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Abstract

We measure the cosmic star formation history out to z = 1.3 using a sample of 918 radio-selected star-forming galaxies within the 2-deg?
COSMOS field. To increase our sample size, we combine 1.4-GHz flux densities from the VLA-COSMOS catalogue with flux densities
measured from the VLA-COSMOS radio continuum image at the positions of I < 26.5 galaxies, enabling us to detect 1.4-GHz sources as
faint as 40 pJy. We find that radio measurements of the cosmic star formation history are highly dependent on sample completeness and
models used to extrapolate the faint end of the radio luminosity function. For our preferred model of the luminosity function, we find the
star formation rate density increases from 0.017 Mg yr—! Mpc™ at z ~ 0.225 to 0.092 Mg yr—! Mpc~2 at z~ 1.1, which agrees to within
40% of recent UV, IR and 3-GHz measurements of the cosmic star formation history.
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1. Introduction

The star formation rate density (SFRD) quantifies the star forma-
tion rate (SFR) per unit volume at a given redshift and has been
measured at a variety of wavelengths (e.g. UV, IR, optical emis-
sion lines). Previous SFRD measurements at radio wavelengths
are qualitatively similar to SFRDs measured with UV and IR data
(Madau & Dickinson 2014, and references therein), although indi-
vidual z ~ 0 radio luminosity functions can differ from each other
by a factor of 3 at low radio powers (e.g. Mauch & Sadler 2007
and references therein). All measurements of the cosmic star for-
mation history (CSFH) at z < 3 follow a broadly similar trend,
with SFRD declining by a factor of roughly 20 since its peak at
z~2.5. For individual galaxies, SFRs determined with different
indicators can often differ by factors of 2 or more, and inconsis-
tencies as large as a factor of 10 are not uncommon (e.g. Hopkins
et al. 2003). Consequently, achieving precise measurements of the
CSFH with different SFR indicators requires large sample sizes
to mitigate both cosmic variance and uncertainties on individual
SFR measurements. At z < 1.5, recent measurements of the CSFH
agree with each other to within ~ 0.2 dex (Madau & Dickinson
2014 and references therein).

By using radio data to measure the CSFH, it is possible
to present a complementary view to the UV and IR surveys,
which make up the bulk of high-z SFRDs (Madau & Dickinson
2014). The advantage of radio observations is that they provide
SFRs unbiased by dust but with the disadvantage of potentially
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including contamination from active galactic nuclei (AGNs).
These AGNs have to be removed to measure a reliable radio
SERD, which can then be compared to SFRDs derived from other
wavelengths and models.

The first attempts to calculate the CSFH from radio surveys
used small samples of star-forming (SF) galaxies, due to the rela-
tively shallow data and/or small survey areas available at the time,
and thus these studies had large uncertainties. One of the first mea-
surements of the radio CSFH, by Haarsma et al. (2000), found that
the SFRD has declined by an order of magnitude since z ~ 1.6, but
their best sample contained just 37 radio sources. Over the sub-
sequent decade, the radio sample sizes increased, with Seymour
et al. (2008) measuring the CSFH with 269 z < 3 SF galaxies and
Smolci¢ et al. (2009) using 340 z < 1.3 SF galaxies in the COSMOS
field. The most recent study of the radio CSFH, by Novak et al.
(2017), uses 5 806 z < 5.7 SF galaxies with 3-GHz flux densities
from the VLA-COSMOS 3-GHz Large Project. Despite the large
expansion in the sample sizes over the past two decades, the radio
luminosity function and CSFH can still be adequately modelled
with pure luminosity evolution (Novak et al. 2017), as previously
found by Hopkins (2004).

Previous measurements of the radio CSFH have largely used
blind radio survey source catalogues. Such catalogues require con-
servative signal-to-noise (S/N) thresholds to avoid being swamped
by large numbers of spurious sources. For example, searching
images containing a total of 250 million pixels with an S/N thresh-
old of 4 could produce as many as ~ 8000 false detections. As
the number of spurious sources scales with the number of pix-
els, lower S/N thresholds can be used if one limits detections and
measurements to positions of optically identified galaxies. This
approach may be particularly useful for studies exploiting the new
generation of deep radio continuum surveys in combination with
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optical galaxy surveys (e.g. Norris et al. 2011; da Cunha et al. 2017),
enabling significant expansion of sample sizes. In this Letter, we
utilise this approach to detect sources down to an S/N of 3 and to
measure the CSFH.

