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ABSTRACT

Tidal dwarf galaxies (TDGs) form in the debris of galaxy mergers, making them ideal testbeds for investigating star formation
in an extreme environment. We present radio continuum EVLA observations spanning 1-2 GHz of the interacting system Arp
94, which contains the TDG J1023+1952. We detect extended radio continuum emission from the disc of the TDG’s putative
parent galaxy, the spiral NGC 3227. The TDG lies in front of the spiral disc, partially overlapping in projection. This challenging
alignment complicates the separation of the respective contributions of radio emission from the TDG and disc. However, we
show that the radio continuum appears more prominent around the TDG’s location, suggesting the detection of emission from
the TDG. Quantifying this argument, we derive an upper limit of 2.2 mJy for the whole TDG’s emission. Our derived inband
spectral index map of the system generally shows the expected behaviour of combined thermal and synchrotron radio emission
in a galaxy disc, except for a region at the periphery of the disc and the TDG with a flat spectrum (spectral index ~—0.4)
unrelated to regions with high Ho emission. We speculate that at this location — which coincides with the intersection of faint
tidal tails — the collision of gas clouds produces shocks which re-accelerate cosmic ray electrons, and thereby enhance the radio
emission. Overall, this study provides new insights about the Arp 94 system and expands the sample of TDGs studied at radio
frequencies, with only two confirmed detections so far.
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1 INTRODUCTION

When galaxies interact, tidal forces redistribute galactic material
and produce long tidal tails composed of stars and gas. Zwicky
(1956) suggested that a new type of object can form after the
gravitational collapse of the tidal debris: tidal dwarf galaxies (TDGs).
TDGs exhibit distinct characteristics compared to ‘classical dwarfs’,
making them particularly well-suited for exploring molecular gas
content and the laws governing star formation.

TDGs are recycled objects, inheriting the metallicity of the discs
of their parent galaxies, which means that they possess near-solar
metallicity. This metallicity characteristic allows for the reliable
use of CO as a tracer for molecular gas emission. Additionally,
TDGs are expected to possess minimal amounts of dark matter due
to tidal forces predominantly expelling material from their parent
galaxies’ discs (Duc 2012; Lelli et al. 2015). TDGs have often high
gas fractions and their strong tidal forces can enhance star formation
(Braine et al. 2001). The reduced dark matter content of TDGs,
along with their small number of pre-existing stars imported from
the parent galaxy disc, provides a more direct laboratory for testing
theories of star formation in an extreme dynamical environment.
In addition, the rates at which TDGs are formed and can survive
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are still poorly constrained, despite their significant cosmological
implications (Ploeckinger et al. 2015, 2018).

J1023+4-1952 is a gas-rich TDG located in the interacting system
Arp 94. This system is optically dominated by NGC 3227, a SAB(s)
pec barred spiral Seyfert galaxy (Mundell et al. 1995a), and NGC
3226, its E2 pec elliptical companion (Rubin & Ford 1968). We
assume a distance to the system of 14.5 £ 0.6 Mpc (Yoshii et al.
2014). Studies of the atomic and molecular gas in the system
(Mundell et al. 2004; Querejeta et al. 2021) indicate that the TDG
J1023+4-1952 is kinematically distinct from NGC 3227. Positioned
within the northern tidal tail, the TDG partially overlaps the disc of
NGC 3227 in projection. Notably, the TDG appears to be located in
front of the spiral galaxy, as its presence obscures the stellar light
originating from NGC 3227 (Mundell et al. 1995b, 2004).

Two facts firmly support the classification of J1023+41952 as a
TDG, rather than a pre-existing dwarf galaxy within the system: (1)
Mundell et al. (2004) identified a cluster of blue star-forming knots
visible through H« emission (see Fig. 1), located in the southern
region of the cloud. These knots exhibit luminosities ranging from
10°to 5 x 10° Ly, and display velocities closely matched with the H1
cloud, confirming their dissociation from the parent galaxy (Mundell
et al. 2004). (2) The star-forming knots exhibit near-solar metallicity
[12 + log(O/H) = 8.6; Lisenfeld et al. 2008], significantly higher
than what would typically be expected for a dwarf galaxy of similar
luminosity (Richer & McCall 1995). This metallicity level closely
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Figure 1. False-colour image of the Arp 94 system combining a B-band
image from the Isaac Newton Telescope (background, grey scale), and H1
intensity (in blue, at the right edge of the spiral) from the VLA (Mundell et al.
2004). We overlay CO(2-1) high-resolution observations from ALMA on top
of the HI intensity (orange; Querejeta et al. 2021), and H « intensity contours
on the spiral and the TDG (magenta; Mundell et al. 2004).

resembles that of NGC 3227, further supporting its classification as
a TDG. However, despite these arguments, firmly classifying it as a
TDG remains challenging, primarily due to a lack of observational
evidence demonstrating that it is a gravitationally bound object (a
difficulty that it shares with most TDG candidates). None the less, this
uncertainty does not affect the relevance of the scientific questions
addressed in this study.

