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ABSTRACT

Context. The Virgo cluster is the nearest (d = 16.5Mpc) massive (M > 10'* M) galaxy cluster and is therefore a prime target for
studying astrophysical processes in dense large-scale environments. In the radio band, we can probe the nonthermal components of the
interstellar medium, the intracluster medium (ICM), and of active galactic nuclei (AGN). This allows an investigation of the impact
of the environment on the evolution of galaxies and the contribution of AGN to ICM heating. With the ViCTORIA (VIrgo Cluster
multi-Telescope Observations in Radio of Interacting galaxies and AGN) project, we are carrying out multiple wide-field surveys of
the Virgo cluster at different frequencies.

Aims. We aim to investigate the impact of the environment on the evolution of galaxies and the contribution of AGN to ICM heating
— from the inner cluster regions out to beyond the virial radius.

Methods. We performed a survey of the cluster at 120—168 MHz using the LOw-Frequency ARray (LOFAR). We imaged a 132 deg?
region of the cluster, reaching an order-of-magnitude greater sensitivity than existing wide-field radio surveys of this field at three times
higher spatial resolution compared to other low-frequency observations. We developed a tailored data processing strategy to subtract
the bright central radio galaxy M 87 from the data. This allowed us to correct for systematic effects due to ionospheric variation as a
function of time and direction.

Results. In the final mosaic, which has a resolution of 9” x 5, we reach a median noise level of 140 uJy beam™' inside the virial
radius and 280 pJy beam™! for the full area. We detect 112 Virgo member galaxies and 114 background galaxies. In at least 18 cases,
the radio morphology of the cluster member galaxies shows clear signs of ram-pressure stripping. This includes three previously
unreported candidates. In addition, we reveal previously undiscovered tails of 150 kpc in length from a previous epoch of AGN activity
for NGC 4472 (M 49). While no cluster-scale diffuse radio sources are discovered, we find the presence of an extended radio signature
of the W’ group. This feature is coincident with an X-ray filament detected with SRG/eROSITA in the outskirts of the cluster. We
speculate that this emission is synchrotron radiation, which could be related to shocks or turbulence from accretion processes.
Conclusions. The data published in this paper serve as a valuable resource for future studies. In the follow-up work of the VICTORIA

project, we will use these data for an analysis of environmental effects on the radio properties of star-forming galaxies in Virgo.

Key words. galaxies: clusters: individual: Virgo Cluster — radio continuum: general — surveys — catalogs

1. Introduction

The Virgo cluster, referred to hereafter as “Virgo”, is the near-
est galaxy cluster to us; its center is coincident with the bright
radio galaxy M 87 (Virgo A, NGC 4486, e.g., Owen et al. 2000;
de Gasperin et al. 2012) at a distance of 16.5 Mpc (Gavazzi et al.
1998; Mei et al. 2007; Cantiello et al. 2018). Due to its prox-
imity, the cluster spans an enormous angular size with a virial

* Full Tables 3 and 4 are only available at the CDS via anonymous
ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/676/A24

radius of 3.3° (974 kpc), (Simionescu et al. 2017). Estimates of
the virial mass My, (Mpoo) of the cluster span the range of
My ~ 1.0-1.4 x 10"*M,, (Urban et al. 2011; Ferrarese et al.
2012; Simionescu et al. 2017). The system is considered to be
dynamically young and in the process of formation, as indicated
by the high fraction of spiral galaxies, the significant deviation
from spherical symmetry (Binggeli et al. 1987), and the proper-
ties of the intracluster stars (Aguerri et al. 2005; Arnaboldi et al.
2005). A further indication of the young age of the cluster is the
presence of pronounced substructure in the galaxy distribution
as well as in the X-rays, such as the subclusters and subgroups
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associated with the massive ellipticals M 49, M 60, and M 86
(Bohringer et al. 1994). All of these features mean that Virgo
is an exceptional target for studies of the evolution of clusters
and their member galaxies.

An example of a phenomenon that can be studied in rich and
dynamic environments such as Virgo is ram-pressure stripping, a
perturbation that affects galaxies that move at high velocity with
respect to the intracluster medium (ICM). This effect removes
part of the interstellar medium (ISM) of star-forming galaxies,
eventually causing a quenching of star formation, whereafter
they are referred to as quiescent (e.g., Gunn & Gott 1972; Sarazin
1986; Boselli et al. 2022). The synchrotron-emitting cosmic
rays in the ISM of star-forming galaxies are accelerated in the
supernovae of short-lived massive stars, which gives rise to the
particularly tight radio—SFR relation (van der Kruit et al. 1971,
1973; Calistro Rivera et al. 2017; Giirkan et al. 2018). For galax-
ies that experience ram-pressure stripping, an excess of radio
emission can often be found (Gavazzi et al. 1991; Gavazzi &
Boselli 1999; Miller & Owen 2001; Murphy et al. 2009; Ignesti
et al. 2022a). Integrated flux density measurements and high-
resolution studies of individual cluster galaxies can help us to
understand the cause of this excess. Cosmic-ray electrons in
the stripped ISM of galaxies likely show a steep spectrum due
to radiative aging. Low-frequency (<1 GHz) observations are
required to detect the oldest and most distant parts of those
stripped tails. Indeed, a number of studies utilizing 144 MHz
observations with the Low-Frequency Array High-band Antenna
(LOFAR HBA) recently demonstrated that low-frequency obser-
vations are well suited to discover ram-pressure-stripped tails
(Ignesti et al. 2022b,a; Roberts et al. 2021a,b, 2022b).