We present the z < 1.3 CSFH measured by combining the
COSMOS I <26.5 object catalogue with the 1.4-GHz VLA-
COSMOS survey. We exploit a combination of catalogued radio
sources and new flux density measurements at the positions of
optical galaxies to reliably measure 1.4-GHz flux densities as
faint as S;4 =40 pJy. We use AB magnitudes throughout, the
Salpeter (1955) initial mass function (IMF), and adopt a flat nine-
year WMAP cosmology with Hy = 69.32 km s Mpc™!, €, = 0.29
and Q4 =0.71 (Bennett et al. 2013). We assume that the radio
synchrotron spectrum is approximated by S, oc v=07.

2. Sample

We selected our sample using a combination of COSMOS opti-
cal and radio catalogues. The main COSMOS optical catalogue is
from Ilbert et al. (2015), and it contains over 2 million sources with
I <26.5. This was cross-matched to both the Lilly et al. (2007)
spectroscopic redshift catalogue and the COSMOS2015 photo-
metric redshift catalogue (Laigle et al. 2016). When available, we
use spectroscopic redshifts in preference to photometric redshifts.

Our principal radio catalogue is from the 1.4-GHz VLA-
COSMOS survey (Schinnerer et al. 2010), which imaged 2 deg’
centred on 10:00:28.60 + 02:12:21.00 with an angular resolution
of 2.5”. In the central 50" x 50, the depth is S;4 =12 pJy RMS,
increasing to an RMS of S;4 =34 pJy at the edges. The accom-
panying source catalogue includes sources with S/N > 40. The
VLA-COSMOS deep radio catalogue of Schinnerer et al. (2010)
does not include the suite of COSMOS multiwavelength data, so
magnitudes and redshifts were obtained by finding the nearest
cross-matches in the merged optical, spectroscopic redshift and
photometric redshift catalogue.

If we exclude multicomponent sources from the Schinnerer
et al. (2010) radio catalogue, as they are likely to be AGNs, then
we have 2 732 radio sources. When we match these 2 732 sources
to the optical catalogue, we find that just 233 (9%) of the radio cat-
alogue sources lack optical counterparts. For radio sources fainter
than 100 pJy, we find the percentage without optical counterparts
rises to just 11%. Using the Brown et al. (2017) nearby galaxy sam-
ple, we find SF galaxies have i-band to 1.4-GHz flux density ratios
that range from 0.1 to 30, so we expect low redshift S;4 =40 puJy
SF galaxies to be brighter than i=22.4. At z=1.15 the i-band
and 1.4 GHz correspond to u-band and 3.0 GHz, respectively, and
we find the Brown et al. (2017) nearby galaxy sample u-band to
3.0-GHz flux density ratios range from 0.05 to 20, so we expect
z~1.15 814 =40 pJy SF galaxies to be brighter than i = 23.2. We
thus conclude that the bulk of the radio sources without i < 26.5
optical counterparts are AGNs or z > 1.3 galaxies.

Our sample uses a combination of the Ilbert et al. (2015) opti-
cal catalogue and the VLA-COSMOS deep catalogue of Schinnerer
et al. (2010), supplemented by 1.4-GHz flux densities measured at
the positions of the optical galaxies. For every optical galaxy we
measured a 1.4-GHz flux density per beam using the pixel in the
VLA-COSMOS images that corresponds to the optical position,
although we only use this flux density if a match to the Schinnerer
et al. (2010) catalogue is unavailable. (This assumes we are mostly
observing radio point sources, which is a reasonable approxima-
tion for SF galaxies across the bulk of our redshift range, as 2.5”
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Figure 1. The restframe colours of our final sample of 1 218 radio-selected galaxies,
illustrating the loci of SF and passive galaxies. We use the empirical criterion shown
above in combination with a modified Stern et al. (2005) mid-infrared wedge to split
the sample into 918 SF galaxies and 300 AGNs. (Some quantisation and aliasing of
the absolute magnitudes is an artefact from the COSM0S2015 photometric redshift
catalogue.)

corresponds to 8.3 kpc at z=0.2.) For the subsequent analyses,
we retain galaxies with 1.4-GHz S/N > 30 and S; 4 > 40 L]y mea-
sured in the Schinnerer et al. (2010) catalogue and/or measured
directly from the VLA-COSMOS images.

