Bandwidth 2− 4 GHz
Spectral indices for

bright objects

Cadence 1-4 epochs?

Time-domain science
such as AGN variability

radio SN, extreme
scattering events

Point Source Sensitivity (1σ) S-band: 30µJy bm−1 (combined)
Sensitive to sources

undetected by FIRST
TB Sensitivity (1σ) S-band: 540 mK/6K (B/A-array)

Resolution S-band: 2.′′0

Configurations B/BnA, A?

Highest resolution
possible;

limited by southern
extent

Full Polarization Yes
Time: ∼3025 hr (single epoch, higher for multiple due to added overhead)
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Tier 3: Deep
• Science Case:

One of the fundamental challenges for astrophysics in the 21st century is finding a way to untangle
the physical processes that govern galaxy formation and evolution. Given the importance and scope
of this problem, the multi-wavelength astronomical community has used the past decade to build up
a wealth of information over specific extragalactic deep fields to specifically address key questions in
galaxy formation and evolution. These fields generally cover at least 10 square degrees to facilitate the
investigation of the rarest, typically most massive, galaxies and AGN. Furthermore, such areal coverage
allows the environments to be fully accounted for, thereby linking the single halo to the two-halo terms
in the halo occupation distribution. Surveys at radio wavelengths have begun to lag behind those at
other wavelengths. However, the survey speed offered by the JVLA means that we can reached a point
where we can finally begin to obtain commensurate data at radio wavelengths to those which already
exists from the X-ray through to the far-infrared over ∼ 10 square degrees.

We therefore present the case for a 10 square degree survey to ∼ 2µJy at L-band in A- and B-Array,
requiring ∼ 3000 hours to provide census of star-formation and AGN-accretion activity in the Universe
(see Jarvis et al., 2014, arXiv1401.4018 and Hales, 2013, arXiv1312.4602; VLASS White Papers). For
example, the observations will allow galaxies forming stars at ∼ 10 M� yr−1 to be detected out to z ∼ 1
and luminous infrared galaxies (> 500 M� yr−1) to be found out to z ∼ 6. Furthermore, the survey
area ensures that we will have enough cosmic volume to find these rare sources at all epochs. The
bandwidth will allow us to determine the polarization properties galaxies in the high-redshift Universe
as a function of stellar mass, morphology and redshift. Conducting the a survey at L-band ensures
the highest sensitivity for detecting extragalactic radio sources due to the typical spectral index of
extragalactic radio sources (Sν ∝ ν−0.7), even with the reduced effective bandwidth of 40 per cent
due to RFI, compared to S-band, over such an area. We plan a strategy incorporating both A and
B-array data to ensure sensitivity to all spatial scales for the vast majority of extragalactic sources at
this depth, while ensuring that we stay above the expected confusion noise. This also offers the unique
opportunity to conduct a world-leading weak lensing survey of such an area well before SKA Phase
1 (see e.g. Brown et al. arXiv1312.5618; VLASS white paper). We emphasise that the maximum
resolution offered by the SKA precursors in the 1-2GHz range is much poorer than possible with the
JVLA, ensuring that the deep survey tier cannot be surpassed for the vast majority of scientific uses
until well into the next decade.

An additional crucial aspect of carrying out this survey at L-band is that it could be carried out jointly
with a deep and wide HI-survey over fields which have similar amounts of spectroscopic and imaging
data as currently available to CHILES. Given the number of repeat observations, the survey will also
be ideal for extending the search for faint radio transients.

Given the existing and planned multi-wavelength efforts by the astronomical community, the survey
fields most appropriate for such a VLA effort are the XMMLSS field and the Extended Chandra Deep-
Field South, which when combined with the CHILES survey will provide around 10 square degrees of
radio continuum, polarization and spectral-line data over the best studied regions of the extragalactic
sky.

The deep tier observations will target the most well studied extragalactic deep fields, leveraging off of
the significant time investments (many 10s of thousand of hours) already put in by past/current/future
space- and ground- based observatories (e.g., GOODS, CANDELS, DES, HSC, VISTA, Spitzer, LSST
Deep Drilling, etc.). The depth of this tier will target galaxies forming stars at ≈50M� yr−1 at z = 1,
and when combined with the large ancillary data sets, will allow for detailed astrophysics to be carried
out with detected sources. Note, both COSMOS and the Frontier Fields will have already been imaged
to at least this depth, adding more area than currently proposed for in this tier.

As yet unresolved: Some would like to see DEEP extended to the ∼30 sq. deg. of the HSC area as it
will have unparalleled imaging depth and seeing until LSST and includes a spectroscopic component.
The baseline plan is to handle this by extending the WIDE program to cover these fields to enable
FIRST+SDSS-like spectroscopic targeting in the HSC Deep fields. As this would be in the S-band, it
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also resolves the controversy over S vs L-band since WIDE will be done in S. There is still some discus-
sion about which fields beyond XMMLSS and COSMOS (which are agreed upon although XMMLSS
may be problematic from the uv coverage and RFI point of view and COSMOS just needs to be taken
uniformly to the proposed depth). There are some technical issues relevant to E-CDFS which would
otherwise be a high priority.