Contrary to star-forming galaxies, where the radio lumi-
nosity is dominated by the aforementioned star formation, in
early-type galaxies, active galactic nuclei (AGN) are responsi-
ble for the radio emission. The relativistic plasma supplied by
AGN can halt the star formation of the host galaxy (Gaspari
et al. 2012) and in clusters it can even influence the thermody-
namical properties of the ICM via AGN feedback (Fabian 2012).
For Virgo, interactions between the AGN jets and the surround-
ing ICM have previously been observed for M 87 (Forman et al.
2007; Million et al. 2010) as well as for numerous other systems
at the centers of the less massive substructures (Kraft et al. 2011;
Dunn et al. 2010; Paggi et al. 2014; Su et al. 2019) or in noncen-
tral galaxies (Finoguenov et al. 2008; Birzan et al. 2008; Kraft
et al. 2011; Million et al. 2010; Paggi et al. 2014; Su et al. 2019).
As the relativistic electrons accelerated by the AGN lose energy
over time, their radio spectrum also becomes steeper. Therefore,
observations at low frequencies are required in order to unveil
the emission of past phases of nuclear activity.

Furthermore, in the radio band, the nonthermal component
of the ICM can generate radio halos and radio relics if there
is sufficient particle acceleration and magnetic field strength
(Brunetti & Jones 2014; van Weeren et al. 2019). Such emission
is prominent in nearby clusters like Coma and Abell 1367. Con-
trary to these clusters of higher richness, Virgo is not known to
host cluster-scale diffuse radio emission. Nevertheless, deeper
observations may provide the means to reveal (or put stringent
limits on) the presence of such a source, which could possibly
be linked to merging subsystems. Again, observations at low
frequency are critical because of the steep-spectrum nature of
diffuse radio sources. This is the case for Virgo in particular,
given that clusters of lower mass are expected to host steeper
radio halos (Cassano 2010).

Until now, the most sensitive wide-field surveys that cover
Virgo are the TIFR GMRT Sky-Survey (TGSS, Intema et al.
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2017), the NRAO VLA Sky Survey (NVSS, Condon et al. 1998),
and, more recently, the Rapid ASKAP Continuum Sky Survey
(RACS, McConnell et al. 2020) and the Karl G. Jansky Very
Large Array Sky Survey (Lacy et al. 2020). All of these are sub-
ject to strong imaging and calibration artifacts in proximity to
M 87, and only TGSS is a low-frequency survey, at 150 MHz.
In addition to the wide-field surveys, there have been a num-
ber of radio studies of samples of Virgo galaxies (Vollmer et al.
2007, 2010, 2013; Wezgowiec et al. 2007, 2012; Murphy et al.
2009; Capetti et al. 2009). However, those are limited to a small
number of objects (<20).

We aim to significantly increase the radio coverage of Virgo
with the VICTORIA (Virgo Cluster multi-Telescope Observa-
tions in Radio of Interacting galaxies and AGN) project. The
project includes data from the low- and high-band systems of
LOFAR as well as MeerKAT and will greatly improve the
sensitivity and resolution of the wide-field coverage in radio con-
tinuum between 42 and 1700 MHz and in the 21 cm line. Polar-
ization data from the L-band observations will also be included.
This work represents the first data release of ViCTORIA, and
presents data taken with the LOFAR HBA at 144 MHz. LOFAR
(van Haarlem et al. 2013) is a radio interferometer based in
the Netherlands and operating at frequencies of between 10
and 240 MHz. The LOFAR Surveys Key Science Project is cur-
rently carrying out the LOFAR Two-metre Sky Survey (LoTSS,
Shimwell et al. 2017, 2019, 2022), imaging the Northern Sky at
more than an order of magnitude greater sensitivity and signif-
icantly higher resolution than previous large sky surveys. Due
to its low declination and the presence of the extremely bright
source M 87 (1250Jy at 144 MHz), which severely complicates
calibration and imaging of the field, Virgo is not yet included
in the published footprint of LoT'SS. With this work, we take
advantage of significant advances in low-frequency radio inter-
ferometric calibration techniques developed for LoTSS (Tasse
et al. 2021) to extend the coverage of sensitive LOFAR surveys
to the Virgo region by employing a partly custom-developed
calibration strategy to address the severe image fidelity issues
associated with M 87.

