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Abstract

Feedback through energetic outflows has emerged as a key physical process responsible for transforming star-forming
galaxies into the quiescent systems observed in the local universe. To explore this process, this paper focuses on a
sample of massive and compact merger remnant galaxies hosting high-velocity gaseous outflows (∣ ∣ v 103 kms−1),
found at intermediate redshift (z∼0.6). From their mid-infrared emission and compact morphologies, these galaxies are
estimated to have exceptionally large star formation rate (SFR) surface densities (ΣSFR∼10

3Me yr−1kpc−2),
approaching the Eddington limit for radiation pressure on dust grains. This suggests that star formation feedback may be
driving the observed outflows. However, these SFR estimates suffer from significant uncertainties. We therefore sought
an independent tracer of star formation to probe the compact starburst activity in these systems. In this paper, we present
SFR estimates calculated using 1.5GHz continuum Jansky Very Large Array observations for 19 of these galaxies. We
also present updated infrared (IR) SFRs calculated from WISE survey data. We estimate SFRs from the IR to be larger
than those from the radio for 16 out of 19 galaxies by a median factor of 2.5. We find that this deviation is maximized
for the most compact galaxies hosting the youngest stellar populations, suggesting that compact starbursts deviate from
the IR-radio correlation. We suggest that this deviation stems either from free–free absorption of synchrotron emission, a
difference in the timescale over which each indicator traces star formation, or exceptionally hot IR-emitting dust in these
ultra-dense galaxies.

Unified Astronomy Thesaurus concepts: Galaxy evolution (594); Stellar feedback (1602); Star formation (1569);
Starburst galaxies (1570); Galaxy mergers (608); Radio astronomy (1338); Radio continuum emission (1340);
Compact galaxies (285); E+A galaxies (424); Luminous infrared galaxies (946)

1. Introduction

A long-standing challenge in understanding the formation of
galaxies in a Λ-cold dark matter (ΛCDM) universe is the tendency
for models to overpredict the number of both high and low mass
galaxies formed by the present day when compared to
observations (Benson et al. 2003; Croton et al. 2006). A favored
solution to this “overcooling” problem is to invoke feedback from
massive stars and active galactic nuclei (AGN), both of which can
heat and expel gas from galaxies, reducing their ability to form
new stars. At the massive end of the halo mass function, it has
been suggested that these outflows are dominantly driven by AGN
feedback, as the mass of a black hole is directly proportional to the
mass of the hosting galactic bulge (e.g., Ferrarese & Merritt 2000;
Gebhardt et al. 2000; Kormendy & Ho 2013) and therefore
roughly proportional to the mass of the host galaxy. Hence, a
massive galaxy should harbor a proportionally massive central
black hole capable of injecting large amounts of energy into the
surroundings through AGN activity.

Alternatively, it is possible that stellar feedback plays an
important role in galaxy evolution even in massive systems.
Recently, a sample of starburst galaxies has been discovered at

z∼0.6 hosting energetic outflows that appear to be driven by
compact starburst activity. These galaxies lie on the massive end of
the stellar mass function (M*∼10

11Me, Diamond-Stanic et al.
2012), are extremely compact (Re∼few 100 pc, Sell et al. 2014),
and host high-velocity gaseous outflows (∣ ∣ v 1000 km s−1)
appearing to actively quench star formation (Tremonti et al. 2007;
Geach et al. 2014, 2018; Rupke et al. 2019). IR SFR estimates
from Wide-field Infrared Survey Explorer (WISE; Wright et al.
2010) 12 and 22μm fluxes combined with physical size estimates
from Hubble Space Telescope (HST) imaging yield extreme SFR
surface densities (ΣSFR∼10

3Me yr−1 kpc−2, Diamond-Stanic
et al. 2012), approaching the theoretical Eddington limit of
radiation pressure on dust grains, or the self-limited maximum
possible density of star formation (Lehnert & Heckman 1996;
Meurer et al. 1997; Murray et al. 2005; Thompson et al. 2005).
This suggests that photon pressure and other stellar feedback
processes could be driving the outflows. Sell et al. (2014) used
multiwavelength observations to characterize AGN activity in a
subsample of these galaxies selected to have the highest probability
of hosting an AGN, but found no evidence of AGN activity in half
of the sample and argued that an AGN contributes <10% of the
bolometric luminosity in the remainder. These results appear to
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substantiate the claim that stellar feedback is responsible for
powering the observed outflows.

Studying feedback processes in these extreme objects may serve
as an important probe into the evolution of massive galaxies.
Compact star-forming galaxies have been found to be much more
common at z>3 and are the likely progenitors of the compact
galaxies that dominate the quiescent population at z>1.5, but their
faintness makes them challenging to study in detail. Therefore, this
population at z∼0.6 may serve as an analog to higher redshift
massive galaxy populations and provide an opportunity to
understand massive galaxy evolution at high redshift. A robust
characterization of the SFRs of our sample galaxies to probe stellar
feedback is critical to this endeavor.

It is difficult to robustly estimate SFRs for these young and
compact starbursts, as they may have significant differences in
physical conditions from typical star-forming galaxies (SFGs),
which cause the IR SFR estimates to be inaccurate. For instance,
compact starbursts have been shown to exhibit a mid-IR to total IR
(TIR/IR, λ=8–1000μm) enhancement (Groves et al. 2008); the
IR is expected to overestimate the instantaneous SFR in young
starbursts (e.g., Hayward et al. 2014); and mid-IR emission from
compact galaxies may be attenuated by dust extinction (Lutz et al.
2016). In addition, the WISE W3 and W4 passbands lie at the
short-wavelength tail of the galaxies’ IR spectral energy distribution
(SED) at the redshift of this sample, meaning a small variation in
the SED shape could translate to a large change in the estimated IR
luminosity. We therefore sought a star formation tracer dependent
on longer wavelength emission that is optically thin to dust and less
sensitive to the choice of the model. Using synchrotron continuum
emission as an SFR indicator fulfills these requirements, and thus
we present 1.5GHz continuum observations of 20 of these galaxies
here. These observations provide an independent probe of the SFRs
and also further constrain ongoing AGN activity.

