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Abstract

The Dragonfly galaxy (MRC 0152-209), the most infrared-luminous radio galaxy at redshift z∼ 2, is a merger
system containing a powerful radio source and large displacements of gas. We present kiloparsec-resolution data
from the Atacama Large Millimeter/submillimeter Array and the Very Large Array of carbon monoxide (6−5),
dust, and synchrotron continuum, combined with Keck integral field spectroscopy. We find that the Dragonfly
consists of two galaxies with rotating disks that are in the early phase of merging. The radio jet originates from the
northern galaxy and brightens when it hits the disk of the southern galaxy. The Dragonfly galaxy therefore likely
appears as a powerful radio galaxy because its flux is boosted into the regime of high-z radio galaxies by the jet–
disk interaction. We also find a molecular outflow of (1100± 550) Me yr−1 associated with the radio host galaxy,
but not with the radio hot spot or southern galaxy, which is the galaxy that hosts the bulk of the star formation.
Gravitational effects of the merger drive a slower and longer-lived mass displacement at a rate of (170± 40) Me
yr−1, but this tidal debris contains at least as much molecular gas mass as the much faster outflow, namely
MH2= (3 ± 1)× 109 (αCO/0.8) Me. This suggests that both the active-galactic-nucleus-driven outflow and mass
transfer due to tidal effects are important in the evolution of the Dragonfly system. The Keck data show Lyα
emission spread across 100 kpc, and C IV and He II emission across 35 kpc, confirming the presence of a metal-rich
and extended circumgalactic medium previously detected in CO(1–0).

Unified Astronomy Thesaurus concepts: Galaxy interactions (600); Starburst galaxies (1570); Radio loud quasars
(1349); Submillimeter astronomy (1647); Radio astronomy (1338); High-redshift galaxies (734); Radio galaxies
(1343); Galaxy mergers (608); Radio jets (1347); Ultraluminous infrared galaxies (1735); Circumgalactic
medium (1879)

1. Introduction

For decades, high-redshift radio galaxies have served as
excellent laboratories for studying the early formation and
evolution of galaxies (Miley & De Breuck 2008). High-redshift
radio galaxies, or HzRGs in short, are often defined to have
a redshift of z 2 and a rest-frame radio power of
P500 MHz(rest)> 1027.5 WHz−1 (Miley & De Breuck 2008).
The bright synchrotron emission from their powerful, steep-
spectrum radio sources has long been used as a beacon for
tracing the faint optical signatures of massive galaxies and
protoclusters (e.g., Roettgering et al. 1994; Chambers et al.
1996; Carilli et al. 1997; Pentericci et al. 2000; see also reviews
by McCarthy 1993; Miley & De Breuck 2008). High-redshift

radio galaxies occupy the high end of galaxy masses, with
M* = 1011–12 Me (Seymour et al. 2007; see also Pentericci
et al. 2001; De Breuck et al. 2010; Rocca-Volmerange et al.
2013). They also possess characteristics that can give valuable
insight into the process of galaxy evolution, such as high rates
of star formation and strong active galactic nuclear (AGN)
activity (e.g., Barthel et al. 2012; Wilkes et al. 2013; Drouart
et al. 2016), as well as jet-driven gas outflows (e.g., Villar-
Martín et al. 1999; Nesvadba et al. 2017). High-z radio galaxies
are often found in overdense regions, as expected from the
progenitors of giant elliptical galaxies that occupy the centers
of galaxy clusters (e.g., Pentericci et al. 1997; Venemans et al.
2007; Hatch et al. 2009; Galametz et al. 2012; Wylezalek et al.
2013; Dannerbauer et al. 2014). These properties had indicated
that high-z radio galaxies represent the most active episodes in
the early evolution of massive galaxies, but more recent studies
reveal that many high-z radio galaxies may be on the way to
quenching (e.g., Falkendal et al. 2019; Man et al. 2019).
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Accurate techniques for determining the complex spectral
energy distributions (e.g., Drouart & Falkendal 2018) are
starting to reveal that many of the radio host galaxies may even
fall below the main sequence of star-forming galaxies
(Falkendal et al. 2019).

The Dragonfly galaxy, MRC 0152-209, is a radio galaxy at
z= 1.92 that shows extreme characteristics, even for a high-z
radio galaxy. Its starburst infrared luminosity is in the regime of
hyperluminous infrared galaxies (LIR� 1013 Le), which is
roughly 1 order of magnitude higher than other high-redshift
radio galaxies at z∼ 2 (Drouart et al. 2014; Falkendal et al.
2019). This reflects a star formation rate (SFR)
∼2000Me yr−1, after correcting for infrared emission from
dust heated by the AGN (Drouart et al. 2014; Falkendal et al.
2019). Imaging from the Hubble Space Telescope (HST) Near
Infrared Camera and Multi-Object Spectrometer (NICMOS)
showed that the Dragonfly appears to be a merger system
(Pentericci et al. 2001). The radio source in the Dragonfly
galaxy is ∼10 kpc in size, and only slightly resolved in existing
radio images at 4.5 and 8.2 GHz (Pentericci et al. 2000).

The Dragonfly galaxy also contains a large mass of cold
molecular gas, MH2 ≈ 5× 1010 (αCO/0.8) Me (Emonts et al.
2011), with αCO=MH2/L

′
CO= 0.8 the CO-to-H2 conversion

factor found for ultraluminous infrared galaxies (ULIRGs;
Downes & Solomon 1998). This is derived from a CO(1–0)
luminosity that is at the high end of what is found in high-z
radio galaxies (Emonts et al. 2014). The CO(1–0) emission
revealed a molecular gas reservoir that is spread across
∼60 kpc, likely reflecting widespread tidal debris of cold gas
(Emonts et al. 2015a, hereafter Paper I). Observations of CO(6
−5) with the Atacama Large Millimeter/submillimeter Array
(ALMA) in Cycle 2 showed that the Dragonfly galaxy is a
system of three merging galaxies with one containing a
powerful radio source (Emonts et al. 2015b, hereafter Paper II).
This work revealed that a high mass of cold molecular gas is
being displaced between two of the merging galaxies at a rate
between 1200 and 3000 Me yr−1. This matches the SFR
estimated for the system. However, these Cycle 2 data could
not distinguish whether the gas kinematics in the Dragonfly
galaxy were caused by gaseous outflows, or by gravitational
interactions between two rotating disk galaxies (Paper II).