To measure the radio CSFH, we selected a sample of z < 1.3
SF galaxies with radio flux densities above 30, using regions that
have two or more VLA pointings in the VLA-COSMOS survey
(Figure 2 from Schinnerer et al. 2010). Radio sources with S; 4 >
50 m]y that cause artefacts in the VLA-COSMOS deep image
were identified and all the galaxies in these regions were removed.
This reduces our central area, where the depth is $;.4 =40 uJy, to
0.72 deg®, while our (shallower) total area is 0.96 deg”. We also
visually cross-checked close pairs of radio sources and removed
instances of single sources being spuriously identified as multi-
ple objects. We then split our sample into SF galaxies and AGNs
using the passive galaxy colour criterion illustrated in Figure 1
and a modified Stern et al. (2005) infrared AGN selection crite-
rion (that does not cut into the galaxy locus). This leaves us with
a sample containing 918 z < 1.3 SF galaxies, of which 374 were
not contained within the Schinnerer et al. (2010) VLA-COSMOS
deep catalogue. Of the 918 z < 1.3 SF galaxies with S; 4 > 40 uJy,
883 (96%) are brighter than I = 25, consistent with incompleteness
due to our I = 26.5 magnitude limit being negligible.

Photometric redshift uncertainties for 23 <I <24 z~1 SF
galaxies are 4.4% (Laigle et al. 2016), which propagate through to
individual radio powers having uncertainties of 9% (while brighter
SF galaxies have smaller uncertainties). We use spectroscopic red-
shifts in preference to photometric redshifts when possible, and
they are available for 37% of the I < 22 SF galaxies.

3. The 1.4-GHz radio luminosity function

We have measured the radio luminosity function for four different
redshift bins using the standard 1/V,,,, method (Schmidt 1968).
To achieve this, our sample was split into four redshift ranges
(01<z<0.35, 035<z<0.6, 06<z<0.9 and 0.9<z<1.3)
and then into bins of 1/3 dex in luminosity. Luminosity limits
and survey volumes are constrained by the flux density limits of
S1.4 =40 pJy for the central region and S; 4 = 60 nJy for the outer
350”. To keep the sample complete, these flux limits were taken
into account when calculating the redshift range, effective area and
resulting Vi, for each bin. As a result, of the 918 SF galaxies in
our sample, 463 meet our area and redshift dependent luminosity
criteria.
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Figure 2. 1.4-GHz luminosity functions of star forming galaxies. The dashed line is the Condon, Cotton, & Broderick (2002) local luminosity function, while the solid line is this
function fitted to our data under the assumption of pure luminosity evolution. The red dotted line is the deprecated Condon (1989) local luminosity function, which overestimates
the number of galaxies at low radio luminosities. We measure a higher space density of low luminosity galaxies than Smolci¢ et al. (2009), but are in agreement with the deeper

3-GHz measurements of Novak et al. (2017).

In Figure 2 and Table 1, we present the 1.4-GHz luminosity
functions for our four redshift bins, including uncertainties deter-
mined using Poisson statistics (e.g. Gehrels 1986). However, we
caution that for the inner region of the sample the 0.10 < z < 0.14
and 0.10 < z < 0.20 redshift slices have cosmic variance uncertain-
ties of 74% and 43%, respectively (determined with the method of
Driver & Robotham 2010). For comparison, in Figure 2 we also
show the VLA-COSMOS 1.4 and 3.0-GHz luminosity functions
previously measured by Smol¢i¢ et al. (2009) and Novak et al.
(2017), adopting a spectral index of —0.7 for frequency conver-
sions. Compared to the Smol¢i¢ et al. (2009), 1.4-GHz luminosity
functions, we find higher space densities at all but the very high-
est radio luminosities. This is expected, as 41% of our SF galaxies
were not included in the VLA-COSMOS radio source catalogue of
Schinnerer et al. (2010). We find better agreement with the recent
luminosity functions of Novak et al. (2017), who also measure
higher space densities than SmolCi¢ et al. (2009), using a sample
selected from 3-GHz imaging of the COSMOS field (with an RMS
of S50 = 2.3 WJy per beam).