A wealth of multiwavelength data exists on Virgo, which
is complemented by the LOFAR observations presented in this
paper and the further releases of the ViCTORIA project. For
example, the classical reference for galaxies in the Virgo field
is Binggeli et al. (1985), who carried out optical observations
and published the photographic Virgo Cluster Catalog (VCC),
which includes 2096 galaxies in an area of 140deg?. A digital
successor to the VCC is the Extended Virgo Cluster Catalog
(EVCCO), (Kim et al. 2014), which is based on SDSS Data
Release 7 photometric and spectroscopic data (Abazajian et al.
2009) and provides an updated cluster membership and morphol-
ogy categorization of galaxies residing in a five times larger area
than the VCC. The deepest optical survey of the cluster is the
Next Generation Virgo Cluster Survey (NGVS, Ferrarese et al.
2012) conducted with the MegaCam instrument at the CFHT.
Other auxiliary data include the Virgo Environmental Survey
Tracing Ionised Gas Emission (VESTIGE, Boselli et al. 2018b),
which mapped the cluster in Ha + [NII] also using MegaCam
and following the NGVS footprint. In the far-infrared, data of
the Herschel Reference Survey (HRS, Boselli et al. 2010) and
the Herschel Virgo Cluster Survey (HeViCS, Davies et al. 2010)
exists. In the near- and far-ultraviolet, the cluster was observed by
the GALEX Ultraviolet Virgo Cluster Survey (GUViCS, Boselli
et al. 2011). Combined, these data give an outstanding repertoire
of star-formation tracers over the entire cluster region. Other
data include the sample from the ACS Virgo Cluster Survey
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(ACSVCS, Cote et al. 2004) of 100 early-type Virgo galaxies.
In infrared and X-rays, this sample has also been studied with
Spitzer and Chandra (Gallo et al. 2010). Samples of late-type
galaxies were the subject of dedicated studies with Chandra
in X-rays (Soria et al. 2022), ALMA in molecular gas (Brown
et al. 2021) and with the VLA in atomic gas (Hi, Chung et al.
2009). The properties of the ICM were analyzed based on X-ray
observations with ROSAT (Bohringer et al. 1994), XMM-Newton
(Urban et al. 2011), and Suzaku (Simionescu et al. 2017). An
study beyond the virial radius is currently being conducted with
the extended ROentgen Survey with an Imaging Telescope Array
(eROSITA, (Merloni et al. 2012; Predehl et al. 2021; McCall
et al., in prep.).

With this paper, we extend the multiwavelength coverage of
Virgo by providing wide-field images of the cluster and radio
measurements of all LOFAR-detected Virgo galaxies. A detailed
scientific interpretation of the radio data will follow in upcoming
publications, where we will analyze the environmental impact
on galaxy evolution and the radio galaxy population in the Virgo
cluster.

Throughout this paper, we assume a flat ACDM cosmology
with Q, = 0.3 and Hy = 70kms~! Mpc~!. At the distance of
M 87, for which we adopt a value of 16.5 Mpc (Mei et al. 2007,
Cantiello et al. 2018), one arcsecond corresponds to 80 pc. This
paper is arranged as follows: in Sect. 2, we present the observa-
tions and the data reduction strategy of the survey. In Sect. 3, we
report details of the catalog of Virgo galaxies we provide, and
in Sect. 4, we highlight individual objects and findings in the
LOFAR maps. We conclude in Sect. 5.

2. Observations and data reduction

The LOFAR HBA Virgo Cluster Survey covers a 132 deg? region
of the Virgo cluster between a declination of 3° and 18°. The
survey footprint displayed in Fig. 1 is composed of the nine dif-
ferent pointings listed in Table 1. In total, eight observations of
8 h each were conducted (project: LC11_010) between March 18,
2019, and April 2, 2019, book-ended by 10 min calibrator scans
of 3C 196 and 3C 295. The observations were taken in dual-beam
mode, with one beam always pointing toward M 87, and the other
toward one of the eight outer fields. The outer fields lie on the
grid of LoTSS. The total observation time of M 87 is only 56 h
rather than 64 h because the observation parallel to field 1 is
missing in the LOFAR Long-Term Archive (LTA). Data were
taken with the LOFAR HBA in a setup identical to observations
taken for LoT'SS with a nearly continuous frequency range from
120 to 168 MHz, a frequency resolution of 3.07 kHz, and a time
resolution of 1s. After initial flagging of the raw data, the data
are averaged to a resolution of 12.2kHz in frequency and stored
in the LTA.

2.1. Challenges of the Virgo field

The presence of M 87 in the cluster center makes radio calibra-
tion and imaging of the Virgo field particularly challenging. It is
not only one of the brightest sources on the radio sky (1.25klJy
at 144 MHz, Scaife & Heald 2012), but is also highly extended
with an angular size of 15’. This complex morphology makes
an accurate deconvolution of the source hard to achieve, and the
large extent means that the primary beam variation across M 87
is non-negligible; indeed it is >20% for some pointings. Another
difference in comparison to observations of LoI'SS-DR2 is the
declination of the LOFAR Virgo field, which is between +3°

and +18°; this translates to rather low-elevation observations
in the range of ~25°-50° (see Fig. 2). This causes an elon-
gated primary beam shape, an increased thermal noise level
due to the reduced sensitivity of the dipoles, and greater sus-
ceptibility to ionospheric disturbances caused by the higher air
mass compared to observations at more favorable declinations.
Furthermore, the LOFAR primary beam model is expected to be
less accurate at lower elevations, which affects the accuracy of
the flux density scale. Finally, the majority of the Virgo clus-
ter galaxies are extended objects with a low radio-continuum
surface brightness and as such, are difficult to fully deconvolve.

2.2. Data reduction

To address the aforementioned difficulties, we developed a strat-
egy specifically tailored to the Virgo cluster field and the targets
of interest. The main difference from the default calibration
approach for LOFAR HBA, which is used, for example, for
LoTSS-DR2, is an additional step in which we accurately sub-
tract M 87 from the uv-data. Subsequently, direction-dependent
calibration can mostly be carried out in a similar way to LOFAR
HBA observations of normal fields.

The data reduction is split into a series of steps, which
are implemented in various pipelines: The first step is pre-
processing, the second is to reduce the data of the calibrator
scans, the third is to subtract M 87 from the data, and the last step
is a full direction-dependent calibration. Subsequently, an extrac-
tion and re-calibration procedure can be applied for selected
targets (see van Weeren et al. 2021). For the first three steps, we
make use of the Library for Low Frequencies (LiLF'"), and for
the direction-dependent calibration and extraction, we use the
ddf-pipeline® (Tasse et al. 2021).