In this paper, we present new, kiloparsec-scale-resolution
data from ALMA and the Karl G. Jansky Very Large Array
(VLA) that target the line emission from CO(6−5), as well as
continuum emission from dust and synchrotron radiation (see
also Lebowitz 2019). We also present data from the Keck
Cosmic Web Imager (KCWI) of the hydrogen recombination
line Lyα, as well as other rest-frame ultraviolet emission lines
that trace the ionized gas. This allows us to map in detail the
radio source and host-galaxy environment, in order to study the
unusual properties of this high-z radio galaxy. We will also
investigate what drives the rapid displacement of molecular gas
in this system: tidal forces from merging, or outflows driven by
the radio jets and/or star formation.

Throughout this paper, we assume the following cosmolo-
gical parameters: H0= 71 km s−1 Mpc−1, ΩM= 0.3, and
ΩΛ= 0.7, which at z = 1.9212 (below) corresponds to an
angular scale of 8.3 kpc arcsec−1 and a luminosity distance
DL= 14.6 Gpc (Wright 2006).

2. Methods

2.1. Atacama Large Millimeter/submillimeter Array

The ALMA Cycle 4 observations (project 2016.1.01417.S)
were conducted on 2017 August 9 and 17 for 1.2 hr on source
with 45 antennas with baselines up to 3.5 km. We configured
the spectral windows to cover two 4 GHz bands, one including
the redshifted CO(6−5) line (235.8–239.6 GHz) and the other
including only the continuum (251.2–255.0 GHz).
The data were calibrated using the ALMA calibration pipeline

that is included in the Common Astronomical Software
Applications (CASA) version 4.7.2 (CASA Team et al. 2022),
by means of running the script that was supplied with the data by
the North American ALMA Science Center (NAASC).
Subsequent imaging was done manually using CASA version
5.3.0. For the line data, we subtracted the continuum in the (u,v)-
domain by fitting a straight line to the line-free channels. We
then combined our Cycle 4 data with 6 minutes of ALMA Cycle
2 observations taken at the same frequency but in a more
compact configuration (baselines �17 m; Paper II). Imaging and
deconvolution were done using a robust weighting scheme
(Briggs 1995), resulting in an image resolution of 0 12× 0 08
(1.0× 0.7 kpc) at a position angle (PA) 80°. The line data were
imaged with a spectral resolution of 15 km s−1 for a single
channel, resulting in an rms noise of 0.24 mJy beam−1 chan−1.
We also produced lower-resolution line-data cubes by tapering
the data to a beam size of 0 23× 0 19 (1.9× 1.6 kpc) at
PA = 81°, with channels of 45 km s−1 and an rms noise level of
0.15 mJy beam−1 chan−1.

2.2. Very Large Array

The VLA observations were conducted on 2015 May 29 in
BnA configuration, 2015 August 5 and 13 in A configuration,
and 2017 December 30 in B configuration (projects VLA/15A-
316 and VLA/17B-444). The total on-source time was 3.3 hr.
The observations were centered at 43 GHz and used an
effective bandwidth of 7.5 GHz. We used calibrator J2253
+1608 for calibrating the bandpass response, J0204-1701 at
4°.4 distance from our target for calibrating the complex gains
every 60–70 s, and 3C147 for applying the absolute flux scale.
A standard manual data reduction and analysis was

performed using CASA version 5.1.1 for calibrating the A-
and BnA-configuration data, and CASA version 5.3.0 for
calibrating the B-configuration data and subsequent imaging of
the combined data. We used the multifrequency synthesis
method with a robust weighting scheme to create a continuum
image with a resolution of 0 08 × 0 05 (0.7× 0.4 kpc) at PA
=−6°.6. The data were cleaned, but the signal was not strong
enough to perform a self-calibration. This means that low-level
artifacts due to phase errors persist in the image. The rms noise
level of the VLA continuum image is 24 μJy beam−1.

2.3. Keck

The Keck observations (project U074) were conducted on
2018 October 6 using the Keck Cosmic Web Imager at central
wavelength 420 nm (Morrissey et al. 2018). KCWI is an
integral field unit (IFU) that effectively provides a spectrum at
every spatial pixel (spaxel). The KCWI large slicer and BL
grating were used to cover the effective wavelength range of
345–525 nm, or 118–180 nm in the rest frame, with a pixel size
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of 1 4 (12 kpc) in the east–west direction and 0 29 (2.4 kpc) in
the north–south direction. The spectral resolution is R∼ 900.
The total exposure time was 1 hr, divided into six exposures of
10 minutes each. The data were reduced following standard
procedures using the KCWI data reduction pipeline (Neill
et al.2018).

3. Results

3.1. Molecular Gas and Dust

Figure 1 (left) shows an HST image of the Dragonfly galaxy
(Pentericci et al. 2001). On a scale of several tens of
kiloparsecs, the HST image shows prominent tidal features
that were previously described in Paper I. Figure 1 (middle)
shows the ALMA 237 GHz continuum image, which reveals
three components. Components NW and SE appear in the
center of the Dragonfly system and were previously detected in
Paper II. The continuum flux in component SE is roughly twice
that of component NE (Paper II), confirming that the SE galaxy
hosts the bulk of the dust-obscured star formation detected by
Drouart et al. (2014) and Falkendal et al. (2019). Component C
is a likely companion galaxy that was previously detected in
CO(6−5) but not the 237 GHz continuum (Paper II). These

new observations reveal a peak flux density of 70 μJy beam−1

for the observed 237 GHz continuum of component C.
Figure 1 (right) shows a total intensity map of the CO(6−5)

emission in the central ∼8 kpc. The ALMA data clearly show
that the Dragonfly system consists of two central galaxies, NW
and SE, which are separated by approximately 4 kpc. The high-
J line of CO(6−5) traces molecular disks that have a projected
radius of approximately 2 kpc for NW and 1.5 kpc for SE.
Component C could be a third galaxy (see also Paper II).
Figure 2 (left) shows a moment 1 velocity map of CO(6−5).

