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Abstract. The next generation Very Large Array (ngVLA) will have unprecedented
sensitivities and mapping speeds at 1.2 − 8 GHz. We discuss how the active galactic
nuclei (AGN) community can benefit from a wide-area, medium depth ngVLA survey.
We propose a 10 deg2 survey in the Stripe 82 field using the 8 GHz band with an rms
depth of 1 µJy beam−1 . We will detect ∼130,000 galaxies, including radio-quiet AGN
out to z ∼ 7. We can measure the luminosity and space density evolution of radio-quiet
and radio-loud AGN. We can also measure AGN evolution through clustering of both
populations using cross-correlation functions. A wide area ngVLA survey will benefit
from existing multiwavelength AGN populations, particularly in the Stripe 82 field, as
well as new information from next-generation optical and infrared survey instruments
such as LSST and WFIRST.

1.

Introduction

Likely every massive galaxy has a supermassive black hole at its center, and this black
hole is predicted to have a regulatory eﬀect on the buildup of stellar mass due to the
tight relationship between stellar mass and black hole mass (e.g., Magorrian et al. 1998)
On a cosmic scale, the star formation rate density (SFRD) peaks at z ∼ 1 − 3, and
this is an epoch where the black hole accretion rate density peaks as well (Madau &
Dickinson 2014), although how much of this stellar and black hole mass assembly is
occurring within the same galaxies is currently unknown. Probing stellar and black
hole mass assembly within similar populations requires wide-area deep surveys, due
to the necessity of detecting faint star formation and black hole accretion. Futhermore,
studying the large-scale environments and clustering properties of active galactic nuclei
(AGN; the phase in which the central black hole is actively accreting) and quasars
can elucidate their co-evolution with their host galaxies as well as their greater role in
galaxy evolution.
The next generation of radio telescopes (ngVLA and SKA) will enable very deep
radio surveys, allowing astronomers to detect all AGN, not only the tiny fraction of
classical radio-loud AGN, where the radio emission is due to large scale jets. The
639
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current picture of radio emission emanating from AGN is that there are two populations:
radiatively eﬃcient AGN (quasars/Seyferts) and radiatively ineﬃcient AGN.
Radiatively ineﬃcient AGN (accretion rates <1%) are mainly radio-loud (RL), and
in the local universe are typically associated with massive early-type galaxies. Radiomode feedback (so-called “maintenance mode”) is observed in these massive red systems. The enhanced radio emission can be used to calculate the mechanical energy
output into the intergalactic medium (Willott et al. 1999), which is observed to heat the
centers of clusters and likely serves as the key mechanism that prevents star formation.
A common approach to constraining the importance of radio-mode feedback has been
to measure the evolution of the luminosity density of RL AGN, assuming that the evolving luminosity functions directly trace the evolving kinetic energy output (Smolčić et
al. 2017). Currently unknown is how much maintenance mode feedback could arise
from radio-quiet (RQ) AGN through sub-kpc jets. This is particularly relevant at z > 2,
where the RQ AGN luminosity function dominates over RL AGN (Smolčić et al. 2017).
Radiatively eﬃcient AGN are a more enigmatic population. They are mainly RQ
(L1.4 GHz < 1024 W/Hz) quasars and Seyferts (only 10% of quasars/Seyferts are RL),
so the radio emission may come entirely from star formation. Typically, they are AGN
identified at other wavelengths and then followed up with radio observations. However,
30% of radio-selected RQ AGN have a radio excess (that is a brighter radio flux than
would be expected from the standard far-IR/radio correlation), raising the question of
whether small-scale radio jets can contribute to the emission of RQ AGN1 (Delvecchio
et al. 2017; Smolčić et al. 2017). The radio emission is commonly used to calculate
the star formation rate (SFR) in RQ AGN, while AGN emission is seen to contaminate
other wavelengths. The radio spectral slope in RQ AGN may diﬀer non-negligibly
from star forming galaxies (SFGs), so that a correction is required before converting
to an SFR. Relatively little is known about the RQ population, due to the necessity of
a deep and wide survey, high angular resolution to separate the AGN from the host,
and diﬀering AGN selection techniques. Here, we outline how ngVLA capabilities can
accomplish such a survey in 200 hrs, and what the benefit will be.