In the pre-processing step, the data of all calibrator and
target observations were downloaded from the LTA. Subse-
quently, all baselines containing international LOFAR stations
were removed and the data were averaged down to 48.8 kHz in
frequency (four channels per sub-band) and 4 s in time. The strat-
egy used to find the calibrator solutions is described in detail
in de Gasperin et al. (2019); nevertheless, we briefly summa-
rize the key steps below. The pipeline derived the polarization
alignment delays as well as the Faraday rotation and bandpass
solutions. These were then applied to the data in physical order
together with the primary beam model. Finally, we solved for
scalar phases, which describe the ionospheric and clock delays.

2.2.1. Peeling pipeline

The purpose of this pipeline is to subtract M 87 from the uv-data
of each observation of the Virgo field. A key requirement for
this is a high-quality model of the source, which did not exist
at 144 MHz prior to this project. Starting from the 21" x 15”
image of de Gasperin et al. (2012), we performed multiple rounds
of self-calibration using an 8h observation with M 87 at the
phase center. In each iteration, we solved for scalar phases at
full time- and frequency resolution and for full-Jones matrices at
a resolution of 64 s and 0.49 MHz using DP33. For imaging, we
used the multi-scale and multi-frequency deconvolution mode
of WSCLEAN (Offringa et al. 2014; Offringa & Smirnov 2016). As
M 87 is extremely bright, highly resolved, and of complex mor-
phology, deconvolution is particularly delicate. With improving

' https://github.com/revoltek/LiLF
2 https://github.com/mhardcastle/ddf-pipeline
3 https://github.com/lofar-astron/DP3
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15°00'

5°00'

12"48™M00s 36M00° 24™00° 12Mm00°
RA [h:m:s]

Fig. 1. Overview of the LOFAR HBA Virgo cluster survey. As cutouts, we show the radio-detected galaxies from the 20” mosaic; for better
visualization, their sizes are magnified by a factor of six and their color mappings adjusted individually. The central points and the half-maximum
primary beam ellipses of the nine survey pointings are displayed in alternating colors (orange/blue). The green circle marks r,oy and the grayscale
background image is the eROSITA X-ray map in the 0.3—2keV band (McCall et al., in prep.) where we mask the southeastern emission in the
direction of the NPS.
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Table 1. Virgo cluster pointings.

Field RA (J2000) [h:m:s] Dec (J2000) [°:” :”]  Observation time [h] Comments
M87 12:30:49.42 +12:23:28.0 56
1 12:40:47.46 +14:39:45.5 8 Severe ionosphere, high noise level
2 12:30:05.30 +14:38:54.9 8
3 12:22:22.72 +12:07:42.3 8
4 12:28:16.58 +09:37:33.7 8
5 12:38:46.71 +09:38:23.2 8
6 12:43:33.66 +12:09:22.3 8 Dynamic ionosphere
7 12:34:18.36 +07:07:25.6 8 Bright sources
8 12:23:52.29 +07:06:36.4 8 Bright sources
: : 8h observation was created using a Briggs-value of —1.2 —
701 - &7 —— fleld3 —— field 6 shown in Fig. 3 — and the final model of M 87 used for the peeling
— fleldl— field 4 field 7 is created with a Briggs-weighting of —0.6.
60+ field2 —— field5 —— field8

Elevation [°]

Observation time [h]

Fig. 2. Elevation as a function of observation time for the Virgo cluster
observations.
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Fig. 3. LOFAR image of M 87 at 144 MHz. The ellipse in the bottom
left corner indicates the primary beam size of 5.6” x 4.1”. The noise
level is 350 uJy beam™!, corresponding to a dynamic range of 44 000.

solutions during self-calibration, less conservative deconvolu-
tion parameters can be used. A high-resolution image of a single

The following peeling procedure was carried out for each
observation. The first step of the peeling pipeline is to apply
the polarization alignment, bandpass, and scalar-phase solutions
from the calibrator together with the primary beam model at the
phase center to the target field. Here, we used the correspond-
ing calibrator observation with the least amount of flagged data.
Next, we perform ‘A-Team clipping’. The purpose of this pro-
cedure is to flag the parts of the data where the bright sources
Cassiopeia A, Cygnus A, and Taurus A (which form the infa-
mous “A-team” together with “Virgo A”) reside in a side-lobe
of the primary beam. If their predicted amplitude is above 5 Jy
for any time, frequency, or polarization, this part of the data is
flagged. In addition, we flag the parts of the data affected by
radio-frequency interference using AOFLAGGER (Offringa et al.
2012) as well as all data taken below 20° elevation. After-
wards, time steps that contain more than 50% flagged data are
discarded.

Next, the data are phase-shifted toward the location of M 87,
that is, if they are not already centered on the source, and are
corrected for the difference between the primary beam at the
original phase center and M 87. From this phase-shifted data set,
a smaller data set is created by averaging down to a resolution
of 16s in time and 0.39 MHz in frequency. This speeds up com-
putation and suppresses the contribution of sources away from
M 87 by time- and frequency-smearing them. The model-uv-data
of this small data set is populated with the M 87 source model
using WSCLEAN together with the image domain gridder (idg,
van der Tol et al. 2019). Due to a large angular size of 15’, the pri-
mary beam variations across M 87 are non-negligible, especially
for the pointings where M 87 is close to the edge of the primary
beam. Therefore, we find that it is important to adjust the pre-
dicted visibilities with the direction-dependent component of the
primary beam during prediction. Then, complex scalar gain solu-
tions are derived by solving against the model data on the full
time resolution of the averaged data set. In the solver, the solu-
tions are smoothed in frequency with a 1 MHz kernel. From the
resulting calibration solutions, we only apply those phases to the
data that encompass the ionospheric delays. However, the ampli-
tudes are used to identify bad parts of the data by flagging all
time and frequency intervals where the amplitudes are more than
a factor of five from unity. We perform a second, slow full-Jones
calibration on timescales of 256s. In this solve step, we smooth
the calibration solutions with a 2 MHz kernel in frequency. After
deriving the solutions towards M 87 from the small data set, we
predict the uv-data corresponding to the M 87 model to the large
data set at 48.8 kHz bandwidth and 4s time resolution, again