Both NW and SE possess distinct regions of redshifted and
blueshifted gas, indicative of rotating disks. The disk of the
NW galaxy shows less ordered gas kinematics and a higher
velocity dispersion compared to the disk of the SE galaxy. The
two disks are connected by a tidal bridge of gas. This bridge of
CO emission between the galaxies is also visible in the
position–velocity plot with the pseudo-slit taken along the radio
axis (Figure 2, right).
Figure 2 (middle) shows the moment 2 map of the CO

velocity dispersion, which is defined as σCO= FWHMCO/2.355,
with FWHMCO the full width at half the maximum intensity of
the CO line. Figure 2 (middle) shows that the molecular gas in
the bridge has a velocity dispersion that ranges from

Figure 1. Left: HST/NICMOS F160W image of Dragonfly galaxy (z = 1.92; Pentericci et al. 2001). Middle: 237 GHz (692 GHz rest frame) ALMA continuum
emission in the inner 13 kpc. Right: total intensity map of ALMA CO(6−5) emission in the inner 7 kpc. The black contours represent the 237 GHz ALMA continuum
emission from the middle plot. Contour levels start at 0.1 mJy beam−1 and increase in steps of 0.1 mJy beam−1. The white contours are the 43 GHz (115 GHz rest
frame) VLA synchrotron emissions of a radio hot spot (see Figure 3 and Section 3.2 for more details on the radio source). Contour levels start at 0.4 mJy beam−1 and
increase in steps of 0.4 mJy beam−1.

Figure 2. Left: moment 1 velocity map of CO(6−5). Middle: moment 2 velocity dispersion map of CO(6−5). The contours show the ALMA and VLA continuum
data from Figure 1. Right: position–velocity map (smoothed to a resolution of 0 3) taken along the position angle shown as a yellow rectangle in the inset on the
bottom left.
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σCO= 90–170 km s−1, where the maximum σCO= 170 km s−1

is higher than the velocity dispersion seen throughout the disk of
the SE galaxy. Based on the 8.2 GHz radio continuum image
from Pentericci et al. (2000), in Paper II it was argued that that
the NW galaxy must host the radio-loud AGN.

3.2. Radio-loud Active Galactic Nucleus

The radio source that classifies the Dragonfly galaxy as a
high-redshift radio galaxy is shown in Figure 3. The contours
of the radio jet detected by the VLA at 8 GHz (Pentericci et al.
2000) are overlaid on our new high-resolution VLA image at
43 GHz. The alignment of the central axis of the 8 GHz radio
source with the NW galaxy suggests that NW is the host galaxy
of the radio source (Paper II). The two-sided morphology of the
radio source is consistent with our new VLA observations. At
43 GHz, the high resolving power of the VLA left too little
surface brightness sensitivity to pick up any radio lobes
associated with a jet, but a bright spot was detected on the
western edge of the SE galaxy. This bright spot is aligned along
the radio axis and has a flux density of S43= 1.8± 0.2 mJy.
The northern 8 GHz lobe shows a weak and apparently
unresolved 43 GHz counterpart at a 5.5σ level, with a peak
flux density of S43= 0.13± 0.5 mJy beam−1. The projected
distance between the northern and southern radio components
detected at 43 GHz is 1 15, or 9.5 kpc. A central radio core is
not detected in our VLA data.

Previous low-resolution observations performed with the
Australia Telescope Compact Array at 39.9 GHz revealed a
continuum flux density of S39.9= 5.1± 1.5 mJy beam−1 with a
spectral index of α=−1.3 for Sν∝ να (Emonts et al. 2011).
These observations had a spatial resolution of 9 8× 7 1
(81× 59 kpc), and hence did not resolve any of the structures
associated with the Dragonfly system. Based on these previous
observations, we expect a total 43 GHz continuum flux density
of S43∼ 4.6 mJy beam−1. This means that we only recover

about 40% of the 43 GHz continuum emission in our high-
resolution VLA data. The remaining 60% is likely synchrotron
emission from more diffuse lobes that are resolved out in our
high-resolution VLA data.

3.3. Keck Spectroscopy

Figure 4 shows a 2D spectrum of the Keck data, obtained by
putting a “pseudo-slit” with a width of 5 spaxels (6 75) aligned
in a north–south direction across the Dragonfly galaxy. We
produced this “pseudo-slit” from the IFU data through a linear
arrangement of spaxels. The large spaxel size of the KCWI data
means that the NE and SW galaxies cannot be accurately

Figure 3. VLA 43 GHz continuum image of the radio source, with overlaid
previous lower-resolution VLA data of the radio source at 8 GHz (white
contours; Pentericci et al. 2000). The VLA 8 GHz contours start at 1
mJy beam−1 and increase by a factor of 2. Self-calibration of the 8 GHz data
could have affected its positional accuracy, so we shifted the 8 GHz radio
continuum by 0 09 to create the best possible overlay with the 43 GHz
continuum. The red contours show the ALMA 237 GHz dust continuum from
Figure 1. The inset on the bottom right shows the bright 43 GHz hot spot in the
southern lobe, detected on the right edge of the disk of the SE galaxy. The
ALMA dust continuum may be contaminated by faint 237 GHz synchrotron
emission at the location of the hot spot. The inset on the top right shows a weak
and unresolved 43 GHz counterpart to the northern lobe.