Radio continuum emission traces star formation because it is
generated by the activity of massive stars in normal SFGs. At low
frequencies, the radio continuum is dominated by synchrotron
(nonthermal) emission, which is produced by cosmic-ray electrons
accelerated by supernova explosions of massive stars spiraling in
the galactic magnetic field (Condon 1992). Thermal (free–free/
bremsstrahlung) radiation at radio frequencies also traces star
formation, as the ionizing photon rate (supplied by massive stars)
is directly proportional to a galaxy’s thermal luminosity. Other
processes that can affect the radio continuum include the
converses of each of the emission processes, synchrotron and
free–free absorption. Finally, AGN activity can generate synchro-
tron emission. Therefore, we must assume that radio continuum
emission is dominated by star formation activity and is not self-
absorbed in order to estimate an accurate SFR from a radio
continuum observation.

For typical SFGs, there is a clear relationship between SFRs
derived from the IR and radio, due to the well-established and
remarkably tight IR-radio correlation (IRRC, e.g., de Jong et al.
1985; Helou et al. 1985) that holds over many orders of
magnitude in IR and radio luminosity (Yun et al. 2001). This
correlation is typically interpreted as a direct relationship between
star formation and cosmic-ray production, though the precise
physical mechanism relating the two regimes has yet to be
established. The prevailing explanations include the calorimetry
model (Voelk 1989), the optically thin scenario (Helou &
Bicay 1993), and the “conspiracy” model (Bell 2003; Lacki et al.
2010). Thus, barring any differences between our sample and
normal SFGs, we would expect to derive similar SFRs from IR

and radio observations. Likewise, any differences between the two
SFR estimates may inform us about the physical properties of the
interstellar medium in these objects.
In this paper, we present 1.5GHz continuum observations

made with the NSF’s Karl G. Jansky Very Large Array (JVLA/
VLA) for 20 of these compact starburst galaxies. We find that
only one galaxy exhibits an extreme radio luminosity character-
istic of radio-loud AGN, providing another constraint on ongoing
AGN activity in these systems. We also find that the IR SFR
exceeds the radio SFR in the remaining sample for 16 of the 19
galaxies by a median factor of 2.5, and that this deviation is
maximized for the most compact galaxies with the youngest
stellar populations. We conclude that this shift most likely stems
either from synchrotron emission attenuation by free–free
absorption in H II regions, from exceptionally hot dust in these
compact star-forming regions, or from a difference in the
timescale over which the two SFR indicators trace star formation.
Throughout this paper, we adopt a standard ΛCDM cosmology,

with H0=70 km s−1 Mpc−1, Ωm=0.3, and ΩΛ=0.7. For SFR
calculations, we assume a Kroupa (2001) initial mass function
(IMF). We also assume a nonthermal spectral index parameter of
αNT=−0.8 at 1.5GHz, using the convention where nµn

aS
NT
.

Finally, any magnitudes presented are in the Vega system.

2. Observations and Data Reduction

We targeted 21 galaxies out of our SDSS+HST+WISE sample
for radio continuum observations with the VLA. The parent SDSS
sample was constructed of 159 galaxies with post-starburst
features at 0.35<z<1, and a portion was followed up with
ground-based spectroscopy to investigate outflow characteristics
of post-starbursts (Tremonti et al. 2007). After discovering that
much of the sample was detected with WISE, 29 objects were
followed up with HST imaging to investigate star formation
feedback by measuring SFR surface densities (Diamond-Stanic
et al. 2012). The sample in this paper is a subsample of this HST
sample. Details of the construction of these samples will be
presented in C. Tremonti et al. (2020, in preparation).
We used the VLA in its highest resolution (A) configuration to

observe the 1.5GHz (∼2.4 GHz rest) continuum emission from
21 galaxies (VLA project numbers VLA/16B-238 and VLA/
18A-127). One galaxy’s image (J0901) was dynamic range
limited instead of noise limited due to the presence of a bright
source in the field and thus was excluded, limiting the sample
further to 20 sources. We configured the correlator to provide two
512MHz wide base bands, one centered at 1.264GHz and the
other at 1.776GHz, each with dual polarization and 2048
channels. The data were taken in 2016 October and 2018 March
through June. The sources were observed in 30–45minute
execution blocks. Each block observed a single source and
included all necessary flux and bandpass calibration. The phase
calibrator was observed for 1–1.5minutes for every 5–6minutes
on source. The number of execution blocks for each source
depended on the desired sensitivity. Integration times were
calculated to measure 3σ detections of the luminosity associated
with an SFR of 30Me yr−1 according to Equation (1).
The data were reduced using the VLA calibration pipeline

(Pipeline version Pipeline-CASA5.4-P2-B and CASA version
5.4.1–32). After an initial calibration, we inspected each plot of
the phase and amplitude for the calibrator sources for each
execution block, and manually flagged visibilities affected by
radio-frequency interference (RFI) or misbehaving antennas. This
process removed most of the aberrant data. To remove the
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remaining RFI, we iteratively ran the CASA task tfcrop to fit both
the target and calibration data and automatically discard any
visibilities lying more than three standard deviations away from
the fit in frequency and four standard deviations in the time
domain. Three iterations of tfcrop removed most of the remaining
RFI. A median of 22% of the total 1.024GHz bandwidth was lost
to RFI (typical of 1.5 GHz observations), leaving us with a
median effective bandwidth of∼800MHz. The loss of bandwidth
was included in the sensitivity calculations for the observing
proposal by using a conservative estimate of the expected
effective bandwidth (600MHz) after RFI removal instead of the
nominal bandwidth provided by the correlator. The minimum
effective bandwidth for our nondetected sources was ∼750MHz,
ensuring that our detection capability was not limited by RFI.