A24, page 5 of 56
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Fig. 4. Scheme of the peeling strategy.

using idg to include the direction-dependent component of the
primary beam. The predicted visibilities are then corrupted with
the phase and slow full-Jones solutions. We create a new data
set by subtracting the corrupted M 87 model from the data. We
then correct the subtracted data using the scalar phases towards
M 87, which is intended to correct the clock delays as well as to
pre-correct the ionospheric delays in the direction of Virgo. The
pre-corrected subtracted data column is then phase-shifted back
to the original phase center, averaged to a resolution of 8s in
time and 98 kHz in frequency, and is concatenated into frequency
blocks of 1.95 MHz. Finally, we correct for the difference of the
primary beam at the phase center and at the location of M 87.
The resulting measurement sets now have M 87 subtracted and
are therefore prepared in a format that is suitable for the follow-
ing direction-dependent calibration. A schematic overview of the
peeling strategy is presented in Fig. 4.

For the observations centered on M 87, the subtraction pro-
cedure was slightly altered. The phase-shifting and additional
beam-correction steps are not necessary due to the greater appar-
ent brightness. Furthermore, the calibration solutions are derived
at a higher time resolution of 4 s for the Jones scalar, and 64 s for
the full-Jones matrix.

For field 8, the subtraction of M 87 is particularly challenging
due to the presence of NGC 4261 (=3C 270; S 144 = 73Jy) in the
center of the field. To obtain robust solutions for this pointing,
we used a parallel solve on both NGC 4261 and M 87, where we
employed a model of two Gaussian components obtained from
the TGSS for NGC4261. In addition, we solved for a diago-
nal instead of a full-Jones matrix and used a 4 MHz kernel to
smooth the solutions in frequency to reduce the effective number
of free parameters. The solutions for M 87 were used for subtrac-
tion and to pre-calibrate the phases; the solutions for NGC 4261
were discarded. Stable calibration solutions were not obtained
for all time- and frequency windows, which lead to a high ratio
of flagged data for this field (55%).

2.2.2. Direction-dependent calibration

For direction-dependent calibration, the ddf-pipeline
(Shimwell et al. 2019; Tasse et al. 2021) is used, which is a frame-
work that is based on the DDFacet imager (Tasse et al. 2018)
and the killMS solver (Tasse 2014a,b). The ddf-pipeline
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algorithm was also used for the second data release of LoT'SS.
As it is described in detail in Tasse et al. (2021), only a
very brief summary is provided here, mainly focusing on
the differences in processing compared to LoI'SS-DR2. The
algorithm starts with a sparse selection of the data, taking every
fourth frequency sub-band. In a series of direction-independent
and direction-dependent calibration steps, a sky model of a
8.3° x 8.3° square region of the target field is obtained. Using
this model, calibration is carried out on all sub-bands, again
in a series of direction-independent and direction-dependent
self-calibration cycles. The direction-dependent steps are carried
out in a facet-based approach; that is, the sky model is split
into 45 discrete directions, which are solved in parallel. An
important difference from the LoTSS-calibration is that no
amplitude solutions are applied to the data; this is because we
experienced divergent amplitude solutions in a small number of
facets with a low flux density. This divergence is likely caused
by the reduced quality of the data because of residuals of M 87
and/or a low signal-to-noise ratio due to the low elevation of
the observations. As a consequence of the missing amplitude
corrections, artifacts exist around a number of bright sources,
mainly further away from the phase center, suggesting that they
may be at least partly caused by errors in the primary beam
model. However, this does not notably affect the science quality
of the images regarding studies of Virgo cluster objects, because
the vast majority of these sources are of low-surface brightness.
During the various imaging steps, it is challenging but also
critical to accurately deconvolve faint and extended structures
in order to obtain a complete sky model for calibration and
accurate surface brightness values. The ddf-pipeline strongly
optimizes deconvolution for these targets using multiple CLEAN
iterations with progressively improved masks. Using a mask
based on lower resolution images for the deep high-resolution
deconvolution, it is possible to further improve deconvolution
for extended structures. Nevertheless, a number of faint Virgo
galaxies are not fully picked up in the masking procedure and
are therefore not accurately deconvolved. To address this, we
manually add all detected galaxies of the optical VCC and
EVCC catalogs to the masks created by the ddf-pipeline and
perform one additional deep CLEAN iteration for both the low-
and high-resolution images. For the seven observations pointed
on M 87, we follow the procedure used for the LoT'SS deep fields
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(Tasse et al. 2021). A single 8 h observation is fully calibrated to
derive an accurate sky model. This model is then used to jointly
calibrate and deconvolve all 56 h of data.