Figure 4. Keck spectroscopy. Top: 2D spectrum taken with a 6 8 wide
pseudo-slit along the north–south direction and covering both galaxies. The
pixel scale on the vertical axis is 0 29 per pixel. The dotted lines mark the
approximate spatial extent of the Lyα, C IV, and He II lines. Middle and
bottom: 1D spectrum extracted against 9 × 2 spaxels in the region of the
Dragonfly. Visible are the lines: Lyα (λrest = 1215.7 Å), N V (λrest = 1240 Å),
C II (λrest = 1336 Å), Si IV (λrest = 1400 Å), N IV] (λrest = 1486 Å), C IV

(λrest = 1548 + 1551 Å), He II (λrest = 1640 Å), O III] (λrest = 1663 Å), and
N III] (λrest = 1750 Å). The middle panel also shows a zoom-in of the Lyα
(left) and C IV (right) lines, with arrows indicating potential absorption
features. The zero velocity for the close doublet of C IV is centered on
λrest = 1548.2 Å.
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distinguished in the Keck imaging. We detect in total nine
emission lines, including Lyα, N V, C II, Si IV, N IV], C IV, He II,
O III], and N III]. Based on the Keck spectrum, we can classify
this AGN as Type II. Type II AGN are characterized by a core
that is blocked by the torus, producing only narrow emission
lines and lacking the very broad lines from the broad-line region
that are typically seen in Type I AGN.

Figure 4 shows that the brightest emission lines (Lyα, He II,
and C IV) appear spatially extended. The Lyα emission stretches
across a scale of at least 100 kpc. This is analog to spectroscopic
results of giant Lyα halos observed in other high-z radio galaxies
(e.g., van Ojik et al. 1996; Pentericci et al. 1997; Villar-Martín
et al. 2003, 2007; Vernet et al. 2017) and quasars (e.g.,
Cantalupo et al. 2014; Borisova et al. 2016). The Lyα line also
shows two putative absorption features, one around the redshift
of CO, and the other blueshifted. These absorption systems are
tentatively detected also in C IV. Similar absorption features
were seen in other high-z radio galaxies (e.g., Jarvis et al. 2003;
Humphrey et al. 2008; Swinbank et al. 2015; Kolwa et al. 2019).
Emission of the He II and C IV metal lines is visible across
approximately 35 kpc (Figure 4, top panel).

Figure 5 shows that the widespread Lyα emission is bright
enough that it can be imaged across ∼80 kpc. At the lowest
velocities, the extended Lyα emission is found predominantly
north to northeast of the galaxies, while at the highest velocities
it is found stretching toward the south and southwest. Lyα
emission at larger scales or extended emission seen in the other
lines (as shown in the 2D spectrum of Figure 4) has too low a
surface brightness to be visible above the noise in similar
contour plots.

Previously, CO(1–0) emission from cold molecular gas was
also observed across∼60 kpc, predominantly at positive velocities
(Paper I). Our new Keck results add to the evidence that there is a
rich circumgalactic medium present around the Dragonfly system,
although a full analysis of the circumgalactic gaseous environment
of the Dragonfly is beyond the scope of the current paper.

4. Discussion

4.1. Merging Disk Galaxies

The ALMA CO(6−5) moment maps show that both the SE
and NW components are likely rotating disk galaxies. The

galaxies are connected by a tidal bridge of molecular gas. The
presence of this tidal gas connecting NW and SE, along with
their small separation (∼4 kpc), indicates that these galaxies are
in an early stage of merging (e.g., Mihos & Hernquist 1996;
Prochaska et al. 2019). In agreement with this, studies at low
redshift showed that radio AGN activity can be triggered
during the precoalescent phase of a merger event (Ramos
Almeida et al. 2011; Tadhunter et al. 2011). The center of the
bridge of molecular gas between the two galaxies shows a high
velocity dispersion, as well as a sudden change in gas
kinematics. This could indicate that in the middle of the bridge
the gas is strongly shocked, which could convert the bulk
velocity into a turbulence (e.g., Cornuault et al. 2018). Our
results are in good agreement with simulations by Sparre et al.
(2022), which reveal that a major merger between two disk
galaxies can create a gas bridge that is dominated by supersonic
turbulence at the midpoint in between the galaxies. This bridge
can form either before or after the first passage of the galaxies.
The center of the NW galaxy contains the highest velocity

dispersion in this system and has more chaotic rotation than the
SE galaxy. The maximum velocity dispersion of σCO ∼ 200
km s−1 in the central region of the NW galaxy is significantly
higher than the velocity dispersion typically observed in both
low- and high-z systems (e.g., Swinbank et al. 2011; Girard
et al. 2021). Following Section 3.2, the NW galaxy hosts the
radio-loud AGN. We speculate that the AGN activity may be
related to the high velocity dispersion of the gas in the NW
galaxy, either because the radio-loud AGN influences the gas
that is present in the NW galaxy (e.g., Morganti et al. 2021;
Ramos Almeida et al. 2022), or because large amounts of
molecular gas are being accreted into the NW galaxy, which
may fuel the AGN activity (e.g., Ruffa et al. 2019).
Alternatively, we cannot rule out that the disturbed rotational
kinematics of the NW galaxy are caused by another, much
closer galaxy–galaxy interaction associated with only the NW
component, rather than a rotating disk. Hibbard & van Gorkom
(1996) show examples of nearby galaxy mergers where gas
kinematics leave blue- and redshifted signatures that could be
difficult to distinguish from rotating disks if these systems were
to be located at larger distances. However, we argue that this is
unlikely because the HST and ALMA continuum imaging do

Figure 5. Left: Lyα spectrum of the Dragonfly galaxy. A velocity correction was applied to account for the Earth’s rotational and orbital motion, and the motion of the
Galaxy with respect to the cosmic microwave background frame. The zero velocity (black dashed line) corresponds to z = 1.9212. The red dashed line highlights
v = −750 km s−1. Annotated on the top are three velocity ranges, from −2000 to −730 km s−1 (A), −730 to 0 km s−1 (B), and 0 to 1500 km s−1 (C). Right: three
contour plots of the average surface brightness of the Lyα flux across the velocity ranges A, B, and C. In each plot, contours start at 10−17 erg s−1 cm−2Å−1 and
increase by a factor of 2. The center at (0,0) is the intensity-weighted centroid of the Lyα line in the Keck data. The PSF of the core of the Lyα line has FWHM = 1 3
in the north–south dimension and FWHM = 2 2 in the east–west dimension.
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not reveal indications that the NW galaxy consists of multiple
components.