The calibrated data were imaged using the tclean task in CASA
5.3.0–14311 (McMullin et al. 2007). At 1.5GHz the primary
beam of the VLA is half a degree across. Imaging this large a field
requires correcting for the noncoplanarity of the baselines and the
curvature of the sky. To account for this, we gridded the data
using w-projection with 128 planes. Although we did not expect
our sources to be resolved, we used a robust weighting of 0.5 to
provide high resolution as well as sensitivity to possible extended
structures. The deconvolution was performed using multiterm
multifrequency synthesis with two Taylor terms and three size
scales of point-source scale, ∼2″, and ∼6″. The auto-multithresh
algorithm within tclean (Kepley et al. 2020) was used to
automatically mask sources during the cleaning process. Our
sources are all close to the center of the image, which reduces
any off-axis effects related to measuring fluxes and source
morphologies.

Given the substantial number of targets, we developed a simple
automated imaging pipeline to image the data. For each source,
the pipeline first constructs a dirty image of each galaxy and then
estimates the noise in this image using the corrected median
absolute deviation (MAD), a robust noise estimator. The MAD is
an appropriate noise estimator for our sparsely populated images.
The threshold for our subsequent tclean run was set to three times
the estimated noise and the images were cleaned using the
parameters described above. The resulting images were primary
beam corrected and a small cutout (∼1 arcmin2) of the image was
made containing only the source of interest and its immediate
surroundings to simplify analysis.

The resolution of our resulting images is ∼2″, though beam
parameters and noise levels vary across the images. Precise values
of these parameters are listed in Table 1. Each image probes an
effective observed continuum frequency of ∼1.5GHz, which is
equivalent to ∼2.4GHz rest frame for our target galaxies.

3. Characterizing Source Properties

3.1. Radio Flux Measurement

We used the imfit task within CASA to fit the target sources
with 2D Gaussians in order to measure integrated flux densities
(Condon 1997; Condon et al. 1998). Since our sources were
unresolved by our∼2″ beam, we chose to fix the Gaussian major
and minor widths, as well as the position angle to be the same as
the synthesized beam. To account for the VLA’s relatively low
resolution and pointing accuracy compared with that achieved by
HST, we fixed the center of the Gaussian as follows: if the value
in any pixel within a 1″ radius aperture of the HST centroid is

greater than 3 times the noise, we fixed the center of the fit to the
brightest pixel in the aperture. This method was applied to all of
our detected sources (see Figure A1) and improved the signal-to-
noise of our detections. Otherwise, the center position was
supplied by the centroid of an HST image of the same galaxy.
The fit returns an integrated flux and a peak flux, both with

uncertainties. Here, we adopt the detection criteria for Gaussian
fits to unresolved sources used in Condon et al. (1998). A source
is thus deemed a detection if the geometric mean of the peak and
the integrated flux is greater than 3 standard deviations above the
image noise.
For detections, we could now use the flux and uncertainty to

calculate the SFR, as described in the following section. For
nondetections, we set an upper limit on the flux to be 3 times
the image noise, which could then correspondingly be
converted into an upper limit on the SFR.
With our 1.5GHz JVLA observations we detect 13 sources

and have seven upper limits. Figure 1 demonstrates that all of
our nondetections are the lowest luminosity objects and that
there is only a weak trend of detection capability with redshift.
The upper limit luminosity varies by less than a factor of 2 over
the redshift range of 0.4<z<0.75.

3.2. Radio-loud AGN

Figure 1 demonstrates that one of the sources (J0827) in our
VLA sample has an extreme radio luminosity, and visual
inspection of the radio image reveals jet structure characteristic of
a radio-loud AGN. This source’s radio luminosity far exceeds the
3σ radio excess criterion used in Smolčić et al. (2017) to diagnose
AGN-dominated radio sources. As this study aims to measure
SFRs of our sample galaxies through their radio continuum
emission, we thus exclude this AGN-dominated source from the
remainder of the analysis except where otherwise noted.

Table 1
Observation Statistics of Our VLA Images

Source Noise Bmax
a Bmin

b P.A.c tint
d

(μJy/beam) (″) (″) (°) (hr)

J0106–1023 20.9 2.0 1.1 −30.0 0.5
J0826+4305 22.0 2.1 1.1 −72.9 0.5
J0827+2954 11.7 1.3 1.0 −73.8 2.1
J0905+5759 25.3 2.5 1.0 −69.0 0.5
J0908+1039 18.8 2.0 1.2 64.6 0.6
J0944+0930 18.6 1.2 0.9 −4.0 0.7
J1039+4537 11.0 2.6 1.1 68.7 1.5
J1107+0417 25.0 1.5 1.2 −24.0 0.5
J1125–0145 19.9 2.1 1.1 −43.1 0.7
J1219+0336 22.5 1.6 1.1 −47.3 0.5
J1229+3545 16.3 1.5 1.1 −81.1 1.3
J1232+0723 25.5 1.7 1.3 −45.2 0.5
J1248+0601 11.8 2.1 1.1 −54.9 1.5
J1341–0321 15.8 1.5 1.2 13.6 1.8
J1506+6131 25.3 3.1 1.1 −61.3 0.5
J1613+2834 26.3 1.6 1.2 −86.3 0.5
J2116–0634 12.5 1.5 1.1 17.9 2.8
J2118+0017 24.6 1.3 1.1 22.0 0.5
J2140+1209 9.8 1.3 1.1 1.0 3.3
J2256+1504 9.1 1.2 1.1 29.8 2.8

Notes.
a Major axis of synthesized beam.
b Minor axis of synthesized beam.
c Position angle of synthesized beam.
d Observation integration time.