To model the luminosity function, we use the models of
Condon (1989) and Condon et al. (2002) with pure luminosity
evolution added. Our preferred model is Condon et al. (2002),
which is based on the luminosity function determined with 1966
m, < 14.5 galaxies from the Uppsala General Catalogue (Nilson
1973) with counterparts in the NRAO VLA Sky Survey (Condon
et al. 1998). However, we also make use of the Condon (1989)
model as it has been used by other studies during the past decade,
including Smol¢i¢ et al. (2009), and it illustrates the impact of
model assumptions on our results and those from the literature.
The dashed lines in Figure 2 illustrate the z=0 Condon et al.
(2002) luminosity function, while the solid lines show fits of the
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Condon et al. (2002) model to our data under the assumption of
pure luminosity evolution. When we approximate the observed
luminosity evolution with L(z) oc (1 +2)%, we find Q=2.90+
0.07.

4. The cosmic star formation history

To measure the SFRD and CSFH, we first determined each galaxy’s
SER using the 1.4-GHz radio luminosity and the calibration of Bell
(2003):

5.52 x 10_22L1.4GHZ> LlAGHz > Lc

¥[Moyr 1= 1)

5.52x10~*
0.1 + 0.9(L1 4112/ Lc)03 LlAGHz: LlAGHz = Lc

where L, = 6.4 x 10! W Hz~!. This SER calibration has been used
by both Smol¢i¢ et al. (2009) and Novak et al. (2017), and is com-
parable to recent calibrations by Boselli et al. (2015) and Brown
et al. (2017) for < L* galaxies. We then used the 1/V,,,, method
(Schmidt 1968), with the SFR divided by the volume in which the
galaxy could be detected, to find the SFRD contribution for each
galaxy. The sum of each detected galaxy’s contribution to the SFRD
gives a lower limit to the SFRD, as it does not include SF galaxies
fainter than our radio flux limits. These lower limits for the CSFH
are shown with arrows in Figure 3.

To obtain an SFRD that includes galaxies fainter than our flux
density limits, we have modelled our data with the Condon (1989)
and Condon et al. (2002) radio luminosity function models with
the addition of pure luminosity evolution, where L(z) o (1 + 2)<.
We choose to not use the newer radio luminosity function model
of Mauch & Sadler (2007) as their sample is incomplete at low
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Table 1. 1.4 GHz radio luminosity functions for VLA-COSMOS star forming
galaxies.

Redshift Luminosity range Numberof  Volume LF
range logyo(W Hz™1) galaxies (Mpc™3) (Mpc3 dex™1)
0.10<z<0.14  21.33-21.67 3 742x10° 121433 x 1073
0.10<z<0.20  21.67—22.00 7 3.38x 10% 622437 x 107
0.10<z<0.28  22.00—22.33 30 9.89 x 10*  9.10+%10 x 1074
0.10<z<0.35  22.33—22.67 43 2.05x 105  6.29 +337 x 107*
0.10<z<0.35  22.67—23.00 17 2.75x10%9 1.85+051 5 1074
0.10<z<0.35  23.00-23.33 2 275% 10°9 2184338 x 107°
0.35<7<0.40  22.33-22.67 19 7.02x 10* 8124243 x 107
0.35<7<0.56  22.67—23.00 49 4.72x10° 3114333 x 1074
0.35<z<0.60  23.00-23.33 27 8.56 x 10°7  9.46 £332 x 107°
0.35<z<0.60  23.33-23.67 4 8.56 x 1059 1.40 128 x 1075
0.35<z<0.60  23.67—24.00 1 8.56 x 1059  3.50 £312 x 107°
0.60<z<0.78  23.00—23.33 70 7.03x 10°  2.99 4% x 107
0.60<z<0.90  23.33-23.67 39 1.85x 1059 6334124 x 1075
0.60<z<0.90  23.67—24.00 15 1.85x 1059 2444087 x 1075
0.60<z<0.90  24.00—24.33 4 1.85x 1059 6.49 4382 x 1076
0.90<7<1.09  23.33-23.67 54 1.10 x 105 1.47 4325 x 1074
0.90<z<1.30  23.67—24.00 56 2.66 x 10°  6.32 4330 x 107°
0.90<z<1.30  24.00—24.33 18 3.57x 109 1514348 x 107°
0.90<z<1.30  24.33-24.67 5 3.57x 109 4.20£31 x 107°