4.2. Gas Displacement: Tidal Debris or Outflow?

Previous ALMA observations of the CO(6−5) emission at
lower spatial resolution revealed that molecular gas is rapidly
being displaced within the Dragonfly galaxy, with gas
displacement rates 1200–3000 Me yr−1 (Paper II). Because
this is similar to the SFR∼ 2000 Me yr−1, the mechanism that
displaces the molecular gas is likely critical for the evolution of
this system. Paper II could not clearly distinguish whether this
mechanism was related to the gravitational interaction between
two disks, AGN- or starburst-driven outflows, or both. The
bridge of CO(6−5) that we detect in our new ALMA data is a
clear indication that the gravitational effects of the merger are
important, but the bridge likely represents only a fraction of the
total gas displacement in this system. To further investigate the
gas displacement in the Dragonfly galaxy, we tapered our
ALMA CO(6−5) data to a lower resolution of 0 23 × 0 19
(1.9× 1.6 kpc; see Section 2.1) in order to increase our
sensitivity for tracing molecular gas at lower surface brightness
levels.

4.2.1. Tidal Debris

In addition to the relatively narrow CO bridge between the
two galaxies, our tapered ALMA data show additional CO(6
−5) emission at lower surface brightness levels at velocities
|v| 250 km s−1 (Figure 6). This emission is also seen in the
position–velocity plot of Figure 2. Spectra of the CO(6−5) data
reveal no kinematic evidence for outflows in the region
between the galaxies, so we conclude that the molecular gas in
between the galaxies is mostly tidal debris from the gravita-
tional interaction between the gaseous disks of the two
galaxies. Simulations by Sparre et al. (2022) show that, in
addition to the formation of a gaseous bridge, a major merger
may lead to a substantial mass accretion from the entrainment
and cooling of the circumgalactic medium. This process may
contribute to the tidal material that we find between the
galaxies in the Dragonfly system.

To estimate the CO(6−5) luminosity of this tidal debris, we
extract a pseudo-slit in a perpendicular direction across the

bridge, as shown in Figure 7. The CO emission detected across
the tidal debris is contaminated by emission from the bright CO
in the NW and SE galaxy, as a result of the point-spread
function (PSF) of the synthesized beam. To estimate this PSF
contamination, we assume that the molecular gas in the central
disks of the two galaxies is distributed roughly symmetrically
around the center of the galaxies. As shown in Figure 7, we
then take two pseudo-slits at “off” positions on opposite sides
of the NW and SE galaxy, at equal distances from the center of
the galaxies as the pseudo-slit of the “bridge.” To estimate the
true CO(6−5) luminosity of the tidal debris, we subtract the
CO signal in regions “off-1” and “off-2” from the CO signal of
the “bridge” region. The resulting CO(6−5) intensity of the
molecular gas in the tidal debris, corrected for PSF contamina-
tion of the galaxies, is ICO(6−5)= 0.3± 0.1 Jy beam−1×
km s−1.

4.2.2. Active-galactic-nucleus-driven Outflow

The CO emission at the highest velocities (|v| 250 km s−1)
appears to be localized around the NW galaxy. Figure 8
(middle) shows the CO(6−5) spectra from the tapered data
against the central region of NW, as well as a region 0 15
(1.2 kpc) to the north along the axis of the radio source. These
spectra appear to have a broad, blueshifted wing to the CO
profile. This blue wing is indicative of an outflow from the NW
galaxy. The maximum velocity of the outflow reaches from
−500 km s−1 in the center to approximately −800 km s−1 north
of the center. No outflow is seen against the SE galaxy, which
hosts the bulk of the star formation.14 This, together with the
apparent orientation of the outflow along the jet axis, suggest
that the outflow from the NW galaxy is most likely driven by
the radio source.
In the region north of the center of NW, where the outflow

reaches its maximum velocity, we also detect a faint blob in the
237 GHz radio continuum, with a peak flux density of roughly
0.09 mJy beam−1 (Figure 8). Since we do not detect anything
in the 43 GHz continuum at this location, we can set a 3σ lower

Figure 6. CO(6−5) emission at various velocities after tapering our ALMA data to a lower resolution of 0 23 × 0 19 (1.9 × 1.6 kpc) at PA 81°. White contours
mark the level of the integrated emission after binning the tapered data to 45 km s−1 channels. Contour levels start at 2.5σ and increase by 1σ, with σ =
0.15 mJy beam−1 (corresponding negative contours are in gray). The black contours show the CO total intensity image at full spatial resolution from Figure 2. Contour
levels start at 0.02 Jy beam−1 × km s−1 and increase by a factor of 2. The three lines in the middle panel visualize the axes along which we obtained the position–
velocity (PV) plots to estimate the CO luminosity of the bridge material. These PV plots are shown in Figure 7.

14 Spilker et al. (2020a, 2020b) argue from OH 119 μm absorption
measurements that molecular outflows driven by star formation are ubiquitous
among high-z dusty star-forming galaxies, but that molecular emission lines
may not always be reliable tracers for these outflows.
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limit to the spectral index of α> 0.12 for S∝ να. This inverted
spectral index makes it unlikely that this faint ALMA
continuum detection is radio synchrotron emission from a hot
spot in the radio jet, but if real, its exact nature is not clear.

The Gaussian fitting to the CO profile in the region north of
the center (Figure 8) reveals that the maximum velocity offset
between the peak of the broad and narrow CO component is
Δv= 240± 60 km s−1, with FWHMCO= 610± 90 km s−1 for
the broad component (see Table 1). The total CO intensity of
the outflow is ICO= 0.37± 0.10 Jy beam−1× km s−1.