11 Calibrating data in one version of CASA and imaging in another does not
have an effect on the final image in this case.
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3.3. Radio Star Formation Rate Calculation

We used the following equation from Murphy et al. (2011)
to calculate the radio SFRs:

⎜ ⎟
⎛
⎝⎜

⎞
⎠⎟

⎛
⎝

⎞
⎠

⎛
⎝⎜

⎞
⎠⎟ ( )



n
= ´n

a
n

-
-

-

-M yr

LSFR
6.64 10

GHz W Hz
. 1

NT

1
22

NT

1

NT

This equation is calibrated for the calculation of the SFR of a
galaxy given a nonthermal spectral luminosity nL

NT of a galaxy
observed at a frequency ν. It assumes a Kroupa (2001) IMF down
to 0.1Me, and a supernova cutoff mass of 8Me. The spectral
index parameter in Equation (1) is of the opposite sign here as
found in Murphy et al. (2011), as here we adopt the convention
where nµn

aS
NT
. We adopt the nonthermal spectral index

parameter of αNT=−0.8 given in Condon (1992) as the index
at the rest-frame frequency of our sample (∼2.4 GHz) as well as in
the observed frame (1.5 GHz). We note that varying the spectral
index parameter by 10% of our chosen value of αNT=−0.8
yields a corresponding systematic uncertainty on the radio SFRs
of ∼6%.

Although synchrotron emission dominates the radio continuum
at GHz frequencies, we allow for a small thermal component
(∼10%) to the observed continuum luminosity according to the
nonthermal to thermal ratio given in Tabatabaei et al. (2017). We
note that this assumes that galaxies at intermediate redshift exhibit
similar nonthermal fractions as local galaxies. We thus estimate
the nonthermal luminosity as a fraction of the observed continuum
luminosity Lν as:

⎜ ⎟
⎛
⎝
⎜⎜ ⎛

⎝
⎞
⎠

⎞
⎠
⎟⎟( ) ( )n

= +
+
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- - -
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1

13

1

GHz
. 2NT

0.1 1NT

To calculate a spectral luminosity applicable to Equation (1)
from a flux density measured in Section 3.1, we recall the
familiar inverse square law:

( )
p

=n
n

n

F
L

D4
, 3

L
2

using the spectral luminosity distance nDL , as defined by
combining three equations given in Condon & Matthews
(2018) as:

( ) ( )= + a-
n

D D z1 , 4L C
2 2 1

where DC is the comoving distance to the source. Here, instead
of evaluating the comoving distance integral numerically, we
employ the polynomial approximation given in Condon &
Matthews (2018).

By combining Equations (1)–(4), we can derive an equation
for the radio continuum SFR, which depends on the observed
flux density Fν from a source at redshift z.

3.4. Infrared Star Formation Rate Calculation

In addition to new estimates of the SFRs from radio data, we
also present SFRs calculated from mid-IR data that are updated
from those previously presented in Diamond-Stanic et al. (2012).
The new SFRs are calculated using unWISE (Schlafly et al.
2019) W3 and W4 data and are a median factor of 1.28 times
larger than our previous estimates. At the redshift of our sample
these passbands lie at the short-wavelength tail of the IR dust
curve, and because SFR is calibrated on the integrated IR
luminosity, a template must be used to extrapolate to the dust

peak. The templates we use here are IR SEDs derived from
observations of dusty IR-luminous galaxies at 0.5<z<3
(Kirkpatrick et al. 2015). We suggest these are the best available
templates as we believe our sample of ultracompact galaxies to be
good analogs of galaxies at higher redshift. Here, we exclude the
4 out of 11 templates that are calibrated on observations of
galaxies with powerful AGN. This choice was motivated by the
lack of significant observed AGN signatures in the radio
(Figure 1), the mid-IR (Figure 3), and at other wavelengths (Sell
et al. 2014). This leaves only templates for galaxies that are star-
forming or “composite” (including a subdominant contribution
from an AGN). We calculate the IR SFRs using each template
and take the median and the standard deviation of the distribution
to be the estimate and uncertainty of the IR SFR, respectively.
To calculate an IR SFR for a given galaxy, we shift the

templates to the measured redshift, then numerically integrate the
template over the WISE response curves to calculate a model
spectral luminosity at each passband. We use the unWISE
magnitudes and the redshift to compute the rest-frame mid-IR
luminosities. Finally, we perform a least squares fit of the model
luminosities to our observed luminosities using only one free
parameter, the overall normalization of the model. This normal-
ization parameter can then be multiplied by the template total IR
luminosity to calculate an estimate of the total (8–1000μm) IR
luminosity of the galaxy. Three galaxies in the sample are not
detected in W4, so in this case the normalization parameter is
simply given by the ratio of the template and observed luminosities
at the characteristic wavelength of the W3 filter (λ=12.082μm).
Finally, we can estimate the IR SFR using the relation between
total IR luminosity and SFR given by Murphy et al. (2011):

⎜ ⎟
⎛
⎝⎜

⎞
⎠⎟

⎛
⎝

⎞
⎠ ( )


= ´

-
-

M

LSFR

yr
3.88 10

W
. 5IR

1
37 IR

3.5. Ancillary Measurements

Galaxy compactness: We utilized two methods of estimating
the compactness of the galaxies in our sample. The first method

Figure 1. The 1.5GHz luminosity vs. redshift for each of our sources. We
show the detections in blue, the nondetections located at their 3σ upper limits
in yellow, and the one radio-loud AGN denoted by a red cross.
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was to use optical HST F814W images to measure a
compactness parameter, defined as the ratio of nuclear
(r < 1kpc) to the total (r < 5kpc) optical (background
subtracted) flux. The HST images achieve subkiloparsec
resolution at this redshift ensuring these measurements are
unbiased.