The TDG J1023+1952 exhibits a notable abundance of atomic and
molecular gas (My; = 8.4 x 10'M, My, = 8.6 x 10’My; Mundell
et al. 2004; Querejeta et al. 2021). While the surface densities of
atomic and molecular gas are relatively similar across the extensive
8.9 x 5.9 kpc (Mundell et al. 2004) area covered by the TDG, the
formation of stars is predominantly happening in the southern half,
along a 2 kpc long ridge (see Fig. 1). There is a possibility that star
formation is also happening in the north, but it would be extremely
limited compared to the south. Consequently, it is possible to identify
two different environments within the TDG: a quiescent north and a
star-forming south, separated at Dec. &~ 19°51°50”.

Furthermore, Querejeta et al. (2021) combined high-resolution
observations from the 12 m array with 7 m + TP Atacama Large
Millimeter/submillimeter Array (ALMA) observations, thereby re-
covering emission across all scales. This combined analysis unveiled
a remarkably high fraction of diffuse CO emission originating from
scales spanning several kiloparsecs, ranging between 80 per cent and
90 per cent of the total molecular gas in the TDG. This fraction is
considerably higher than the values found in other nearby galaxies
(Pety et al. 2013; Caldd-Primo et al. 2015). Therefore, only 10-20
per cent of the molecular gas is locked up in giant molecular clouds,
whereas the majority is in a diffuse molecular gas phase.

TDGs, and J1023+1952 in particular, present a fantastic op-
portunity to study the interplay between environmental properties
and the mechanisms governing the initiation and regulation of star
formation beyond our Galaxy. Given that star-forming galaxies emit
thermal (free—free) and non-thermal (synchrotron) radiation at radio
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frequencies, the analysis of radio continuum emission allows us to
probe various star formation mechanisms and to trace the evolution
of star formation throughout the system, from regions where young
star-forming blue knots have been identified, to synchrotron emitting
cosmic-ray electrons (CRes) accelerated in supernova remnants.
None the less, CRes can also be accelerated in interstellar shocks,
as seen in Stephan’s Quintet (Xu et al. 2003), or colliding galaxies,
such as the Taffy galaxies (Condon et al. 1993; Lisenfeld & Voelk
2010).

The study of radio continuum emission within TDGs remains a
relatively new field of study. To date, radio continuum emission
has only been successfully detected in SQ-A and SQ-B, two TDGs
located in Stephan’s Quintet galaxy group (Xu et al. 2003). The radio
emission detected in SQ-A has a non-thermal character, as evidenced
by its spectral index, & = 0.8 & 0.3. In the case of SQ-B, further in-
vestigations by Nikiel-Wroczynski et al. (2013) unveiled partially po-
larized radio emission, indicating the presence of a relatively strong
magnetic field, ~ 6.5 uG. This value of the magnetic field is similar
to those found in spiral galaxies (see Beck 2015), with a significant
ordered component (3.5 = 1.2 ©G). We must mention that with the
exception of starburst dwarf galaxies, dwarf galaxies typically exhibit
weaker magnetic fields than those observed in spiral galaxies, often
registering at just a few microgauss (e.g. Chyzy et al. 2011).

Additionally, a study by Nikiel-Wroczynski (2019) hints at the
presence of radio emission in TDG HCGOIIi, part of the Hickson
Compact Groups. Should this emission indeed originate within the
TDG, it would suggest the existence of a magnetic field as strong as
11 — 16 uG. However, we must acknowledge the disparities between
the radio-derived star formation rate and the rate determined using
Ha data, where the former exceeds the latter by two orders of
magnitude, shedding doubts on the reality of the detection. What
remains clear is that the data set of TDGs with radio continuum
detections remains small, hindering our ability to draw definitive
conclusions regarding the properties, role of magnetic fields, and the
nature of radio emission within TDGs. Therefore, additional obser-
vations within TDGs are imperative to achieve a more comprehensive
understanding of the star formation process in these unique galaxies.

In this paper, we present the results of investigating the radio con-
tinuum emission in the Arp 94 system, where the TDG J1023+41952
resides. We analyse archival data from the Karl G. Jansky Expanded
Very Large Array (EVLA) between 1 and 2 GHz, broadening the
sample of TDGs studied at radio wavelengths. The paper is structured
as follows: Section 2 provides an overview of the EVLA data set
(Section 2.1), including the data processing (Section 2.2 and 2.3),
and the ancillary data (Section 2.4). In Section 3, we present the radio
maps obtained. Section 4 discusses different arguments in favour and
against the possible detection of radio emission in the TDG. Finally,
Section 5 summarizes our paper.

2 OBSERVATIONS AND DATA REDUCTION

2.1 Observations

Observations of the Arp 94 system were obtained with the Na-
tional Radio Astronomy Observatory (NRAO) EVLA under project
ID: 13A-066. These observations were carried out in the L-band
frequency range (1-2 GHz) using the C-configuration during two
separate observing runs in July and August of 2013.

The L band is divided into 16 spectral windows (spw) of 64 MHz
width, which cover 64 channels of 1 MHz width. A summary of the
observations is provided in Table 1.
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Table 1. Summary of VLA observations.

Project code Band tos® Flux cal. Gain cal. Working resolution
(min) Name Name (arcsec)
13A-066 L 133 3C286 J10214-2159 20 x 15

2Total time on source, adding July and August observing runs.