2. Radio Surveys: Past and Future
Building up statistical samples of AGN requires large-area surveys, since AGN are
bright but rare. The VLA FIRST survey covered 10,000 deg2 at 20 cm at a resolution
of 5′′ and an rms of 0.15 mJy beam−1 . From this survey, strong radio emission was
used to find a population of extremely dust-reddened quasars, predicted to be an early
evolutionary stage before feedback from the AGN blows out the majority of a galaxy’s
dust (Glikman et al. 2007; Urrutia et al. 2009). The wide area also allowed the detection
of a z ∼ 6 radio-loud quasar, demonstrating how rare these objects are (Zeimann et al.
2011).
Currently, the VLA Sky Survey (VLASS) is imaging the entire sky visible to the
VLA at 2-4 GHz at a resolution of 2.5′′ down to an rms of 69 µJy beam−1 . This all
sky survey is well suited to probing how radio emission might be heating the cores of

1

Another possibility for the origin of the radio emission in RQ AGN is shocks associated with quasardriven winds (Zakamska et al. 2014).
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clusters through combination with X-ray all sky surveys from ROSAT, which trace hot
gas in clusters.
MIGHTEE is a wide-area survey currently being planned with MeerKAT (the precursor to SKA), which will survey 20 deg2 down to µJy beam−1 sensitivities (Jarvis et
al. 2017). A survey of this size is designed to detect the environments of low-power radio AGN (L < 1024 W Hz−1 ), which are experiencing radiatively ineﬃcient accretion,
in contrast with RQ AGN (Best & Heckman 2012).
The high sensitivity and angular resolution of the ngVLA will capture emission
from AGN in an extinction-free manner at the peak epoch of cosmic assembly. The
ngVLA will have 6 receivers spanning 1.2 - 116 GHz, maximum baselines of up to
1000 km, and sub-arcsecond resolution. Current and past radio surveys, including
MeerKAT, are limited to ∼5′′ resolution, and SKA Phase-I is expected to have resolutions of 0.′′ 5 − 1′′ . The unprecedented resolution of the ngVLA will greatly enhance
our ability to distinguish high surface brightness AGN emission from jets, and to spatially isolate AGN cores from lower surface brightness emission from star formation,
which is critical for identifying low-power radio AGN and for calculating SFR. The
bands are wide enough (the 8 GHz band spans 3.5 − 12.3 GHz) that we will be able to
separate the flat spectrum of AGN cores from extended steep spectrum emission from
star formation or jets. We describe the details of an ngVLA survey below as well as
outlining two science use cases – mass assembly and clustering.
2.1.

A 10 deg2 , 1 µJy ngVLA Survey

The 8 GHz receiver is optimal for a wide-field survey due to its 7.′ 3 field of view and
sub-arcsecond resolution (∼0.′′ 3 with a 36 km baseline). The dust continuum does
not contaminate 8 GHz observations until z > 8 making synchrotron emission from
radio-loud AGN easily distinguishable from star forming galaxies (SFGs). For a 10square-degree survey at 8 GHz tapered to a resolution of 0.′′ 1 with a 1σ depth of 1 µJy
beam−1 (given the current ngVLA reference design2 , we estimate an integration time
of ≈200 hrs, not including overheads), we will be able to detect L∗ SFGs at z < 3
(Figure 1a). We calculate L∗ using an evolving IR luminosity function (Gruppioni et
al. 2013) as this is better constrained than radio L∗ evolution (Padovani et al. 2011).
We use M 82, a standard SFG, to calculate the predicted radio emission, as the radio to
far-IR ratio is consistent for SFGs and RQ AGN (Padovani et al. 2011). RL AGN will
dominate the survey at S ν > 500 µJy (Bonzini et al. 2013). Figure 1b illustrates the
depth of our proposed ngVLA survey in the context of current and future radio surveys.
The ngVLA wide survey (10 deg2 ) nicely complements the deeper but narrower SKA
surveys planned for SKA Band 5 (1 and 0.008 deg2 respectively), that will have similar
angular resolution.
2.2.