• Technical Requirements:

Parameter Requirement Science Goal

Area 10 deg2

Existing deep fields
1st priority:

XMMLSS,COSMOS and
ECDFS

next: ELAIS-N1
Frequency L-band (1.5 GHz)
Bandwidth 1− 2 GHz

Cadence 5× 8-hour tracks each at 4.5µJy

logarithmically
separated for transient

detection and
monitoring

Point Source Sensitivity (1σ) 2µJy bm−1 SFR (5σ) of 10M� yr−1

at z = 1
TB Sensitivity (1σ) 0.64 K

Resolution 1.′′5 - 5.′′0
Resolve typical galaxies

at z &1

Configurations A & B
Combined sensitivity of
2µJy (∼ 2000 hrs in A
and ∼ 1000 hrs in B).

Full Polarization Yes
Spectral Line Yes

Total Time: ∼3000 hr
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Acronyms
ASKAP - The Australian Square Kilometer Array Pathfinder, a high-sensitivity radio telescope (700MHz
– 1.4GHz) with a ∼30 square degree field of view at 1.4GHz.

CANDELS - The Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey, a 900 orbit HST
WFC3/ACS imaging program over five key extragalactic fields (GOODS-N, GOODS-S, UDS, EGS, and
COSMOS).

CDFS - The Chandra Deep Field South, an extragalactic deep field at ∼3h RA and -27deg declination.

CHILES - The COSMOS HI Large Extragalactic Survey, a large 21cm VLA program in the COSMOS field
to study HI morphology as a function of location in the underlying large scale structure.

COSMOS - A 2 square degree equatorial deep field at ∼10h RA and +2deg declination originally defined
as an HST treasury project.

DES - The Dark Energy Survey, a five-band survey (g, r, i, z, and Y) of 5000 square degrees in the southern
sky (to i = 25.3) using a sensitive 570-Megapixel camera on the 4-m telescope at Cerro Tololo Inter-American
Observatory.

DESI - The Dark Energy Spectroscopic Instrument, formerly known as BigBOSS, is a 5000-fiber optical
spectrograph with a 3 square degree field of view which will start observations on the 4-m at KPNO in 2018.

E-CDFS - The Extended Chandra Deep Field South, an extragalactic deep field at ∼3h RA and -27deg
declination which includes the original CDFS.

EMU - A planned survey with ASKAP covering the entire Southern Sky (Dec < 20-30deg) to ∼10µJy rms
(10” resolution) at 20cm.

FIRST - Faint Images of the Radio Sky at Twenty-Centimeters, a 20cm VLA survey over 10,000 square
degrees in the North and South Galactic Caps with a resolution of 5” and a typical rms of 0.15mJy/beam.

GOODS - The Great Observatories Origins Deep Survey unites extremely deep observations from Spitzer,
Hubble, Chandra, Herschel, XMM-Newton (and etc.) in the Hubble Deep Field North and the CDFS.

HSC - Hyper-Suprime Cam, an ultra-wide-field camera on the 8.2-m Subaru telescope. The HSC deep
survey will image 28.7 square degrees in four fields (XMM-LSS, COSMOS, ELAIS-N1, DEEP2-3) to a limit
r∼27 with grizy + 3 narrow band filters, as well as an embedded 3.6 square degree ultradeep region to r∼28.

HST - The Hubble Space Telescope, a 2.4-meter aperture telescope in the near-UV, visible, and near-IR.

LSST - The Large Synoptic Survey Telescope, a 8.4-m, wide-field survey telescope which, using ∼1000 visits
in ten years, will produce a 6-band (0.3 – 1.1µm) survey over 20,000 square degrees of the southern sky.

NVSS - The NRAO VLA Sky Survey, a 20cm VLA survey with ∼45” resolution of the entire sky north of
-40deg declination to an rms of ∼0.45mJy/beam.

Pan-STARRS - The Panoramic Survey Telescope & Rapid Response System, an array of four 1.8-m tele-
scopes which will repeatedly survey the visible sky in 5 to 6 optical filters including g, r, i, z, and Y, and
will reach a 5σ depth of r∼24 in a single observation.

SDSS - The Sloan Digital Sky Survey, an imaging (u, g, r, i, and z) and spectroscopic survey of >14,000
square degrees using a dedicated 2.5-m telescope.
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SKA - The Square Kilometer Array, a large field of view, high-resolution, high-sensitivity radio telescope
(50MHz – 30 GHz) in Australia, New Zealand, and South Africa which is scheduled to begin in 2018 for
initial operations in 2020 and full operations in 2025.

VISTA - The Visible and Infrared Survey Telescope for Astronomy, a 4-m class wide field survey telescope
for the southern hemisphere equipped with broad band filters at Z, Y, J, H, Ks and a narrow band filter at
1.18µm.

WODAN - Westerbork Observations of the Deep APERTIF Northern-Sky, a proposed large-area survey
with Aperitif on Westerbork (15”×17” resolution). It and EMU combined will cover the whole sky at ∼1.4
GHz.

XMMLSS - The XMM-Newton Large Scale Structure Survey, covering 8×8 square degrees at ∼2h RA and
-7deg declination.
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