For three of the eight outer fields, a slightly different strategy
was necessary: field 6 is affected by the presence of 3C 275.1 out-
side of the 8.3° square region used for imaging and calibration.
We address this by carrying out an additional initial imaging
step with a larger field of view (FoV) to subtract sources out-
side of the square normally used for calibration. Calibration of
the two southern pointings on fields 7 and 8 is particularly chal-
lenging, as they have a bright source in the FoV (NGC 4261),
and the bright quasar 3C273 (116Jy, Jacobs et al. 2011) in
the side-lobes. The subtraction of sources outside the primary
beam, which was used for field 6, did not yield satisfactory
results for fields 7 and 8. Instead, the image size used for
direction-dependent calibration of these two fields was increased
to allow for direction-dependent solutions towards 3C273. As
this strongly increased memory requirements and computation
time, the data set was phase-shifted beforehand such that the
image size is only increased so as to cover 3C270, without
increasing the coverage in the opposite direction. The size of the
square region used for calibration of fields 7 and 8 is 9.5°.

Per field, a number of wide-field imaging products are cre-
ated from the calibrated data sets: We image Stokes [ at angular
resolutions of 9” x 5”7, 20”, and 1’; hereafter, we refer to
these resolutions as high, low, and very low. Compact source-
subtracted images were created at 1’ and 4’ resolution. In
addition, we produced Stokes Q and U “dirty” images in a fre-
quency spacing of 97.6 kHz at 20" and 4’ resolution and Stokes V
dirty images at 20" resolution. No flux-density-scale correction
was applied to the per-field data products.

2.2.3. Flux-scale alignment and mosaicing

Uncertainties on the beam model of LOFAR HBA currently
limit the accuracy of the flux density scale when it is directly
transferred from a calibrator source by introducing a per-field
flux density scaling f; # 1. Therefore, Shimwell et al. (2022)
correct the flux density scale in a post-processing step. By
cross-matching sources between LOFAR and the 151 MHz sixth
Cambridge survey of radio sources (6C Hales et al. 1988) and
between LOFAR and the 1.4 GHz NVSS, these latter authors
derive the median flux density ratios Fec; and Fnyss; of each
field i and both surveys. Under the assumption that the flux-
density-scale offsets are direction-independent for a given field,
both median ratios should be equally offset by a factor of f;
from the value found for a perfectly accurate flux density scale.
Therefore, the ratio of the median flux density ratios per field
Fec.i/ Fnvss,i should be approximately independent of the off-
set f; and also therefore constant between the fields if there is
no spatial variation in the NVSS and 6C scales. Considering the
median of the median ratios found across all fields, a value of
Fec/Fnvss = 5.724 was found in Shimwell et al. (2022). Tak-
ing into account the frequency difference between LOFAR and
6C, and using the median spectral index of sources in 6C and
NVSS of @ = —0.783, the LOFAR observations are aligned with
the 6C flux density scale if the median flux density ratio equals
Fnvss = 5.724 x (144/151)7°78 = 5.936. Consequently, the
flux-density-scale correction factors fi" can be determined from
the measured median flux-density-scale ratio Fvyss; of each
field as fl.‘1 = 5.936/Fnyss,;- We followed the procedure devel-
oped in Shimwell et al. (2022) with two minor modifications:
First, as a flux cut of 30 mlJy is applied in the cross-matching

rms noise level [m)y beam™1]
. 0.4 0.6 0.8 1.0 12

15°00'

Declination (J2000)
10°00'

5°00'
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12h50™00°

Fig. 5. RMS noise map of the 9” X 5" mosaic. Blue annotations indicate
the pointing centers of the nine LOFAR fields.

with NVSS prior to the re-scaling, and given that we found cor-
rection factors strongly different from unity for some fields, we
iteratively repeated the calculation of the correction factors f;,
updating the flux cut to 30 mJy X fi‘1 each time. Second, we
estimated the correction factors from the 20”-resolution maps,
because in the high-resolution maps, ionospheric smearing leads
to a systematic over-correction of 10—20% for the fields where
we have lower quality (fields 1, 6, 7, 8). For the remaining fields
with good image quality, the difference between the correc-
tion factors estimated from the high- and low-resolution maps is
between 1 and 8%. To derive these factors, we created a LOFAR
source catalog for each Virgo field using the Python Blob Detec-
tor and Source Finder (PyBDSF, Mohan et al. 2015) and only
considered sources with: no neighbor within 30”; a major axis
of less than 25”; and a significance of at least 5o. The final
correction factors we found were applied to the fields during
mosaicing, ultimately placing our survey on the scale of the
6C survey, which in turn is aligned with the flux density scale
of Roger et al. (1973). In the mosaicing procedure, pixels were
weighted according to the primary beam response as well as the
central noise level of the corresponding field. We also excluded
all areas with a primary beam attenuation factor of below 0.3.
In the final mosaic, we restore the clean components of M 87
that were subtracted in the peeling pipeline. Wide-field mosaics
are created for the high-, low-, and very-low-resolution Stokes
I maps as well as for the source-subtracted images. The image
parameters of all Virgo field mosaics are presented in Table 2;
the image files are available online in fits format®.

A map of the root mean square (RMS) noise level of the
high-resolution Stokes /I mosaic is displayed in Fig. 5; the
median noise level is 140 wJy beam™! within the virial radius

4 https://lofar-surveys.org
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Table 2. Imaging parameters.