2This volume includes the outer region with the shallower flux density limit.

luminosities due to the surface brightness limits of the 2MASS
survey. While the Condon (1989) model has been used by some
studies, we find it is a relatively poor fit to our data and it overesti-
mates the z ~ 0 SFRD relative to recent radio luminosity functions
(Condon et al. 2002; Mauch & Sadler 2007; Mao et al. 2012). Our
preferred model is thus Condon et al. (2002), which approximates
our data well, as illustrated by Figure 2.

We determined SFRDs by integrating [ ¥ (L)®5(L)dL, where
¥ (L) is the SFR from Equation 1 and ®p(L) is the radio lumi-
nosity function model. The resulting SFRDs and (for comparison)
those from Smolcic et al. (2009) are provided in Table 2 and
Figure 3. As Figure 3 illustrates, our SFRD measurements depend
on the luminosity function model, with the impact increasing with
increasing redshift. At 0.10 <z < 0.35 our SFRD measurements
have little dependence on the luminosity function model, but at
0.90 < z < 1.30 the Condon (1989) model provides an estimate of
the SFRD that is 67% higher than the estimate provided using the
Condon et al. (2002) model.

As expected, we measure a systematically higher CSFH than
Smolci¢ et al. (2009) when the same luminosity function model
is used. However, it should be noted that Smolci¢ et al. (2009) does
agree well with the literature when the Condon (1989) model of
the luminosity function is used, as this model’s overestimate of
the number of faint sources compensates for sample incomplete-
ness. Our SFRD measurements, using the preferred Condon et al.
(2002) model, agree well with recent UV, IR and 3-GHz studies
(Cucciati et al. 2012; Gruppioni et al. 2013; Novak et al. 2017), with
the possible exception of 0.90 <z < 1.30, where we measured a
higher SFRD than Novak et al. (2017). Using the preferred Condon
et al. (2002) model, we find the SFRD can be approximated by
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Figure 3. Our measurements of the CSFH, along with UV, IR, 3-GHz and 1.4-GHz mea-
surements from the recent literature (Smolcic et al. 2009; Cucciati et al. 2012; Gruppioni
et al. 2013; Novak et al. 2017). For clarity, we do not show random uncertainties as
they are comparable to or smaller than the symbols. Our SFRD measurements include
lower limits determined with the 1/V,,.,, method, estimates determined with fits of
the deprecated Condon (1989) model and estimates determined with fits of the pre-
ferred Condon et al. (2002) model. Measurements of the z= 0 SFRD, determined with
the radio luminosity functions of Condon (1989) and Condon et al. (2002), are shown
with the orange symbols. Our best measurement of CSFH is in broad agreement with
recent UV, IR and 3-GHz results, and can be extrapolated to agree with the z=0 radio
luminosity function of Condon et al. (2002). Pure luminosity evolution, shown with the
black line, approximates our data well and indicates the SFRD has declined by a factor
oftensincez=1.1.

0.0109 x (1 + z)*°*%7 M, yr~! Mpc~3, which implies SFRD has
declined by a factor of ten from 0.90 <z < 1.30 to z ~ 0.