The observing strategy contained the following steps: scan of
an NRAO primary calibrator to calibrate the flux scale, bandpass
solutions, and polarization angle. This is followed by a scan of a
primary low-polarization leakage calibrator; and finally, alternating
scans of the target source, TDG J1023+4-1952, and the complex gain
calibrator. The observation runs were concluded with additional
scans of the primary flux calibrator and the polarization leakage
calibrator. For further details of the calibrators used see Table 1.

2.2 Calibration

To calibrate the radio data, we used the Common Astronomy
Software Applications (CASA') package (version 6.5.3.28; CASA
Team 2022). For both data sets, we run the VLA Calibration
Pipeline (version 6.2.1.7) as a starting point for the calibration.
Subsequently, we conducted a visual inspection of the data to identify
and remove any radio frequency interference (RFI) that may not
have been flagged by the pipeline. Additionally, we flagged the first
and last five channels of each spw. Following this, we manually
calibrated each data set following standard procedures in CASA. We
started performing the delay and bandpass calibration. Next, we
derived corrections for the complex amplitude and phase antenna
gains. Finally, we scaled the amplitude gains using our flux density
calibrator. We concluded the manual calibration with two rounds of
phase self-calibration.

Itis important to note that the data set obtained in August exhibited
lower quality compared to the July observations due to atmospheric
and antenna issues. The data set needed additional flagging at short
baselines, which affected its sensitivity to extended emission. In
addition, we observed a lack of sufficient ultraviolet (UV) coverage
for the target and the gain calibrator in 3 of the 16 spws of the data
set. Consequently, we were unable to obtain gain solutions for these
affected data.

Finally, to enhance UV coverage and improve the signal-to-noise
ratio, we combined the July and August observations into a single
measurement set. However, it is worth noting that we did not combine
the July data with the three spws from the August data set where
gain solutions could not be derived. This precaution was taken to
prevent potential contamination of the data set with data that had not
undergone proper calibration procedures.

2.3 Imaging

We generated the final radio continuum images of TDG J1023+1952
using the CLEAN deconvolution algorithm within the CASA software.
For this task, we employed the multiscale, multiterm, multifrequency
synthesis (MS-MT-MFS) algorithm (Rau & Cornwell 2011) which
accounts for the different scales that constitute the sky brightness
distribution, as well as the changes of the primary and synthesized
beams with frequency. We selected cleaning scales equal to 0

Uhttp://casa.nrao.edu/
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Table 2. Noise measurements for the final images. Final weights and tapers
used to image each spw.

Central frequency Noise Taper Weight®
(MHz) (mJy beam™") (kA)

1025 0.15 - briggs 0
1089 0.12 - briggs 0.5
1153 0.12 - briggs 0.5
1217 0.13 - briggs 0.5
1281 0.10 - briggs 0.8
1345 0.10 - natural
1409 0.14 - natural
1473 0.12 - natural
1525 0.30 - natural
1589 0.20 7 natural
1653 0.15 12 natural
1717 0.14 12 natural
1781 0.12 10 natural
1845 0.11 10 natural
1909 0.12 10 natural
1973 0.09 7 natural

#Numbers next to briggs denote the robustness parameter, where —2 maps to
uniform weighting and 2 maps to natural weighting.

(representing point sources), one and three times the width of the
synthesized beam.

During the imaging process, we found a significant number of
bright sources situated on the edges of the images, which created
artefacts in our target source. To reduce the impact of these artefacts,
we used the ‘pblimit’ parameter within the CLEAN task to produce
images much larger than the primary beam so that we could include
pixels located on the edges of the field of view. Additionally, we
created a mask encompassing all the bright sources within the images,
which we used during the cleaning process.

To later derive the spectral index map across the system (as detailed
in Section 3.2), we individually processed each spw of the data
set. To ensure a uniform resolution across all maps, we applied
different tapers and weights to obtain a final synthesized beam that
is similar for each spw. We opted for an intermediate resolution of
20 arcmin x 15 arcmin (*1.2 kpc at our assumed distance) as the
common synthesized beam size for all spws, which avoids applying
heavy tapers and uniform weights to the spws with higher and lower
frequencies, respectively. We then selected the weights and tapers
for each spw so they would produce images with a resolution close
to the selected common one of 20 arcmin x 15 arcmin. The specific
taper and weight configurations employed for each spw are provided
in Table 2. Furthermore, we applied elliptical Gaussian smoothing
to ensure that all images precisely match the 20 arcmin x 15 arcmin
joint resolution.

After completing the imaging process, we employed the PBCORR
task within CASA to correct the final maps for the primary beam
effects. The rms noise values for the resultant maps are included in
Table 2. We used the PYTHON algorithm BANE, from the AegeanTools
module (Hancock et al. 2012) to estimate the spatially changing
background noise. This algorithm operates by computing the mean
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and standard deviation across a grid of pixels, defining a boxed
region, and subsequently interpolating these values to generate the
final noise and background images. To prevent contamination from
source pixels, it implements a 3o clipping process. The unmasked
pixels within the designated region are then used to compute both the
standard deviation and the median, which serve as our estimates for
the noise and the background, respectively. We have used the default
grid and box size settings for BANE, as they produced satisfactory
results for our images. The estimation of background noise enables
us to generate signal-to-noise ratio maps that account for local
variations in the noise within the images, which may arise from
residual artefacts.