Resolution  Subtracted  [”X”]

Robust weighting

min. v [km]  max. uv [km]

9%x5
20 x 20
60 x 60
60 x 60

High
Low
Very low

Very low yes

-0.5 0.1
-0.25 0.1
-0.2
-0.2

120.6
25.8

0.04 7.0

0.04 ~7.0 (1’-taper)

and 280 wJy beam™! across the full footprint. In the vicinity of
M 87, the noise level is ~170 pwJy beam™!, only 40% deeper than
what we find for a single 8 h observation, which indicates that we
are limited by dynamic range in the central few square degrees.
Beyond 2° separation from M 87, the sensitivity ratio between 8 h
and 56 h of data approaches the expected ratio of vV56h/8h =~
2.65. Remaining artifacts related to M 87 manifest themselves
as wave-like patterns, the most dominant of those originate from
M 87 and cross the image towards the north and south, extending
for multiple degrees. In some of the outer regions of the survey,
the noise level is strongly increased. This is most apparent in
the northeast, where the observation of field 1 was affected by
particularly unfortunate ionospheric conditions with rapid high-
amplitude variations of the ionospheric parameters. The noise
level for the region that is exclusively covered by this pointing
is ~800 wJy beam~!. Fortunately, only very few Virgo cluster
galaxies populate that area. Similarly, the eastern field 6 to the
south of field 1 was also affected by a dynamic ionosphere,
which increased the noise level to 250 pJybeam™'. Another
region where the image quality is reduced is the southwestern
field 8, where the presence of the bright sources 3C 270 and
3C 273, as well as a high flag ratio and low elevation, increase the
noise level to ~400 pJy beam™'. In the lower-resolution mosaics
in particular, this area also shows the presence of larger-scale
calibration artifacts.

In Fig. 6, we compare the noise level of the LOFAR
HBA Virgo cluster survey to that of other surveys and tar-
geted observations of the Virgo field. The quoted noise level
of ~150 Wy beam™! corresponds to the region just inside the
area covered by the deeper M 87 pointing, which approximately
coincides with the Virgo cluster virial radius.

2.3. Flux density scale

For LoTSS-DR2, the global uncertainty of the flux density scale
was estimated to be 10%, with an additional positional varia-
tion of 10% (Shimwell et al. 2022). For a number of reasons, we
expect the uncertainty to be higher for the Virgo field: first, due
to the low declination of Virgo, the LOFAR beam model should
be less accurate, which translates to a higher systematic uncer-
tainty on the flux densities. Indeed, Shimwell et al. (2022) found
a declination dependency of the flux density scale that becomes
increasingly severe at lower declination. Second, the presence of
M 87 in the field not only causes image artifacts in our LOFAR
data, but also — and even more severely — in the NVSS and other
all-sky surveys, where no tailored strategy was used to address
this bright source. This decreases the quality of reference radio
catalogs within a few degrees around M 87. Finally, the direction-
dependent variation of the flux density scale should be higher
for simple statistical reasons; since our survey consists of only
nine pointings, the degree of overlap is lower than in LoTSS,
where the mosaicing of multiple pointings was shown to reduce
the scatter of flux density measurements (Shimwell et al. 2022).
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Fig. 6. Noise-level comparison of different Virgo cluster surveys. The
circles show different wide-field surveys (filled circles) and targeted
observations of samples of Virgo galaxies (hollow circles). The marker
size is proportional to the angular resolution of the corresponding sur-
vey. The quoted noise level for LOFAR refers to the median noise inside
the virial radius. The dashed line shows an interpolation of this noise
level assuming a spectral index of —0.7.

To assess the systematic uncertainty of the flux density scale
of the LOFAR HBA Virgo cluster survey, we created a source
catalog of the final low-resolution mosaic using PyBDSF. We
first compared the LOFAR catalog to NVSS, which was also
used for the flux density scale alignment. Repeating the source
selection and matching as described in Sect. 2.2.2, we find a
median ratio of S opar/S Nvss = 5.42, which differs by 9% from
the value of 5.94 we used for the alignment.

We then cross-matched the LOFAR catalog with sources of
the TGSS and the Galactic and extragalactic all-sky MWA sur-
vey (GLEAM Hurley-Walker et al. 2017), which are at almost
the same frequency as LOFAR HBA. We searched for unique
matches inside a radius of 10” for TGSS and 50" for GLEAM.
To avoid complex sources, where the flux density measurements
might not be accurate, we only kept the LOFAR sources that have
no other source within 30" for TGSS and within 2" for GLEAM.
Furthermore, we removed sources with an extension above 25"
or a signal-to-noise ratio below five. This resulted in 576 matched
sources with TGSS and 68 with GLEAM. We extrapolated the
TGSS 150MHz flux densities to 144 MHz using a factor of
(144/150)078 = 1.03. For GLEAM, we used the 143 MHz cat-
alog and neglected the frequency difference as well as the <3%
systematic uncertainty arising due to the Baars flux density scale
(Baars et al. 1977) of GLEAM (Hurley-Walker et al. 2017; Perley
& Butler 2017). Compared to TGSS, the median flux scale ratio
is 1.05 with a standard deviation of 0.23, and for GLEAM, it
is 1.02 with a standard deviation of 0.19. This independent test
shows that the flux density scale is aligned accurately, albeit
with considerable scatter. This scatter is partly caused by the
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Fig. 7. LOFAR maps of selected Virgo cluster galaxies. The panels show (a) NGC 4472 (M 49), (b) NGC 4501 (M 88), and (c) NGC 4321 (M 100).
The ellipse in the bottom left corner of the panels indicates the synthesized beam size of 9” x 5”.

direction-dependent flux scale uncertainty in the LOFAR maps;
another contribution stems from outliers in the cross-matching
procedure. Additionally, the reference surveys also add consid-
erably to the scatter. By cross-matching 211 sources in the Virgo
field between TGSS and GLEAM, we find that the flux den-
sities of those two surveys show a median flux ratio of 1.01
(expected: (143/150)~%7® = 1.04) with a standard deviation of
0.29. Given the comparison with both TGSS and GLEAM, we
assume that the systematic uncertainty on the flux density scale
of our LOFAR HBA survey of the Virgo cluster is fss = 20%,
which includes both the uncertainty of the absolute flux density
scale and the direction-dependent variation.