The Case for Stripe 82

The Sloan Digital Sky Survey (SDSS, York et al. 2000; Abazajian et al. 2009; Eisenstein et al. 2011; Dawson et al. 2013; Alam et al. 2015) Stripe 82 field is a natural
choice for a 10 deg2 legacy survey. 15 deg2 of Stripe 82 has contiguous Chandra or
XMM-Newton coverage (LaMassa et al. 2016), detecting all the brightest X-ray sources
(LX > 1044 erg s−1 ), which are the sources most likely to be radio-loud. Stripe 82 has
2
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Figure 1. (Left:) An L∗ SFG (represented by M 82) at z = 0.5 (solid line), z = 1
(dotted line), z = 2 (dashed line), and z = 3 (dot-dashed line). The ngVLA 8 GHz
band is shaded in orange. The 1 µJy beam−1 rms limit (orange bar) corresponds
to an L∗ galaxy at z = 3. We illustrate the flux limits of other Stripe 82 surveys:
FIRST (red), VLASS (pink), it Herschel (chartreuse), SHELA IRAC (aquamarine),
and HSC (purple). (Right:) 5σ flux limit vs. frequency for ngVLA in comparison
with existing and planned surveys. LOFAR, VLASS, and SKA1 reference surveys
are highlighted in blue, orange and red respectively. Diﬀerent symbols refer to different survey coverage: all-sky (filled circles); wide tiers (filled triangles); deep tiers
(asterisks); ultra deep tiers (starred symbols). The red and blue dashed lines indicate
a slope of ν−1 for diﬀerent 1.4 GHz fluxes.

extensive overlapping multiwavelength coverage, in particular the Spitzer SPIeS (Timlin et al. 2016) and SHELA (Papovich et al. 2016) surveys, Herschel SPIRE (Viero
et al. 2014), Subaru HyperSuprimeCam (HSC; Miyazaki et al. 2018), as well as VLA
FIRST (Becker et al. 1995) and VLASS (Hales 2013). We illustrate the various flux
density limits in Figure 1.
2.3.

Expected Number of Sources

We calculate the expected number of sources in a 1 µJy beam−1 , 10 deg2 survey
by extrapolating from the JVLA-COSMOS 3 GHz survey. JVLA-COSMOS covered
1.77 deg2 with a uniform rms noise of 2.3 µJy beam−1 . The final catalog consists of
10,830 sources detected with signal-to-noise ratio (S/N) >5. Novak et al. (2017) calculate 1.4 GHz luminosity functions out to z ∼ 5 for SFGs3 , and Smolčić et al. (2017)
does the same for radio excess AGN. Both works assume an α = −0.7 to convert from
3 GHz to 1.4 GHz.
The number of sources in a given spherical shell volume is
N = Φ(L, z)

3

dVc
Ω ∆z ∆ log L
dz dΩ

(1)