2.4 Ancillary data

2.4.1 VLA H 1data

To trace the neutral atomic gas of the system we use VLA 21 cm
observations originally published in Mundell et al. (2004). The data
were taken in 1995 using the VLA in B configuration, achieving
a final restoring beam size of 6.3 arcmin, a velocity resolution of
10.3 km s~!, and an rms per channel of 0.3 mJy beam™".

2.4.2 Optical continuum data

We use B-band observations of the Arp 94 system from the Wide
Field Camera (WFC) on the 2.5 m Isaac Newton Telescope (INT) in
La Palma, Canary Islands, as presented in Mundell et al. (2004). The
pixel scale for these observations is 0.33 arcmin, and the seeing was
~1 arcmin.

2.4.3 Ha data

We make use of narrow-band Ha observations of NGC 3227,
originally presented in Mundell et al. (2004), using the 4.2 m
William Herschel Telescope in La Palma. The observations utilized
the TAURUS filter, which has a bandwidth of 15 A. The pixel size
in these observations is 0.28 arcsec.

2.4.4 ALMA CO(2-1) data

We use ALMA CO(2-1) observations of the TDG published in
Querejeta et al. (2021). The observations combine 12m 4+ 7m + TP
array observations, resolving emission down to 0.64 arcmin ~ 45 pc
spatial resolution. The 7 m array data has a resolution of & 5.4 arcmin
and a largest recoverable scale of ~ 29 arcmin, while the total power
array data has a resolution of ~ 28 arcmin and is sensitive to emission
spanning all scales.

3 RESULTS

3.1 Radio continuum map

As described in Section 2.3, we generated maps of the radio emission
between 1 and 2 GHz for the Arp 94 system. In Fig. 2, we present the
EVLA L-band data as contours superimposed on an optical image
of the system. The presented radio map integrates the emission from
all spws. Additionally, contours representing H1 emission from the
TDG are also shown.

Analysis of the L-band data reveals that the central AGNs of NGC
3227 and NGC 3226 are bright sources of radio continuum emission
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Figure 2. Map of the radio emission of the Arp 94 system in the L band,
combining all spws. The radio contours (in white, situated on top of NGC 3227
and NGC 3226), are superimposed on a B-band image. Green contours at the
centre right of the image, partially overlapping the spiral’s disk, represent the
H1intensity of the TDG observed with the VLA (Mundell et al. 2004). Radio
contour levels are set at 1.5, 3, 5, 9, and 25 times the rms noise level, with a
mean value of 80 uJy. The angular resolution is 20 arcsec x 15 arcsec.

within the system. In addition, we identify extended radio continuum
emission emanating from the spiral disc of the parent galaxy of the
TDG. Notably, a portion of this emission spatially coincides with the
position of TDG J1023+1952. However, given the configuration of
the system, where the TDG is situated in front of the spiral disc, it is
challenging to precisely determine the extent to which the emission
originates from the dwarf galaxy. We also note that in certain regions
of the dwarf, the radio continuum emission does not exceed the
30 threshold. However, we notice a pronounced asymmetry in the
emission distribution within the system, which seems to be extended
towards the TDG’s location. This asymmetry suggests the possibility
of emission originating from the dwarf galaxy, a hypothesis we
discuss further in Section 4.1.1.

3.2 Spectral index map

To check if the TDG has left a spectral signature, we study the
spectral index map of the system using the 16 spws that constitute
the EVLA L-band data set. Despite the limited frequency range of
our data set, we are able to draw interesting conclusions from the
spectral index map. We image each spw with a common resolution
of 20 arcsec x 15 arcsec, as detailed in Section 2.3. Throughout this
paper, we adopt S, ox v* as the definition of the spectral index «. The
resulting spectral index map for the system is presented in Fig. 3. Itis
worth noting that for the least-squares fitting procedure, only pixels
displaying flux levels exceeding 5 x rms of each spw image were
considered. In addition, a minimum of 5 valid data points from the
16 spws is required to compute the spectral index for each individual
pixel. The dip in the spectra of Fig. 3, observed in spws centred at
1525 and 1589 MHz, coincides with an L-band region experiencing
high RFI and identified as problematic in the VLA observing
manual, thus explaining the poorer data quality despite our cleaning
efforts.
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Figure 3. Spectral index map of the Arp 94 system derived from EVLA L-band data. Pink contours on the spiral and the TDG depict H o emission, while black
contours on the right, partially overlapping the spectral index map, represent the TDG’s H 1 emission (Mundell et al. 2004). Specific pixels (a—d) on the spectral
index map are indicated, displaying their respective fits and spectral index values. As indicated in the legends inside the fits, data points with flux values below

5 times the rms have blue open symbols and are not considered for the fits.

3.2.1 NGC 3227

In the case of the central active galactic nucleus (AGN) of NGC 3227,
we observe a spectral index of —0.76 4 0.02 (region ‘a’ in Fig. 3).
This index is consistent with the presence of non-thermal synchrotron
emission. Synchrotron emission generally presents a steep spectrum
with spectral index o ~ —0.8, and dominates at lower frequencies
(v < 10 GHz, Niklas & Beck 1997), which corresponds to our L
band data set. At these frequencies, both synchrotron and inverse-
Compton losses constitute the primary mechanisms influencing
CRes.