The optical emission lines in the Keck spectrum also reveal a
broad, blueshifted component (Figure 9). The He II line is a
nonresonant line, and reveals a broad component that has an
FWHM∼ 1810± 320 km s−1, with a peak that is blueshifted
by Δv=−960 ± 220 km s−1 with respect to the narrow He II
component (Table 1). As shown in Figure 9, Lyα and C IV
show similar kinematics. Although the spatial resolution of
these Keck data is not sufficient to determine the location of
this broad component, it nevertheless suggests that the outflow
seen in CO has a component also in the warm ionized gas.
Moreover, the outflow velocity is more extreme in the ionized
gas (Figure 9).

4.2.3. Mass Displacement Rates

To derive molecular gas masses for the material in the bridge
and the outflow, we first convert the derived CO(6−5)
intensities from Sections 4.2.1 and 4.2.2 to the expected
intensity of the CO ground transition. For this, we assume the
same CO(6−5)/CO(1–0) line ratios observed in Paper II,
namely RI(6→1)= ICO(6−5)/ICO(1−0) ∼ 13 for the molecular
gas at |v| 250 km s−1 (i.e., the tidal debris), and
17 RI(6→5) 36 for the molecular gas at |v| 250 km s−1

(i.e., the outflow). This allows us to estimate the luminosity of
the CO ground-state transition, ( )¢ -LCO 1 0 , following Solomon &
Vanden Bout (2005, and references therein):

( ) ( )( )
( )
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with ICO(6−5) the CO(6−5) intensity in Jy beam−1× km s−1,
DL the luminosity distance in Mpc, νrest the rest frequency of

the CO(1–0) line in GHz (115.27 GHz), and ( )¢ -LCO 1 0 the
CO(1–0) luminosity in K km s−1 pc2. To derive molecular gas
masses, we then use the same conservative CO-to-H2

conversion factor of αCO=MH2/ ( )¢ -LCO 1 0 = 0.8 Me (K
km s−1 pc2)−1 as was used in Paper II, which is the conversion
factor found for ULIRGs at low redshifts (Downes &
Solomon 1998). This results in a total molecular gas mass of
MH2= (3± 1)× 109 Me for the gas in the tidal debris between
the two galaxies, and (2± 1)× 109 Me for the gas in the
outflow from the AGN host galaxy. We note that these are
likely lower limits to the molecular gas masses, as values of
αCO ∼ 3.6 Me (K km s−1 pc2)−1 are typically found in high-z
galaxies (e.g., Daddi et al. 2010; Genzel et al. 2010). These
mass estimates for the tidal debris and outflow are in good
agreement with molecular gas masses seen in the tidal bridge in
nearby merging galaxies (Lisenfeld et al. 2002; Braine et al.
2003; da Silva et al. 2011), and outflows in low-z ULIRGs and
quasars (Cicone et al. 2014). The combined molecular mass of
the tidal debris and outflow in the Dragonfly system represents
roughly 20% of the total molecular gas mass detected in the
combined disks of NW and SE (Paper II).
To derive the redistribution rate for the molecular gas in the

tidal debris that bridges the two galaxies, we assume that the
molecular gas travels the 4 kpc distance between the galaxies at
a typical velocity of v∼ 200 km s−1. This results in a mass
redistribution rate of Mtidal = 170± 40 Me yr−1 for the gas in
the tidal debris and bridge. For the mass outflow rate of the NW
outflow, we assume that the outflowing gas travels across the
distance spanned by half a tapered beam, or ∼1 kpc, with a
bulk outflow velocity of D + ~v FWHM 5451

2 CO km s−1

(see Section 4.2.2). This results in a total outflow rate of
molecular gas from the NW galaxy of Moutfl = 1100± 550 Me
yr−1.

4.2.4. Evolution of the Dragonfly System: Effects of Merger, Outflow,
and Star Formation

After having derived mass displacement rates of the
molecular gas in both the tidal debris and the AGN-driven
outflow, we can further investigate the relative importance of

Figure 7. Position–velocity plots of the CO(6−5) emission in the tapered data taken across the bridge between the two galaxies (middle), and two “off” positions (left
and right), as indicated by the lines in the middle panel of Figure 6. The “off” slits are at the same (but opposite) distance from the center of the SE (off-1) and NW
(off-2) galaxy as the slit across the bridge. These “off” slits therefore give an indication of how much of the “bridge” emission is contaminated by emission from the
bright central region of the galaxies due to the point-spread function (i.e., synthesized beam) of our observations. Contour levels start at 2.5σ and increase with 1σ,
with σ = 0.15 mJy beam−1 (negative contours are in gray).
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the various physical phenomena in the Dragonfly system.
While the displacement of molecular gas in the Dragonfly
occurs at a much faster rate in the outflow compared to the tidal
debris, the relative effect that the outflow and gravitational
forces have on the overall mass displacement critically depends
on the lifetime of the respective events. Jet activity in radio
galaxies may last for 107–8 yr (Blundell & Rawlings 2000) but
is likely orders of magnitude less for (episodic) activity in
young radio sources (e.g., Nyland et al. 2020). On the other
hand, the orbital time of the system is at least 120Myr, when
considering our observed current distance of 4 kpc between the
galaxies and an orbital velocity similar to the ∼200 km s−1

rotational speed of the disks. While it is beyond the scope of
this paper to determine accurate lifetimes of the radio source
and merger event, the fact that at least as much mass of
molecular gas is locked up in the slower-moving tidal debris
compared to the fast outflow makes both AGN-driven and
gravitational effects important for the evolution of the
Dragonfly system (see also Spilker et al. 2022).

The tidal debris and outflow may not have the same effect on
the overall gas reservoir, at least in the short term. Whereas the
tidal debris may redistribute the molecular gas between the two
galaxies, and thus potentially supply molecular gas to the NW
galaxy that hosts the AGN (Section 4.1), the outflow removes
molecular gas from the central region of the NW galaxy.
However, in Paper II an estimate was made that the escape
velocity at a distance of 4 kpc (i.e., the distance between the
centers of the SE and NW galaxy) has a lower limit of vesc
∼ 1000 km s−1, as derived from only the stellar mass of the
Dragonfly system (M*∼ 5.8× 1011 Me; De Breuck et al.
2010). Therefore, it is likely that the molecular gas in both the
outflow and the tidal debris will remain gravitationally bound
to the Dragonfly system and will at some point be reaccreted.
In addition to molecular gas in the outflow and tidal debris,

the high SFR of ∼2000 Me yr−1 across the system means that
molecular gas is being consumed by star formation at a rate that
surpasses the mass outflow rate and tidal gas displacement rate.
This means that star formation itself is as effective as the
merger and outflow in removing the molecular gas (see also
Man et al. 2019).
We therefore conclude that the gravitational effects of the

merger, the AGN-driven outflows, and the vigorous star
formation are all critical to the evolution of the Dragonfly
system.