5. Discussion

Given both we and Smolci¢ et al. (2009) measure the 1.4-GHz
luminosity function and CSFH using the COSMOS field, it is use-
ful to explore why our results differ significantly from those of
Smolci¢ et al. (2009). First, there are some differences in the radio
catalogues used, with Smolci¢ et al. (2009) using the Schinnerer
etal. (2007) catalogue whereas we are using the deeper Schinnerer
et al. (2010) catalogue. The most significant differences, however,
arise from our addition of new flux densities measured at the
positions of optical galaxies allowing the use of alower S/N thresh-
old. Smolci¢ et al. (2009) imposed S/N > 5¢ and S; 4 > 52.5 uJy,
whereas we imposed S/N > 3¢ and S;4 > 40.0 pJy. Our sample
contains 308 SF galaxies with 40.0 nJy < S;4 < 52.5 pJy.

Given the large differences in sample size, are the radio flux
densities measured at optical galaxy positions valid? We find flux
densities (per beam) measured at optical galaxy positions are
typically ~90% of the catalogued flux densities (per beam) for
sources with S;4 <100 pJy. Visual inspection of the 1.4-GHz
VLA-COSMOS image shows that uncatalogued radio sources with
S/N > 3 appear to be real radio sources rather than artefacts. This
includes a limited number of S; 4 ~ 100 pJy sources, which are sig-
nificantly brighter than the notional limits of the VLA-COSMOS
catalogues (Schinnerer et al. 2007, 2010), which suggests there
are (rare) failures of source detection algorithms on relatively
bright sources (whose flux densities can otherwise be accurately
measured).
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Table 2. The radio SFRDs for the COSMOS field.

This work - SFRD

Smolcic et al. (2009) - SFRD

Redshift Condon et al. (2002) model Condon (1989) model Sadler et al. (2002) model Condon (1989) model
Range (Moyr~—*Mpc3) (Moyr~*Mpc—3) (Moyr—*Mpc=3) (Moyr—*Mpc—)
0.10<z<0.35 0.01745:3%2 0.015+3:352 0.023+3:352 0.0250:3%1
0.35 <2 <0.60 0.03040:3%2 0.0473:3%3 0.032+3:353 0.0430:3%3
0.60 <z < 0.90 0.0560:%3 0.0953:354 0.048+3:353 0.0670:%3
0.90 <z <130 0.09245:3% 0.1543:3%8 0.088::0:3%2 0.1343:3%9

A final cross-check of the validity of our approach is by com-
parison to previous literature. Our results agree well with recent
measurements of the CSFH using UV, IR and 3-GHz data (e.g.
Cucciati et al. 2012; Gruppioni et al. 2013; Novak et al. 2017). We
find the evolution of the SFRD at z < 1.3, determined by fitting
our SFRD measurements and Condon et al. (2002), is approxi-
mated by 0.0109 x (1 + z)>%°£%97 M, yr~! Mpc~3. For compari-
son, Novak et al. (2017) find that radio luminosity function can
be approximated by pure luminosity evolution where L(z) o (1 +
z)(316202-(0320.07)2) ywhich is similar to our results at low redshift
but does predict less evolution at z > 1. Other measurements of
the CSFH at z < 1 are broadly similar (e.g. Hopkins 2004). Given
the results of our cross checks and consistency with the literature,
we conclude our approach to measuring radio luminosity function
is valid.

6. Conclusions

We have measured the CSFH at z < 1.3 of 918 SF galaxies in the
COSMOS field with 1.4-GHz radio continuum flux densities of
S14 > 40 pJy. We find that just 9% of the radio sources from the
VLA-COSMOS Large Project radio catalogue do not have optical
counterparts down to a magnitude limit of I = 26.5. We have also
increased the size and depth of our sample by using radio flux den-
sities measured at the positions of I < 26.5 galaxies selected from
the COSMOS optical catalogue.

We find that our radio measurements of the CSFH, and those
from the prior literature, have increasing dependence on the LF
model with increasing redshift. For example, for our high red-
shift bin the deprecated Condon (1989) model produces SFRD
measurements that are 67% higher than those produced by the
Condon et al. (2002) model. We find that pure luminosity evo-
lution of the Condon et al. (2002) model approximates our data
well, and the resulting SFRDs are in broad agreement with recent
UV, IR and 3-GHz measurements. Using our preferred model and
463 z < 1.3 SF galaxies, we find that the SFRD is approximated by
0.0109 x (1 + z)*%+%97 M yr~! Mpc~? and that it has declined
by a factor of 10 since z=1.1.
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