It is noteworthy that the spectrum in star-forming galaxies is
usually not uniform, but rather exhibits significant radial variation,
becoming steeper towards their outer regions as CRes age while
propagating away from the star-forming regions where they originate
(e.g. Beck 2007; Paladino, Murgia & Orru 2009).

We can see this steepening away from the star-forming disc at
many locations in the spiral galaxy NGC 3227. An example is the
region ‘c’ of Fig. 3, situated in the outskirts of the galaxy, where the
measured spectral index is « = —1.24 4= 0.15. In addition, there are
some fluctuations towards the borders of the map which are most
likely due to noise effects and will not be further discussed.

3.2.2 TDG J1023+1952

Overall, the spectral index map corresponding to the TDG’s location
(indicated by the black HI contours in Fig. 3) does not provide
additional insights into whether the radio continuum emission we are
detecting originates from the TDG itself or if we are solely capturing
emission from the periphery of the spiral disc of NGC 3227, which
lies in the background.

However, it is worth highlighting an intriguing region, denoted as
‘b’ in Fig. 3, where the spectrum appears flatter than what would be
anticipated for a region not coinciding with intense star formation,

MNRAS 532, 496-505 (2024)

as indicated by a lack of H « emission. This anomaly does not seem
to be a result of noise or artefacts, as the emission in this region
is notably strong and well above the noise threshold. Thus, it is
plausible that this anomalous region represents a site where CRes
are being accelerated due to the energetic shocks resulting from the
collision of the system’s tidal streams. A more detailed explanation
of this scenario is provided in Section 4.3.

3.2.3 NGC 3226

In the case of NGC 3226, we observe a spectral index of @ = 0.38 +
0.07. This is in accordance with what we expect in a LINER (low-
ionization nuclear emission-line region) galaxy, as previous studies
have demonstrated that some of the most prominent flat-spectrum
nuclear radio sources have been found in LINER spectra (e.g. Falcke
et al. 2000).

LINER nuclei are frequently associated with compact radio
sources, a phenomenon observed in many E/SO galaxies. Addition-
ally, flat-spectrum radio sources can be attributed to various factors,
such as free—free absorption of non-thermal emission and thermal
emission from optically thin ionized gas (see Nagar et al. 2000
and references therein). The complexity of NGC 3226 within the
interacting Arp 94 system was more extensively examined in the
work by Appleton et al. (2014).

3.2.4 Subtraction of point source

As part of our analysis, we also examine the spectral index map of
the system after removing the central AGN of NGC 3227 to visually
differentiate the impact of the AGN from other mechanisms operating
in the system. We use standard procedures in CASA to subtract the
point source in the visibility data. After the subtraction, the extended
emission remains unchanged, indicating that the central emission

20z AINF 61 UO oSN ©9910I|qlg - EPBUEID P PEPISISAIUN AQ 110Z69./96/L/ZEG/RI0IHE/SEIUW/WO0D dNODILSPEDE//:SANY WO} POPEOJUMO(



does not significantly affect the emission originating from the TDG’s
location. As a result, we have opted to include the central AGN in the
images presented throughout the paper. A detailed description of the
procedure used to subtract this central point source and the resulting
maps are presented in Appendix A.

4 DISCUSSION

4.1 Constraints on the radio continuum emission from the TDG

As previously discussed, it is a challenge to precisely measure the
radio continuum emission coming from the TDG, primarily due to
an overlap in projection with the spiral galaxy disc. Nevertheless, we
employ two methods to estimate this emission, which are described
in the following sections.

4.1.1 Symmetry of the system

Preliminary examination of the radio continuum emission from NGC
3227, depicted in Fig. 2, reveals an apparent extension towards the
TDG’s location. To perform a quantitative analysis, we make an
estimate based on the assumed symmetry of the emission, where
equivalent amounts of radio continuum emission should ideally
be measured across both halves of the spiral disc in a perfectly
symmetrical system. In this approach, we then tentatively attribute
any excess emission on the Western side to the TDG. Naturally, it is
not guaranteed that the radio continuum in this object is symmetric,
especially since it is interacting. However, the apparent symmetry of
the optical disc suggests that it is a reasonable assumption.

We consider this approach for three different sets of symmetrical
regions across NGC 3227, as illustrated in Fig. 4. In Figs 4(a) and
(b) we divide the spiral’s disc across its major kinematic axis (PA
= 158° +2°; Mundell et al. 1995b) and introduce a symmetrical
rectangular mask surrounding the emission of the AGN to prevent
potential biases arising from NGC 3227’s inner regions. In Fig. 4(b),
we exclude a larger portion of the inner emission. Additionally, we
examine the emission within two circular regions in Fig. 4(c). One
of these regions is located entirely within the TDG, while the other
corresponds to its symmetrical counterpart with respect to the centre
of the spiral galaxy.

To eliminate potential biases in the measured flux between regions,
we measure the mean flux in blank fields close to both sides of the
galaxy. We identify a small difference in the background emission
on either side of the system, with a slightly (~0.12 uJy arcsec™?)
higher value on the side of the TDG.