4.3. Jet–Disk Interaction

The 43 GHz observations conducted by the VLA detected a
radio hot spot on the western edge of the SE galaxy. This hot
spot appears to be aligned along the central axis of the radio jet
(Figure 3). Based on this alignment, and our conclusion that the

Figure 8. CO(6−5) ALMA image and spectra with data tapered to a lower resolution, as in Figure 6. Left: total intensity image of the CO(6−5) integrated across the
velocity range from −750 to +400 km s−1. White contours show the total intensity map starting at 4σ and increasing by a factor 2 , with σ = 0.05
Jy bm−1 × km s−1. Black contours are the ALMA 237 GHz continuum at full (untapered) resolution from Figure 1, starting at 5σ and increasing by a factor 2 , with
σ = 15 μJy bm−1. Red contours are the VLA 43 GHz continuum from Figure 3 at levels 0.3, 0.8, and 1.3 mJy bm−1. The red dashed line visualizes the axis of the
radio source. The synthesized beam of the tapered data is 0 23 × 0 19 (1.9 × 1.6 kpc) at PA 81°, as indicated with the ellipse in the bottom-left corner of the image.
Middle: spectra of the NW galaxy (bottom) and a region north of the NW galaxy that corresponds to a faint blob of ALMA continuum emission (top). For clarity, a
Hanning smoothing has been applied to the spectra. The spectrum of the NW galaxy nucleus is complex (see Paper II), while the spectrum north of the galaxy can be
fitted with two Gaussian functions (red lines). The two spectra are not entirely mutually independent but suggest the presence of an outflow component that peaks
north of the nucleus along the jet axis.

Table 1
Outflow Kinematics from Spectral-line Fitting

CO (North) He II

Narrow v 60 ± 10 180 ± 10
FWHM 270 ± 30 990† ± 30

Broad v −180 ± 60 −780 ± 220
FWHM 610 ± 90 1810a ± 320

Note. All units are in kilometers per second. Errors reflect uncertainties in the
fitting.
a Corrected for instrumental broadening.

8

The Astrophysical Journal, 951:73 (11pp), 2023 July 1 Lebowitz et al.



NW galaxy hosts the radio-loud AGN, we theorize that the
interaction of the southern jet with the gas and dust in the disk
of the SE galaxy is causing the radio emission to brighten up at
the location of the 43 GHz detection. This may happen because
confinement of the radio lobe and compression of the magnetic
field results in an increased particle density and enhanced
synchrotron radiation (e.g., Gopal-Krishna & Wiita 1991;
Barthel & Arnaud 1996; Morganti et al. 2011).

The gas kinematics in the Dragonfly may further support this
scenario. First, Figure 2 shows that the velocity dispersion of
the gas in the SE galaxy is highest around the radio hot spot
(σCO ∼ 140 km s−1) and not in the center, as is the case for the
NW galaxy. Such an enhanced velocity dispersion is expected
in a region where energy and momentum are being exchanged
between the radio source and the gas (Mandal et al. 2021;
Meenakshi et al. 2022).

Second, the detection of a potential blueshifted outflow
(Section 4.2.2) may further support the scenario of jet
brightening through the assumed geometry of the system. If
the outflow is oriented toward us along the northern jet, then
the southern jet is receding. At high redshifts, the brightening
of the receding jet cannot be explained by Doppler boosting,
which causes intrinsic brightening of the jet only for relativistic
particles moving toward us. Moreover, we only detect the radio
hot spot, which represents the working surface of the radio jet,
and which is expected to advance at subrelativistic speeds.
Some Doppler boosting likely still occurs within the hot spots,

but this typically creates flux-density ratios of the order of a
few between the hot spots of a two-sided jet (Komissarov &
Falle 1996), while the Dragonfly shows a much higher flux-
density ratio between the SE and NW hot spot of SSW/SNE
∼ 14 at 43 GHz. This suggests that the southern jet likely
brightens because of its interaction with the SE galaxy, which
enhances the radio flux of the system. The argument that the SE
jet is likely receding would imply that the SE galaxy must be
oriented behind the NW galaxy.
In a forthcoming paper, we will further explore this scenario

that the radio source in the Dragonfly brightens as a result of
interaction with cold molecular gas, based on a comparison
with other high-z radio galaxies. Similar to the Dragonfly, a
high flux-density ratio between hot spots is seen in several
other high-z radio galaxies that show alignments between the
radio source and CO-emitting gas reservoirs in the environ-
ment. However, exploration of this is beyond the scope of this
paper and will be presented in Emonts et al. (2023, in
preparation).
If it is indeed the case that the radio flux is boosted as a result

of a jet–disk interaction, then the Dragonfly galaxy may not be
as intrinsically radio bright as previously thought, making it
perhaps an “imposter” radio galaxy in the high-z universe, as
we will explain in the next section.