In this subsection, we follow the convention in Novak et al. (2017) and use the term SFG to mean any
source where the radio emission arises primarily from star formation. In practice, this can consist of SFGs
and RQ AGN.
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We extrapolate Φ(L, z) for AGN and SFGs to the proposed area and flux limit of our
survey, setting a detection threshold at S/N>3. We use α = −0.7 to convert between
1.4 GHz and 8 GHz luminosities. We anticipate observing 112,000 SFGs and 18,000
AGN, for a total of 130,000 sources.
3. Luminosity Evolution of all AGN out to z ∼ 7
To date, the best constraints on the evolving radio luminosity function come from deep
observations in the COSMOS field (Smolčić et al. 2017; Novak et al. 2017) and CDFS
field (Padovani et al. 2011). Both surveys are hampered by small number statistics,
particularly at z > 3, owing to the relatively small survey areas. Although JVLACOSMOS covers 2.6 deg2 , only 1.77 deg2 contains optical/NIR counterparts (Laigle et
al. 2016), which are needed to measure redshifts and identify AGN.
Our significantly wider field will greatly improve number statistics at high redshift. We will detect ∼300 RL AGN at z > 3.3, an order of magnitude more than
JVLA-COSMOS. For SFGs, JVLA-COSMOS reached a limiting redshift of z ∼ 5.7.
Our 10 deg2 survey will detect ∼60 SFGs at z > 5.7, with 4 of those being at z > 6.8,
enabling us to constrain the high-z radio luminosity function. The luminosity density
describes how the radio population has evolved over cosmic time. For SFGs, this luminosity density translates directly to a star formation rate density (SFRD; e.g., Yun et al.
2001; Murphy et al. 2011). For RL AGN, it corresponds to a mechanical energy output
arising from feedback (Willott et al. 1999). We predict the luminosity density evolution
observed with an ngVLA survey by assuming SFGs and AGN follow a pure luminosity
evolution:
"
!
L
(2)
Φ[L, z] = Φ0
(1 + z)αL +z βL
We fit for αL and βL using our extrapolated SFG and AGN luminosity functions (see
§2.3). We then integrate Φ(L, z) to obtain the luminosity density (Figure 2).
For RL AGN, a wider field may not allow us to detect significantly higher redshift
AGN than what have already been found due to the evolution of their space density.
Smolčić et al. (2017) predict that the space density (and corresponding luminosity density) falls oﬀ significantly at z > 3, hampering their detectability even in wide fields.
However, the luminosity and density evolution of RL AGN is still highly uncertain,
particularly beyond z > 3, so our improved number statistics will enable us to more
robustly determine the high-z luminosity function.
For radio SFGs, we will detect galaxies up to z ∼ 7.5, beyond the capabilities of
any current survey. In JVLA-COSMOS, Novak et al. (2017) divide sources into either
radio SFGs or radio AGN, based on the ratio of radio emission to the infrared. While the
radio emission in SFGs can be attributed to star formation, it does not mean that these
galaxies are purely star-forming. They may be selected as RQ AGN, if multiwavelength
AGN identification techniques are used, as was done in the CDFS field (Padovani et al.
2011; Bonzini et al. 2013). Our sub-arcsecond resolution will enable us to measure the
radio emission in the central kpc and outskirts of every galaxy out to the redshift limit
of this survey, cleaning separating the amount of radio emission due to star formation
and AGN.
Measuring the SFRD of RQ AGN will determine how much of star formation and
black hole growth is truly coeval. Bonzini et al. (2013) calculate the fraction of SFGs
and RQ AGN as a function of flux density in the VLA CDFS survey, and Padovani et
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al. (2011) estimates that RQ AGN follow a similar space density evolution as SFGs.
We use the fractions in Bonzini et al. (2013) to estimate how the SFRD curve might
break up into the SFR in true SFGs and the SFR in RQ AGN in Figure 2. 30% of RQ
AGN have a radio emission component likely due to the AGN itself, rather than star
formation, so this component can then be converted to a mechanical energy output, as
has been done for RL AGN (Willott et al. 1999). The sub-arcsecond resolution of an
ngVLA survey will allow for a complete picture of mass assembly and energy output
in radiatively eﬃcient and ineﬃcient AGN and SFGs.
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Figure 2. This figure predicts the radio luminosity functions we would measure
with the ngVLA. We have converted 8 GHz to 1.4 GHz to allow easy comparison
with the literature. The black curve predicts Ω1.4 from star formation, which we have
divided into a component from SFGs (blue) and RQ AGN (green). The current best
measurement of the SFG Ω1.4 is shown as the purple squares and comes from VLACOSMO (Novak et al. 2017). The RL AGN Ω1.4 measurements from Smolčić et al.
(2017) reach the same redshift as illustrated by the red curve. With a wider survey,
we will be able to test whether the RL AGN luminosity density really declines so
strongly after z ∼ 3.