We quantify the difference in flux between the right, where the
TDG is located, (F>) and left (F}) regions, as AF = F, — F} (see
Fig. 4). The results are shown in Table 3. We estimate the uncertainty
of these measurements considering the rms noise measured in
emission-free regions of the image, the standard VLA flux calibration
uncertainty (approximately ~ 3 per cent for L band; Perley & Butler
2017), and the size of the apertures relative to the beam size.

In all three cases studied, the emission within the regions on the
right-hand side of the system, encompassing the TDG, surpasses
that within areas in symmetrical regions on the left-hand side, where
only the spiral is present. The differences are considerably higher
than what could be attributed to the background noise (~0.12 uJy
arcsec2). Notably, when examining the normalized emission per
unit area, the normalized difference in emission measured within the
symmetrical circular regions (Fig. 4c) surpasses that observed in the
regions of Fig. 4(b). This could be another indicator that the TDG
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Figure 4. EVLA L-band radio continuum emission in the Arp 94 system,
displaying only emission > 5o. Panels (a) and (b) illustrate symmetrical
regions used for flux comparison, denoted as F; and F,. The central
rectangular mask expands in panel (b). Panel (c) shows two small circular
regions symmetrical to the galaxy centre.
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Table 3. Radio continuum flux comparison between symmetrical regions
inside and outside the TDG J1023+1952.

Region AF (mly) AAT:a (uJy arcsec™2)
Large symmetric halves, Fig. 4(a) 5+2 0.8+0.3
Small symmetric halves, Fig. 4(b) 3.0+£0.9 0.57 £0.18
Point symmetric circles, Fig. 4(c) 1.1£0.3 0.67 £0.18

Table 4. Upper limits for the radio continuum emission using a 30 and 50
threshold.

Region F3o (mly) F55 (mly)
Star-forming knots <0.26 <0.42
Whole TDG <0.71 <12

contributes to the detected radio continuum, since the right circular
areais entirely situated within the TDG, unlike the regions in Fig. 4(b)
where some emission extends beyond the TDG’s boundaries.

In addition, since the normalized emission per unit area is roughly
consistent among the three sets of regions considered, it can serve as
an estimate of the upper limit of the emission coming from the TDG.
By multiplying this normalized emission by the area of the TDG,
we can derive an upper limit for the emission based on symmetry
considerations. In our case, taking the highest normalized emission
per unit area, 0.8 Jy arcsec™2, and considering the TDG’s area of
64 arcmin x 43 arcmin (Querejeta et al. 2021), we obtain an upper
limit for the total emission of Fyy, < 2.2 mly.

4.1.2 Upper limits from the rms

‘We can establish upper limits to the continuum emission by consid-
ering the noise levels within the radio map. We define two regions
of interest for this analysis: a 30 arcsec x 12 arcsec rectangle
encompassing the star-forming regions and a larger 64 arcsec x
43 arcsec area encompassing the entirety of the TDG. We display
the employed apertures in Appendix B. The computed upper limits
are shown in Table 4, providing valuable constraints about the radio
continuum emission associated with a TDG. In this estimate, we
make the strong assumption that none of the detected radio emission
has its origin in the TDG. Therefore, the upper limits we derive here
for the entire TDG using the noise threshold are smaller than the
upper limits derived in Section 4.1.1, where symmetry arguments
were employed.

4.2 Expected radio continuum emission due to star formation

At frequencies 1 < v < 10 GHz the radio continuum emission can
be described as the superposition of two main emission mechanisms:
thermal free—free emission arising from thermal electrons and non-
thermal emission originating from synchrotron radiation. The radio
continuum emission can be expressed in terms of these mechanisms
as

—0.1 Ot
S(V) = Sn(v0) <U10> + Su(v0) (Vio) , (1)

where a,, is the non-thermal spectral index and —O0.1 is the spectral
index of optically thin free—free emission. In the following sections,
we estimate the different components of the radio continuum emis-
sion.
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4.2.1 Thermal emission

The relationship between H & and thermal radio continuum emission
is well-established, given their common origin in the ionized plasma
of H1I regions. Several empirical relations in the literature (e.g.
Lequeux 1980; Murphy et al. 2011) have been established to
correlate these two quantities. The relation derived by Lequeux
(1980) converted to H « takes the form

v —0.1 T 0.34 Fu,
St = 1.14 x 1012 (—) d e oy,
", He * GHz 10°K ergs~'em™2 my

@

where v represents the observed frequency in GHz, T, is the electron
temperature (assumed to be 10* K), and Fy, denotes the Hw flux.

Mundell et al. (2004) measured the total Ho emission co-
incident with the blue star-forming knots in TDG J1023+1952
using narrow-band H « observations of NGC 3227 with the 4.2 m
William Herschel Telescope on La Palma. The total flux measured
is Fyo = 2.55 x 10~"*erg s~'cm~2 uncorrected for extinction. We
extinction-corrected this flux-based on fig. 3(b) of Mundell et al.
(2004), where the extinction was estimated from the HI column
density. In the region of the star-forming knots, the extinction is
A(B) = 1.4-2.4 mag. We note that the range of extinctions derived
from HT in Mundell et al. (2004) is consistent with the values
derived from spectral energy distribution (SED) fitting of individual
star-forming knots in Lisenfeld et al. (2008). We conservatively
adopt the upper end of this range and derive A(Ho) = 1.5 mag
using Cardelli, Clayton & Mathis (1989) extinction law. After
applying the derived A(Ha), we obtain an extinction-corrected flux
of Fig cor = 1.02 x 107 P erg s7! em™2.