The second method was to use effective radii of the galaxies
as a proxy for compactness. Effective radius should trace
compactness as our sources occupy a small range in stellar
mass ( ( ) ~ M Mlog 11 0.1, Diamond-Stanic et al. 2012),
meaning differences in size directly trace the stellar mass
density. Effective radii were measured using the same optical
HST F814W images (Diamond-Stanic et al. 2012; Sell et al.
2014). The F814W filter with l m~ 800 meff probes
λ∼500 μm emission at z∼0.6, tracing the young stars
rather than the stellar mass.

Mean stellar ages: The mean stellar ages were computed by
fitting linear combinations of C3K simple stellar population
models (C. Conroy et al. 2020, in preparation) with dust
attenuation to the galaxy SED (C. Tremonti et al. 2020, in
preparation). The SEDs are composed of GALEX, SDSS, and
WISE photometry and R∼2000 spectra spanning 3600–4600Å.
The ages reported are the light-weighted average age of stellar
populations younger than 1 Gyr, hence they characterize the time
of the recent starburst, rather than the galaxies’ extended star
formation histories. The data, analysis, and final stellar ages will
be presented in C. Tremonti et al. (2020, in preparation).
Outflow velocities: Gaseous outflow velocities are calculated

using ground-based spectroscopic observations of Mg II 2796 and
2803Åabsorption lines. The spectra are continuum-normalized
and shifted into the rest frame. The absorption profiles are then fit
by applying between one and three Gaussian doublet models and
an additional Gaussian doublet for P Cygni emission where
required. The wavelength at which the outflow velocity is
calculated comes from an equivalent width-weighted composite
absorption profile. This profile is created using just the blueward
doublet member of each fit component, and the wavelength at
which this composite profile reaches 50% of the total profile
equivalent width is the wavelength at which the average outflow
velocity is determined. Details of these computations and final
velocity measurements will be presented in J. Davis et al. (2020,
in preparation).

4. Results

4.1. Radio versus IR SFR Comparison

Figure 2 shows a comparison between the SFRs estimated by
our radio observations and those from the mid-IR WISE data for
each of the galaxies in our sample. The radio-loud AGN has been
excluded, but the remainder of galaxies do not exhibit such an
extreme radio to IR excess as one would expect for a radio AGN.
This figure also demonstrates that the SFR estimated from the IR
is greater than that from the radio for the majority of the sample.
We compute the distribution of the ratio of the IR to radio SFR
using the Kaplan–Meier (KM; Kaplan & Meier 1958) survival
function implemented in ASURV (Feigelson & Nelson 1985;
Isobe et al. 1986) to account for nondetections and find that the
IR SFR exceeds the radio SFR for 16 of 19 galaxies by a median
factor of ∼2.5. We investigate the origin of the IR to radio excess
in the subsequent figures and in Section 5.

4.2. Trends with IR Colors

Figure 3 is a W1–W2 versus W2–W3 color–color diagram
for the WISE IR data for this sample. The position of a galaxy
in the WISE color–color diagram can diagnose the mechanism
dominating the IR emission (star formation versus AGN
activity; e.g., Stern et al. 2012; Assef et al. 2013; Hickox et al.
2017). Overlaid are model colors for AGN, SFG, and
composite templates from Kirkpatrick et al. (2015), redshifted
to the median redshift (z=0.6) of the sample (varying the
redshift across the range of our sample does not change the
figure’s result). This demonstrates that all of our sample falls
within the SFG or composite regime in this color space, further
illustrating a subdominant contribution from AGN activity to
the mid-IR emission. This figure’s color bar appears to show a
weak trend that the galaxies with the highest IR to radio
excesses are also the reddest at W2–W3. For context, we have
added our radio-loud AGN (J0827) back into the sample for
this figure. It does not exhibit AGN mid-IR colors, though this
may be explained by the lack of UV-optical AGN signatures in
the SDSS spectrum suggesting it is a radiatively ineffi-
cient AGN.

4.3. Trends with Structural Parameters

Figure 4 compares the SFR derived from the IR to that derived
from the radio, as a function of optical effective radius (left) and
compactness, determined by the ratio of nuclear to total optical
flux (right). It should be noted that because our sample galaxies
occupy a small range in stellar mass, the effective radius serves as
a proxy for compactness (Section 3.5). We compute the
generalized Spearman rank correlation coefficient for the SFR
ratio as a function of effective radius using ASURV to account for
lower limits, and find a coefficient of ρ=−0.33 with an
associated p-value p=0.16. We thus only detect a correlation at
the ∼1.4σ level. We characterize this trend another way by

Figure 2. Comparison between the SFRs as estimated by the radio and IR
luminosities. We show the radio detections in blue and the nondetections in
yellow. Secondary axes on the top and right show the measured luminosities
used to calculate SFRs. We show a (black dashed) line indicating SFR
equivalence, as well as a (black dotted) line at the median IR to radio SFR
excess of 2.5.
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binning the sample into two bins, those with effective radii equal
to or less than the median radius and those with larger radii. We
then compute the median SFR ratio in each bin using the KM
estimator to account for lower limits and find that the median
ratio is ∼1.6 times larger for the galaxies with smaller effective
radii. We thus conclude that the most compact galaxies exhibit a
more extreme deviation from the IRRC. One physical interpreta-
tion of this is highlighted with a black dashed line in reference to
Groves et al. (2008), which showed that more compact simulated
galaxies have an enhanced brightness at mid-IR wavelengths for
a fixed total IR luminosity due to hotter dust temperature
distributions. The dashed line shown is a quadratic spline fit to
the scaling of mid-IR (15 μm, the wavelength WISE W4 probes
at z∼0.5) to IR luminosity with galaxy compactness as
presented in Groves et al. (2008). This scaling is then fit for
the normalization to our detected points. This scaling may help
explain the observed IR to radio SFR excess, as a brightness
enhancement at mid-IR wavelengths not modeled by our IR
templates would cause an overestimation of the total IR
luminosity and SFR for the most compact galaxies. This
argument is somewhat tempered by the redshift dependence of
the scaling, as our sample covers a redshift range of
0.4<z<0.75. Therefore we consider other physical interpreta-
tions of this plot, further discussed in Section 5.