4.

Cross Correlation Functions

Astronomical sky surveys allow for the computation of galaxy correlation functions.
Of particular use and interest are two point correlation functions: the probability above
that of a Poisson distribution of finding two objects within some distance of one another.
Quantifying auto- and cross-correlation functions of diﬀerent populations of galaxies
yields information about the large-scale structure of the universe, or the way that galaxies cluster together. Analyzing correlation functions as a function of redshift tells about
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Figure 3. Figure adapted from Hickox et al. (2009) showing how diﬀerent wavelength selection of AGN corresponds to a simple evolutionary sequence. The AGN
phase begins after halos (dark ovals) reach a critical mass. Rapid black hole growth
is initially obscured, followed by an unobscured X-ray phase. After quenching of
star formation, red ellipticals are observed as radio AGN, primarily in the centers
of massive halos. Measuring clustering of diﬀerent AGN populations at diﬀerent
redshifts can test this scenario since clustering depends on halo mass.

the growth of structure and the evolution of galaxy clusters as a function of cosmic
time, since clustering strength of a population should increase as time passes (Groth &
Peebles 1977).
The Sloan Digital Sky Survey covers over 35% of the sky and has spectroscopically catalogued hundreds of thousands of quasars yielding accurate redshifts (out to
z ∼ 7) for each. Quasars are excellent tracers of large scale structure because they
inhabit massive galaxies in small groups and clusters (Wold et al. 2000; Coldwell &
Lambas 2006; Trainor & Steidel 2012), though they have low spatial density. Statistical
samples from surveys such as the SDSS and the 2dF QSO Redshift Survey (Croom et
al. 2004) enabled the measurement of the quasar auto-correlation function from z ∼ 0.5
(e.g., Porciani et al. 2004; Croom et al. 2005) out to z >
∼ 2.9 (Shen et al. 2007).
Quantifying the clustering properties of diﬀerent types of AGN – X-ray, radioloud, radio-quiet, IR bright – can be informative of any fundamental diﬀerences between these populations and how they impact galaxy evolution. Clustering studies inform us of the dark matter halo masses in which objects reside as well as how they
occupy their dark matter halos (Peacock & Smith 2000; Scoccimarro et al. 2001;
Berlind & Weinberg 2002). For example, Mandelbaum et al. (2009) find that RL AGN
live, on average, in halos that are an order of magnitude higher than the RQ population.
Powell et al. (2018) cross correlate X-ray selected AGN with 2MASS near-IR galaxies
and find that at z < 0.1 AGN live in group environments, and that obscured AGN tend
to occupy denser environments than the unobscured population.
A Stripe 82 ngVLA survey provides a unique opportunity to test the evolution of
AGN, their host galaxies, and their clustered environments. Hickox et al. (2009) measure the clustering and accretion rates of multiwavelength AGN at 0.25 < z < 0.8 and
find that RL AGN are the most strongly clustered, while IR AGN are the least strongly
clustered. They propose an evolutionary sequence that we illustrate with Figure 3. With
an ngVLA survey, we will be able to measure the clustering of RL AGN, red quasars,
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and X-ray luminous AGN out to z ∼ 4 (depending on the RL AGN space density), for
the first time measuring how the clustering of the diﬀerent populations evolves over
cosmic time. The proposed survey will even be useful in quantifying physical properties of the RQ population by cross-correlating the survey map with a catalog of known
RQ quasars, which by the time of the ngVLA survey will be much deeper than what we
have currently as a product of future optical surveys. Our survey will be able to test at
what halo mass the quasar phase occurs, and whether immediately after the IR/optical
(currently measured with WISE and Spitzer/IRAC) AGN phase, the galaxy evolves into
a RL AGN, producing maintenance mode feedback (Hickox et al. 2009).
5. Summary and Future Directions
A 10 deg2 , 1 µJy beam−1 ngVLA survey will detect 130,000 galaxies in ∼200 hrs, allowing us to characterize the luminosity function of SFGs, RQ AGN, and RL AGN to
z ∼ 7. Existing X-ray, optical, and IR counterparts yield photo-z’s, useful for calculating the clustering of multiwavelength AGN populations. However, by the time the
ngVLA begins operations (2030s), we will have much deeper optical data than current
SDSS. We will have robust photo-z measurements from deep surveys such as HSC and
LSST that would be better matched to the increased sensitivity of the ngVLA. LSST
will help with AGN identification/characterization through optical variability measurements (e.g., Choi et al. 2014). WFIRST (if launched) will provide sub-arcsecond resolution IR imaging that would be well-matched to that of the ngVLA and trace the
rest-frame optical emission of high-z galaxies, allowing us to separate emission in the
central kpc of galaxies, which should be dominated by the AGN, from the outskirts.
eROSITA will provide the first all sky X-ray survey up to 10 keV, enabling mapping
of the hot gas in clusters heated by AGN feedback. Potentially Lynx will provide subarcsecond X-ray observations capable of directly imaging supermassive black holes in
the early universe. By combining next generation telescopes with the ngVLA, we will
uncover the hidden history of black hole growth through cosmic time.
Acknowledgments. The authors thank Jeyhan Kartaltepe for the use of Figure 3,
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Delvecchio, I., Smolčić, V., Zamorani, G., et al. 2017, A&A, 602, 3
Eisenstein, D. J., Weinberg, D. H., Agol, E., et al. 2011, AJ, 142, 72
Glikman, E., Helfand, D. J., White, R. L., et al. 2007, ApJ, 667, 673