Using equation (2), we estimate the thermal radio continuum
component for the star-forming knots within TDG J1023+41952
to be S, ne = 0.1 mJy. Notably, this value is well below the 3o
noise limit of our images, thus making the thermal radio continuum
undetectable with the current data set. Therefore, we cannot expect to
detect emission exclusively associated with this thermal component,
but also need to consider its non-thermal counterpart.

4.2.2 Non-thermal emission

At frequencies below ~10 GHz the non-thermal component of the
radio emission typically dominates. The modelling of this non-
thermal component is more intricate than its thermal counterpart.
Models from the literature (e.g. Condon & Yin 1990; Tabatabaei et al.
2017) generally agree that the non-thermal component contributes
to around 80 per cent of the radio continuum emission in the L band.
However, this percentage can vary depending on the specific system
under study and the assumed mean o, We adopt oy = —1 based
on the study of the radio continuum SED in a sample of nearby
galaxies conducted by Tabatabaei et al. (2017). With this spectral
index, we calculate the expected ratio between thermal and non-
thermal radio emission adopting the (slightly different) prescriptions
of Condon & Yin (1990, their equation 6) and Tabatabaei et al. (2017,
their equation 8). We derive a non-thermal component at v = 1.5
GHz ranging from 0.7 to 0.9 mJy. We comment on the interpretation
of this emission as potentially due to star formation from the TDG
in Section 4.2.3.

As a caveat, we note that this estimate of S, from Sy is
derived for galaxies with a relatively constant star formation rate
(SFR) in the past ~100 Myr, which is not the case for this TDG,
undergoing recent SE. In particular, Lisenfeld et al. (2008, their
section 3.3.2) derived with SED fitting that 6 of the 7 star-forming
knots are exceptionally young (<10 Myr). This suggests that we
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may be overestimating the synchrotron emission of our sources when
applying the general formulas for non-thermal emission (Condon &
Yin 1990; Tabatabaei et al. 2017) because the number of supernovae
accelerating relativistic electrons in their shocks could be lower than
expected from a steady-state situation.

4.2.3 Total radio emission

By combining the thermal and non-thermal components, we can
estimate the total radio continuum emission that we would expect to
detect from the TDG. Assuming the thermal component to be 0.1 mJy
and the non-thermal component to fall within the range of 0.7 to 0.9
mly, we anticipate the total radio emission to span S1.» gu, ~ [0.8, 1]
mly. This estimate is consistent with other empirical relations found
in the literature. For instance, relations derived by Murphy et al.
(2011) linking Ly, and L, 4cn, suggest a value of S;4cn, = 0.89
mly, which is consistent with our estimated range.

This estimated radio emission (which, in reality, represents an
upper limit given the young age of the star clusters as explained in
Section 4.2.2), is close to the estimate derived in Section 4.1.1 for
symmetric circular apertures, ~ 1.1 mlJy, covering the southern, star-
forming part of J1032+1952. Thus, this tentative emission, or part
of it, could indeed originate from the SF activity of the knots, mainly
due to synchrotron emission.

However, the radio emission estimated in Section 4.1.1 for the
whole TDG, of up to 2.2 mly, cannot be solely attributed to
star formation, which appears too faint (only <0.9 mly). If this
asymmetric emission stems from the entire TDG (and not from the
background spiral), then it should have alternative sources, such as
being produced in situ by re-acceleration from interstellar shocks, as
suggested in Section 4.3.

4.3 Interstellar shocks in TDG J1023+1952?

As described in Section 3.2.2, our investigation of the spectral index
map of the system revealed an intriguing region with flat spectrum
in the edges of the TDG HI cloud. This region is unrelated to
Hoa emission, so it does not seem to trace recent star formation,
and may indicate a region where CRes have recently undergone re-
acceleration.

Lisenfeld et al. (2008) proposed that J10234-1952 is located at
the intersection of two tidal streams originating from the Arp 94
system (see fig. 11 of their paper). They also suggested that the
TDG’s formation could be a result of this tidal stream interaction,
which would explain the high-metallicity and molecular gas content
of the TDG due to the recycled nature of the tidal stream gas. This
scenario, where the TDG’s formation is linked to tidal streams, offers
a possible explanation for the intriguing flat spectrum observed. If
the crossing tidal streams are colliding, the kinetic energy liberated
in the hydrodynamic gas interaction could produce shock waves
capable of accelerating CRes, resulting in the observed flattening of
the spectrum. This process would thus be similar to that described by
Lisenfeld & Voelk (2010) for the bridges formed between colliding
pairs of galaxies.