Figure 5 compares the IR to radio SFR ratio to the mean
stellar age of the recent starburst. We again compute a
Spearman rank coefficient using ASURV, finding ρ=−0.46
with an associated p-value p=0.05. Thus, we detect a ∼2σ
inverse correlation of the SFR ratio with mean stellar age. We
also bin the sample by the median mean stellar age and
compute the median SFR ratio for each bin using the KM
estimator, finding that galaxies with younger stellar populations
exhibit SFR ratios ∼2.4 times greater than galaxies with older
stellar populations. This figure, along with Figure 4, suggests
that young compact starburst galaxies either exhibit more IR or
less radio luminosity than their instantaneous SFR would imply
in regular SFGs.

In Figure 6 we compare the histograms of the qIR parameter
for our sample:
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defined as the logarithmic ratio of the IR to 1.4 GHz
luminosity, to the qIR for a sample of local compact starbursts
studied in Condon et al. (1991). The qIR parameter was
originally defined using the far-IR luminosity (∼40–120 μm),
which is the convention used in Condon et al. (1991). Yun
et al. (2001) found the average value of this parameter to be
qFIR=2.34 in local galaxies. Using the integrated IR
luminosity, however, yields a value of qIR=2.64 (Bell 2003).
In order to compare our sample to local compact starbursts, we
therefore add 0.3 dex to the qFIR values presented in Condon
et al. (1991) to convert them to the qIR convention. We also use
the chosen nonthermal spectral index of αNT=−0.8 to
extrapolate our 1.5GHz luminosities to 1.4GHz. Finally, we
use ASURV ʼs implementation of the differential KM estimator
to output the expected distribution of qIR given lower limits.
We find that our sources are similarly deviant from the IRRC as
local compact starbursts, with a tail toward even more extreme
ratios. In Section 5, we use this result to argue that radio
continuum attenuation by free–free absorption is one of the
favored explanations for the observed SFR discrepancy. This is
because Condon et al. (1991) found that local compact
starbursts are optically thick at GHz frequencies due to free–
free absorption in H II regions. Only after correcting for free–
free absorption did their sources obey the IRRC.

4.4. Trends with Outflow Characteristics

To investigate whether compact starburst activity is
connected to the observed outflows, we compare SFR surface
density as traced by the radio and IR with outflow velocity as
traced by Mg II absorption lines in Figure 7. The source (J2118)
with no detected Mg II line (possibly due to emission filling) is
excluded from the plot, but this does not imply it lacks outflow
activity. This source—the galaxy with the largest average SFR
—in fact hosts an extreme (50 kpc radius) ionized outflow
observed through spatially resolved emission line measure-
ments from integral field unit observations (Rupke et al. 2019).
We find a positive correlation between SFR surface density and
outflow velocity, suggestive of star formation feedback. We
compute the generalized Spearman rank coefficient with
ASURV for each SFR indicator and find that the correlation
is stronger for SFRs determined by the IR (ρ=0.6, p=0.008)
compared to those from the radio (ρ=0.46, p=0.06). We
thus detect a correlation between SFR surface density and
outflow velocity at a higher significance from the IR (∼2.7σ)
compared to the radio (∼1.9σ). If these galaxies are undergoing
star formation feedback, we would expect a correlation
between SFR surface density and gaseous outflow speed.
Indeed, these quantities are known to be correlated (see Rubin
et al. 2014 for a study of galaxies at comparable redshift with
much smaller outflow velocities and ΣSFR, or Heckman &
Borthakur 2016 for a compilation of our sample with lower
surface density galaxies). This tentatively suggests that the IR
is tracing the instantaneous SFR more accurately than the radio
emission, but FIR data as a third SFR calibrator as well as
larger sample sizes are required to test this conclusively.

Figure 3. WISE W2–W3 vs. W1–W2 colors for our sample. Points are colored
according to the ratio of the IR SFR to the radio SFR, and hollow points
indicate this ratio is a lower limit. A gray error bar gives the median uncertainty
for the measured colors. Overlaid are model WISE colors of AGN, SFGs, and
composite galaxies generated using IR templates from Kirkpatrick et al. (2015),
redshifted to the median redshift of the sample (z=0.6).
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5. Discussion

In Section 4, we showed that 16 out of 19 of our sources
exhibit enhanced IR SFRs compared to radio estimates, and
that this deviation is maximized for the most compact galaxies
and the galaxies with the smallest mean stellar ages. This
suggests that compact starbursts deviate from the IRRC. In this
context, we identify four physical effects that could produce the
discrepancy between the radio and IR SFRs.

Free–free absorption: In this picture, radio continuum
emission is reabsorbed by free–free processes in H II regions.
Evidence for this picture is shown in Figure 6, which illustrates
that our sample galaxies exhibit even more extreme deviations
from the IRRC compared to compact starbursts in the local
universe. Condon et al. (1991) showed that local compact
starbursts are optically thick at GHz frequencies due to

Figure 4. Ratio of the IR to the radio SFR vs. the extent of the galaxy in the observed optical HST F814W filter, as measured in two ways. The left panel shows the
ratio vs. the effective radius derived from F814W/HST images. The right panel shows the comparison, but measuring the extent using a compactness parameter (the
ratio of optical flux within a radius of 1 kpc to within 5 kpc). The color bar indicates the IR SFR, which demonstrates that the observed trend is not wholly explained
by the IR SFR. The markers with arrows indicate galaxies that were not detected in the radio, so the SFR ratio becomes a lower limit. The gray error bar shows the
average uncertainty on the detected SFR ratio. The black diamonds show the median SFR ratio as computed by the KM estimator within two bins of effective radius.
Both panels show that the most optically compact galaxies exhibit the highest IR to radio excess. We show a black dashed line indicating the scaling of the mid-IR to
TIR with galaxy compactness as computed from Groves et al. (2008).