4.4. Archetypal Radio Source or Radio Imposter?

The major merger between two gas-rich disk galaxies likely
drives the star formation activity in the Dragonfly and gives the
system its hyperluminous IR appearance. The fact that the
starburst IR luminosity is 1 order of magnitude higher than that
of other powerful radio galaxies at z∼ 2 could mean that either
the precoalescent merger is a short and active early phase in the
evolution of high-z radio galaxies, or the Dragonfly is not a
typical high-z radio galaxy.
The observed radio source in the Dragonfly is compact, with

a total extent of only 9.5 kpc. This could support the idea that
the Dragonfly is in an early phase of radio AGN activity. Our
finding that the flux of the radio source is likely enhanced as a
result of an interaction between the jet and the disk of the
southern galaxy could also indicate that the Dragonfly is an
“imposter” radio galaxy, with an intrinsic radio flux that is
much lower than what is typical for high-z radio galaxies. At
low redshifts, examples exist of radio galaxies for which the jet
brightens as it encounters a companion galaxy (e.g., Lacy et al.
1998; Evans et al. 2008; Hota et al. 2022). The idea that the
brightness of the synchrotron emission is enhanced when a
young jet runs into dense clouds of gas has also been suggested
as an explanation for the relatively large fraction of young and
compact radio sources seen among starbursting radio galaxies
(Tadhunter et al. 2011). These starburst radio galaxies at low-z
likely have a rich interstellar medium as a result of a major
merger. If a similar jet–cloud interaction is causing the radio
source in the merger system of the Dragonfly to brighten, this
could push the Dragonfly into the flux-limited regime by which
powerful high-z radio galaxies are selected.
This could also be an analog to the nearby Seyfert galaxy

PKS 1814–637, which has been classified as an “imposter”
radio galaxy because the intrinsically weak radio jet interacts
with its gaseous environment (Morganti et al. 2011). Interest-
ingly, PKS 1814–637 is one of very few low-z radio galaxies
that is classified as a genuine disk galaxy. In this respect, the
fact that the radio source in the Dragonfly is hosted by a galaxy

Figure 9. Gas outflow in the optical emission lines. Top: Keck spectrum of
He II, fitted with two Gaussian components (red dashed lines). The spectrum is
from Figure 4 and does not spatially resolve the SE and NW galaxies. Bottom:
superposition of the profiles from He II (black solid), Lyα (blue dashed), C IV
(magenta dashed–dotted), and CO(6−5) (gray thin). The optical profiles show
the total line flux integrated across NW and SE (Figure 4), while the CO profile
shows only the emission against the northern region from Figure 8. Fluxes have
been normalized for easy comparison.
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with a rotating gas disk is intriguing in comparison to this low-z
work. As a note of caution, gaseous disks have also been
observed in low-z early-type galaxies (e.g., Struve et al. 2010;
Sansom et al. 2019), so further high-resolution optical or
infrared observations of the galaxies in the Dragonfly system
are necessary to determine whether the AGN host galaxy is a
genuine disk galaxy. In this respect, Drouart et al. (2016)
showed that other high-z radio galaxies show star formation
histories that resemble those of spiral galaxies. Therefore, a
one-on-one comparison between powerful radio galaxies in the
low- and high-redshift universe requires further investigation.

It is possible that enhancement of the radio flux, through
interactions between the radio jets and a rich molecular
environment, is a common way of “creating” a high-z radio
galaxy with bright synchrotron emission. This could mean that,
in general, we may not observe a high-z radio galaxy unless its
jets manage to interact with a surrounding dense medium. In
the case of the Dragonfly system, the dense medium is the gas
in the disk of a separate galaxy, but it may just as well involve
gas in the interstellar or circumgalactic medium of the AGN
host galaxy itself (e.g., Steinbring 2014; B. Emonts et al. 2023,
in preparation). This scenario would still make the Dragonfly
interesting in terms of its young and active starburst
environment, but rather illustrative in terms of the jet–cloud
mechanism that shapes bright radio sources. High-resolution
observations of molecular gas and radio jets in other high-z
radio galaxies are essential to study the prevalence of flux
brightening of radio sources in molecular-rich environments,
and whether this can tell us something profound about the
evolutionary importance of the radio-loud phase and the
general nature of powerful high-z radio galaxies.

5. Conclusions

We presented new ALMA and VLA data of CO(6−5), dust,
and synchrotron emission in the enigmatic Dragonfly galaxy
with a spatial resolution of ∼1 kpc. We complemented this
with new optical IFU spectroscopy from the Keck Cosmic Web
Imager. Our main conclusions are as follows:

1. The Dragonfly system is an ongoing major merger
between two gas-rich galaxies with rotating disks, which
likely triggered the high SFR. Tidal debris from the
merger is observed even in the high-J line of CO(6−5).

2. The high velocity dispersion of CO(6−5) in the central
region of the NW galaxy, combined with the detection of
hot spots from the jet and counter-jet in our VLA 43 GHz
data, is consistent with the NW galaxy hosting the radio-
loud AGN.

3. An interaction between the radio jet and the disk of the
SE galaxy likely causes the jet to brighten at the hot spot.

4. Molecular gas is being displaced within the Dragonfly
system by both a fast-moving outflow ( Moutfl =
1100± 550 Me yr−1) and slower-moving tidal debris
( Mtidal = 170± 40 Me yr−1). In terms of total mass, both
the outflow and the tidal debris contain similar amounts
of molecular gas.

5. The gravitational effects of the merger, the AGN-driven
outflow, and vigorous star formation are all important
components in the evolution of the Dragonfly galaxy.

6. The Keck data, which include rest-frame UV lines,
identify the Dragonfly as a Type II AGN.

7. Lyα emission of warm ionized gas is visible across
100 kpc, with the metal lines C IV and He II detected
across approximately 35 kpc, confirming the presence of
a rich and extended circumgalactic medium previously
detected in CO(1–0) in Paper I.

Our results suggest that the Dragonfly galaxy may be an
imposter radio galaxy, which we only observe as a powerful radio
galaxy as a result of an interaction between the radio jet and the
disk of the secondary galaxy. This chance interaction provides a
unique snapshot of the evolutionary history of galaxies in which a
major merger event coincides with radio activity. Future work on
the Dragonfly galaxy will further investigate the nature of radio
activity and feedback in this system.
More research is needed to identify how common these

systems may be in the high-z universe. Future high-resolution
studies of merger systems such as the Dragonfly can help to
reveal the prevalence of flux-boosted radio sources in
molecular-rich environments, which may have significant
consequences on our interpretation of the evolutionary
importance of the radio-loud phase and our understanding of
the nature of powerful high-z radio galaxies.
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