AGN Survey
Groth, E. J. and Peebles, P. J. E. 1977, ApJ, 217, 385
Gruppioni, C., Pozzi, F., Rodighiero, G., et al. 2013, MNRAS, 432, 23
Hales, C. A. 2013, ArXiv e-prints, arXiv:1312.4602
Hickox, R. C., Jones, C., Forman, W. R., et al. 2009, ApJ, 696, 891
Jarvis M. J., Taylor, R., Agudo, I., et al. 2017, preprint (arXiv:1709.01901)
Laigle, C., McCracken, H. J., Ilbert, O., et al. 2016, ApJ, 224, 24
LaMassa, S. M., Urry, C. M., Cappelluti, N., et al. 2016, ApJ, 817, 172
Madau, P. & Dickinson, M. 2014, ARA&A, 52, 415
Magorrian, J., Tremaine, S., Richstone, D., et al. 1998, AJ, 115, 2285
Mandelbaum, R., Li, C., Kauﬀmann, G., & White, S. D. M. 2009, MNRAS, 393, 377
Miyazaki, S., Komiyama, Y., Kawanomoto, S., et al. 2018, PASJ, 70, S1
Murphy, E. J., Condon, J. J., Schinnerer, E., et al. 2011, ApJ, 737, 67
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Smolčić, V., Novak, M., Delvecchio, I., et al. 2017, A&A, 602, A6
Timlin, J. D., Ross, N. P., Richards, G. T., et al. 2016, ApJS, 225, 1
Trainor, R. F. & Steidel, C. C. 2012, ApJ, 752, 39
Urrutia, T., Becker, R. H., White, R. L., et al. 2009, ApJ, 698, 1095
Viero, M. P., Asboth, V., Roseboom, I. G, et al. 2014, ApJS, 210, 22
Willott, C. J., Rawlings, S., Blundell, K. M., & Lacy, M. 1999, MNRAS, 309, 1017
Wold, M., Lacy, M., Lilje, P. B., & Serjeant, S. 2000, MNRAS, 316, 267
York, D. G., Adelman, J., Anderson, Jr., J. E. et al. 2000, AJ, 120, 1579
Yun, M. S., Reddy, N. A., & Condon, J. J. 2001, ApJ, 554, 803
Zakamska, N. L. & Greene, J. E. 2014, MNRAS, 442, 784
Zeimann, G. R., White, R. L., Becker, R. H., et al. 2011, ApJ, 736, 57

647