Figure 5. IR to radio SFR ratio vs. the mean stellar age. The color bar indicates
that the trend is not explained by the IR SFR. A gray vertical error bar shows
the average uncertainty on the SFR ratio. The two black diamonds show the
median SFR ratio computed by the KM estimator in two bins of mean stellar
age. We observe a trend showing that the galaxies with the youngest
populations of stars exhibit the greatest IR to radio excess.

Figure 6. Histogram of qIR values for both this sample and the sample of local
compact starbursts studied in Condon et al. (1991). The qIR distribution of our
sample has been generated by the KM estimator to account for lower limits. We
show the qIR value corresponding to the IRRC as measured by Bell (2003,
black dashed line) as well as the qIR value implied by equating Equations (1)
and (5) (black dotted line). Our sample galaxies are similarly deviant from the
IRRC, with a tail toward even more extreme ratios. We reference this figure in
Section 5 to argue that radio continuum emission in our sample may be
suppressed by free–free absorption just as in local compact starbursts.
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free–free absorption, and that the sample only obeyed the IRRC
once the radio flux had been corrected for this absorption. We
are currently unable to make these corrections, as we lack the
spectral index data to do so. Figure 4 shows that the galaxies
with the highest IR to radio excess are the most compact, which
in turn would produce a higher column density of absorbing
electrons, consistent with this scenario.

Synchrotron self-absorption should not be important in our
sample galaxies due to their low brightness temperatures. As our
sources are unresolved, we can only estimate a lower limit on the
brightness temperature. However, these lower limits are very
small, with a median of Tb=10 K and a maximum of Tb=
68 K. According to Condon & Ransom (2016), a self-absorbed
synchrotron source at 1.5GHz with a brightness temperature of
Tb=10 K would require a galactic magnetic field strength of
B∼1018 G, which is unfeasible even as an upper limit. We thus
do not consider synchrotron self-absorption as a possible
explanation of the deviation from the IRRC.

Hot dust scenario: The correlation between the deviation
from the IRRC and compactness may also be consistent with
changes in dust temperature. Thus, the observed discrepancy
may stem from a mid-IR enhancement not accounted for by our
IR templates, as simulated compact galaxies exhibit a bright-
ness enhancement at mid-IR wavelengths for a fixed total IR
luminosity (Groves et al. 2008). This is because dust
temperature distributions depend on the specific photon
density, so compact star-forming regions produce hotter dust
grain distributions, shifting the IR energy output to shorter
wavelengths. The dashed line shown in Figure 4 indicates this
scaling of mid-IR enhancement with compactness, and seems
to fit our points well. This argument is tempered, however, by
the fact that this effect is highly redshift dependent.

Tracer timescales scenario: The discrepancy may also stem
from the fact that the two SFR indicators trace star formation
on different timescales. To begin producing synchrotron

emission, a nascent starburst needs enough time for the
massive stars to explode in supernovae and accelerate cosmic-
ray electrons, whereas the IR traces star formation nearly
instantaneously. Neglecting other considerations such as
galactic magnetic field strength, one would expect an IR to
radio excess for at least ∼4Myr after the birth of a starburst
(Roussel et al. 2003). Because this sample preferentially hosts
very young stellar populations, we may be observing a portion
of the sample within this few megayear window of IR excess,
which may be supported by Figure 5.
Another timescale discrepancy argument stems from the

result that IR emission from simulated mergers begins to
overestimate the SFR during epochs of rapid decline in the
SFR, such as quenching events (Hayward et al. 2014). This is
because IR emission as an SFR indicator traces star formation
averaged over ∼100Myr timescales. As the SFR begins to
decline during a quenching event, the IR-emitting dust remains
hot, such that the observed IR luminosity begins to
progressively overestimate the instantaneous SFR. Meanwhile,
synchrotron emission traces star formation on ∼10Myr
timescales. If we are indeed observing these galaxies during
a quenching event triggered by outflows, then the observed IR
emission may be overestimating the true SFRs.
Convective wind scenario: An alternative scenario that could

produce the observed deviation is the presence of convective
winds in our sample galaxies. Lisenfeld et al. (2004) showed
that a local dwarf post-starburst galaxy’s radio spectrum is
consistent with the expulsion of cosmic-ray electrons from the
galaxy via a convective wind. Such a removal of cosmic rays
could suppress the synchrotron emission associated with star
formation. Without radio observations at multiple frequencies,
we cannot currently rule out this possibility.
In the free–free absorption scenario, the first tracer-timescale

scenario, or in the case of a convective wind, the observed radio
flux would underestimate the true SFR. Alternatively, the IR

Figure 7. Average outflow speed as traced by the Mg II absorption vs. star formation surface density as traced by the radio (left panel) and IR (right panel). The sizes
used for the surface density are effective radii measured by HST. A gray horizontal error bar shows the average uncertainty in surface density. There is a positive
correlation between star formation density and outflow speed, which is stronger for the SFRs determined by the IR emission (generalized Spearman rank ρ values).
The galaxy without a Mg II detection is excluded, but this source is known to host an extreme outflow (see the text).
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would overestimate the instantaneous SFR in the case of hot dust,
or in the second tracer-timescale scenario. The SFR discrepancy
we observe in our sample may result from some combination of
these physical pictures. The stronger connection between IR
luminosity and outflow velocity (Figure 7) may give credence to
the IR being the better tracer of SF. However, a robust assessment
of this will require future FIR observations (with SOFIA) to probe
emission near the dust peak. These observations would constrain
the appropriate IR SED templates and thus SFRs of these galaxies
significantly.