5 CONCLUSIONS

In this work, we have presented new EVLA radio continuum
observations in C-configuration and L band at a resolution of 20
arcmin X 15 arcmin (1.2 kpc) for the Arp 94 system, where TDG
J1023+4-1952 is located. Our main findings from the data can be
summarized as:

Radio continuum emission from a TDG 503

(i) We observed an excess of radio continuum emission in the
western half of the NGC 3227 disc, coincidental with the location of
TDG J1023+1952. Using this asymmetry, we estimated a maximum
emission value of 2.2 mJy that might be associated with the TDG.
However, this entire emission cannot solely be attributed to star
formation in the TDG; it likely has alternative sources such as being
generated in situ by the acceleration of CRes in intergalactic shocks.
Due to the complex interacting nature of the system, it remains
uncertain whether this emission originates from the TDG or the
spiral disc.

(i) We derived an upper limit for the emission from the star-
forming regions of the TDG of 0.26 mJy with a confidence level of
30.

(iii) Using empirical relations from the literature, we estimated the
expected radio continuum emission from the TDG. We estimate from
the observed, extinction-corrected Hoe emission in the star-forming
regions, a thermal radio emission of 0.1 mJy and a synchrotron
emission of 0.7-0.9 mJy (which might be an upper limit given the
young age of the SF knots). This emission could be responsible for
part of the observed asymmetry in the radio continuum emission.

(iv) We identified a region at the edges of the TDG with a flat
spectrum (marked as position ‘b’ in Fig. 3). This region is not
associated with high Ho emission and may suggest gas collisions
that accelerate CRes within the tidal tails of TDG J1023+1952.
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APPENDIX A: SUBTRACTION OF CENTRAL
POINT SOURCE FROM THE RADIO MAPS

We subtracted the central point source in NGC 3227 to assess whether
the central emission from the AGN has any impact on the spectral
index map of the spiral galaxy. To perform this subtraction, we
identified the position and flux of the central point source using
our previously generated radio maps, fitting a 2D Gaussian function
to a point-like source. The information about the point source was
then included in a component list and inserted into the MODEL
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Figure A1. Map of the radio continuum emission of the Arp 94 system in L
band, combining all spws, and subtracting the emission of the central AGN
of NGC 3227. The radio contours (in white, situated on top of NGC 3227
and NGC 3226), are superimposed on a B-band image. Green contours at the
centre right of the image, partially overlapping the spiral’s disk, represent the
H I intensity of the TDG observed with VLA (Mundell et al. 2004). Radio
contour levels are set at 1.5, 3, 5, 9, and 25 times the root mean square (rms)
noise level, with a mean value of 80 nJy. The angular resolution is 20 arcsec
x 15 arcsec.
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Figure A2. Spectral index map of NGC 3227 after subtracting the central
AGN. Pink contours on the spiral and the TDG depict H« emission, while
black contours on the right, partially overlapping the spectral index map,
represent the TDG’s H1 emission (Mundell et al. 2004).

column of the measuring set. Lastly, we used the CASAuvsub task
to subtract the point source model from the calibrated visibilities.

In Fig. A1, we present the radio continuum emission in the Arp 94
system, after subtracting the emission generated by the central AGN.
This emission is a combination of all spws in the L band. Notably,
the extended emission remains unaltered after the central AGN
subtraction, confirming that we can effectively study the emission
originating from where the TDG is located even in the presence of
the AGN.

Similarly, in Fig. A2, we have examined the spectral index
map of NGC 3227 after eliminating the AGN emission. With
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the exception of the central region, where the spectrum becomes
steeper after removing the central AGN, the results are identical
to those obtained before subtracting the central point source (see
Fig. 3). Consequently, it is justifiable to proceed with the analysis
of the TDG spectral index without the need to subtract the central
AGN.

APPENDIX B: SELECTION OF REGIONS FOR
RMS UPPER LIMITS

As described in Section 4.1.2, we used the rms of the radio
continuum map to derive upper limits on the radio emission,
considering that none of the detected emission originates from the
TDG.

In Fig. B1, we illustrate the apertures employed for calculating
these upper limits, including a 30 arcsec x 12 arcsec rectangle
encompassing the star-forming knots, as well as a larger area of
64 arcsec x 43 arcsec covering the whole TDG. The resulting upper
limits are shown in Table 4 in the main text.
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Figure B1. EVLA L-band radio continuum emission in the Arp 94 system,
displaying only emission > 50. Brown (large) and red (small) rectangles
show the apertures used to calculate upper limits as discussed in Section 4.1.2.
Pink contours on the spiral and the TDG correspond to H @ emission, while
white contours on the right, partially overlapping the colour map, represent
H1 emission from the TDG (Mundell et al. 2004).

This paper has been typeset from a TEX/I&TEX file prepared by the author.

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

MNRAS 532, 496-505 (2024)

20z AINF 61 UO oSN ©9910I|qlg - EPBUEID P PEPISISAIUN AQ 110Z69./96/L/ZEG/RI0IHE/SEIUW/WO0D dNODILSPEDE//:SANY WO} POPEOJUMO(


http://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 OBSERVATIONS AND DATA REDUCTION
	3 RESULTS
	4 DISCUSSION
	5 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	APPENDIX A: SUBTRACTION OF CENTRAL POINT SOURCE FROM THE RADIO MAPS
	APPENDIX B: SELECTION OF REGIONS FOR RMS UPPER LIMITS