If these galaxies are indeed optically thick to free–free
emission, IR emission may be suppressed as well. This
extinction would be more substantial at shorter wavelengths,
causing a reddening of the IR SED. If our IR templates fail to
account for this reddening, we may be underestimating not only
the radio SFR but also the IR SFR. In this case, the true SFRs
would imply the sample lies even closer to the Eddington star
formation limit than our current estimates suggest.

6. Conclusions

This paper presents star formation rates calculated from
1.5GHz (rest-frame ∼2.4 GHz) continuum observations of a
sample of massive (M*∼1011Me), compact starburst
galaxies (at z∼0.6) hosting high-velocity gaseous outflows
(∣ ∣ v 103 km s−1) thought to be triggered by star formation
activity. These observations provide an independent measure-
ment of these galaxies’ SFRs, as radio emission is optically thin
to dust absorption, and calculation of SFRs in the nonthermal
regime relies on different assumptions.

We found that only one object exhibited characteristics of an
AGN at radio frequencies, further constraining AGN activity in
the sample. We also found that the SFR estimates from the IR
exceeded those from the radio for 16 out of 19 galaxies by a
median factor of 2.5. The galaxies that exhibit the highest IR to
radio excess are the most compact in optical morphology and
host the youngest populations of stars, suggesting that compact
starbursts deviate from the IRRC.

We conclude that the origin of this deviation could be due to
several possible physical effects: free–free absorption in H II
regions stifling synchrotron emission produced by star formation,
an excess of IR luminosity due to hot dust, a difference in the
timescales over which each SFR indicator traces star formation, a
convective wind, or some combination of the above.
Upcoming FIR observations to constrain the luminosity near

the dust peak (currently limited to the two brightest sources in the
sample) should provide a third calibrator for these galaxies’ SFRs.
With accurate estimates of these SFRs, we may be able to probe
star formation feedback at its most extreme, as well as use the
sample as an analog to understand massive galaxy evolution at
high redshift.
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Appendix

Here we outline details of the radio observations and present
derived galaxy quantities. Table A1 displays calculated quantities
for the sample galaxies. Figure A1 shows cutouts of our images
synthesized from VLA data with Gaussian source fits overlaid, and
Figure A2 shows HST images of the sample, with the
corresponding radio image contours drawn over them.

Table A1
The Galaxies in the Radio Sample and Measured Quantities Including the Redshift, 1.5GHz Flux, Luminosity, and SFR, the 12 and 22 μm Fluxes, the Total IR

Luminosity and the IR SFR

Name z F1.5GHz L1.5GHz SFR1.5GHz F12μm F22μm LIR SFRIR

(μJy) (1022 W Hz−1) ( M yr−1) (mJy) (mJy) (1036 W) ( M yr−1)

J0106–1023 0.454 89±19 6.3±1.4 52±11 1.28±0.16 2.78±0.94 348±54 135±21
J0826+4305 0.603 168±20 23.1±2.8 187±23 0.80±0.12 3.23±0.81 491±75 191±29
J0827+2954 0.681 16500±12 3017.3±2.1 L 0.24±0.12 1.24±0.81 207±31 80±12
J0905+5759 0.711 107±22 21.6±4.4 174±36 0.62±0.10 2.40±0.67 560±83 217±32
J0908+1039 0.502 �56 �5.0 �41 0.45±0.11 0.25±0.75 152±23 58.8±8.8
J0944+0930 0.514 �56 �5.2 �43 0.99±0.13 3.37±0.89 398±62 154±24
J1039+4537 0.634 34±10 5.3±1.5 43±12 0.30±0.10 L 142±25 54.9±9.7
J1107+0417 0.467 130±25 9.8±1.9 80±15 1.55±0.12 4.17±0.79 466±74 181±29
J1125–0145 0.519 �60 �5.8 �47 0.72±0.12 1.98±0.79 290±45 113±17
J1219+0336 0.451 81±22 5.6±1.5 46±13 1.76±0.13 6.29±0.79 501±81 195±32
J1229+3545 0.614 70±16 10.0±2.3 81±19 0.17±0.11 0.10±0.78 93±14 36.2±5.3
J1232+0723 0.401 93±25 4.9±1.3 40±11 0.62±0.15 L 82±18 31.7±7.0
J1248+0601 0.632 �35 �5.4 �44 0.05±0.13 0.44±0.84 42.7±6.8 16.6±2.7
J1341–0321 0.661 104±16 17.7±2.7 143±22 1.184±0.094 4.58±0.63 890±130 347±52
J1506+6131 0.437 �76 �4.9 �40 0.442±0.059 0.34±0.42 101±16 39.3±6.2
J1613+2834 0.449 324±26 22.3±1.8 183±15 2.612±0.082 10.06±0.66 730±120 282±48
J2116–0634 0.728 �38 �8.0 �65 0.60±0.15 L 595±90 231±35
J2118+0017 0.459 505±25 36.6±1.8 300±15 2.02±0.13 5.15±0.85 576±91 224±35
J2140+1209 0.751 41±10 9.4±2.2 76±18 0.67±0.12 2.05±0.86 673±99 261±38
J2256+1504 0.727 �27 �5.8 �47 0.21±0.12 1.57±0.79 225±34 87±13
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Figure A1. 15 ,″cutouts of cleaned VLA images with which fluxes are measured. A color bar shows the surface brightness scale of our images. The images are
centered according to the corresponding HST centroid. Names in bold are deemed detections by the algorithm discussed in Section 3.1. The synthesized beam size is
shown in the lower-left corner in cyan and the Gaussian 1σ source fit width is highlighted with magenta ellipses. If there exists a pixel brighter than 3 times the image
noise within 1″ of the image center, that position is fixed to be the center of the Gaussian fit. Otherwise, the Gaussian is fixed at the HST centroid position.
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