During the flux-scale alignment, we used the low-resolution
mosaic, because it is less affected by poor ionospheric condi-
tions. Indeed, repeating the procedure for the high-resolution
images, we find that the median flux density is significantly
lower for the observations with poor ionospheric conditions. The
most extreme case is field 1, where the difference in median
flux between the high-resolution and the low-resolution image
is 28%. A significant difference of ~20% is also observed for
the southern fields 7 and 8, where bright sources limit the qual-
ity of the calibration. This indicates that for regions close to the
edge of the survey footprint, which are exclusively covered by
one of those fields, particular care must be taken when working
with the high-resolution images.

3. LOFAR Virgo cluster catalog

To create the catalog of all Virgo cluster galaxies that are
detected in the 144 MHz LOFAR Virgo cluster survey, we con-
sidered all galaxies in the EVCC, which fully covers our LOFAR
footprint. For the EVCC, a radial velocity cut of v < 3000 km g
is employed to select possible cluster members, and a redshift-
based infall model is used to identify certain cluster members
(Kim et al. 2014). Of the 1589 galaxies, 991 are in the footprint
of our LOFAR survey. The classical VCC includes a high num-
ber of background objects that do not fall into the radial velocity
cut. As the VCC is still used as a common reference for galax-
ies in the Virgo field, we also compiled a radio catalog of the
background VCC galaxies that are not part of the Virgo cluster.
As the radio continuum emission of the galaxies is mostly
faint, extended, and often not well described by a Gaussian

profile (see Fig. 7), it is challenging to accurately identify all
emission attributed to galaxies using an automatized source
finder. We therefore measured the flux densities manually. We
visually inspected the high- and low-resolution images of every
galaxy in the EVCC and VCC with a z-band magnitude of 16
or below in the footprint of the LOFAR Virgo field. If emission
is detected, we manually determine an elliptical region around
the emission, if possible fully enclosing the 30~ contours in the
low-resolution mosaic. In cases where the radio morphology is
particularly complex or background sources are superimposed
on the emission, we instead use a more complex polygon region
to trace the emission. To check for misidentifications, the opti-
cal images of the DESI Legacy Imaging Survey DR9 (Dey et al.
2019) were inspected together with the radio contours.

We measure the integrated flux density in the regions, and
the corresponding uncertainty oy is calculated according to:

os = \/a%mszvbeam +(fisS ) ()

where fiys = 0.2 is the systematic uncertainty of the flux den-
sity scale, Npeam the number of synthesized beams covering
the region, and oy the local statistical uncertainty as mea-
sured from the RMS of the residual maps. We only consider
sources with a statistical significance above 40 in the low-
resolution mosaic. This results in 112 Virgo cluster galaxies that
are detected in the LOFAR maps out of the 991 EVCC galaxies
in the survey footprint. The detection fraction strongly depends
on the optical brightness; it is above 50% for the 171 galaxies
brighter than a z-band magnitude of 12. In contrast, none of
the objects fainter than a z-band magnitude of 14.6 are radio-
detected, although those constitute more than half of the EVCC
objects in the LOFAR footprint. The optically bright objects that
are not detected in LOFAR are mostly ellipticals and lenticu-
lars without strong AGN. Additionally, we detect 114 background
galaxies that are listed in the VCC.

As the galaxies are mostly low-surface-brightness extended
sources, particular care must be taken during the deconvolution.
If sources are not fully deconvolved, emission coming from the
side-lobes of the point-spread function may remain and their
flux density will be overestimated. This problem mostly affects
the high-resolution mosaic, where the objects are more strongly
resolved. To assess the completeness of the deconvolution, we

A24, page 9 of 56



A&A 676, A24 (2023)

Table 3. LOFAR catalog of Virgo cluster galaxies.

VCC NGC IC RA J2000 Dec J2000 Type m; S A d Liga
hemis] [ [mag] [yl ["x"] [Mpe]  [WHz]

H_ @ 0 @) 5) © O @®) ©)  (10) (1)
49 4168 12:12:17.2 +13:12:19 E 11.00  (2.5+£0.5)e-2 4291 32.0 (3.1£0.7)e+21
66 4178 3042 12:12:46.1 +10:51:55 SBc 11.24  (5.6x1.2)e-2 14149 16.5 (1.8+0.4)e+21
73 4180 12:13:03.0 +07:02:20 Sb 12.23  (1.6x0.3)e-1 7735 32.0 (2.0+0.4)e+22
89 4189 3050 12:13:474  +13:25:34  SBc 11.51  (9.0£1.8)e-2 17831 32.0 (1.1£0.2)e+22
120 4197 12:14:38.6  +05:48:23 Sc 12.65 (71x1.5)e-2 8902 32.0 (8.7£1.8)e+21

Notes. This table is available in its entirety at the CDS and contains the following information. The first three columns list the index of the galaxies
in the VCC, NGC, and IC. Columns 4-7 list the optical coordinates, the morphological classification, and the r-band magnitude of the galaxies
as in Kim et al. (2014). Column 8 shows the integrated flux density as measured from the 20”-resolution mosaics, Col. 9 quotes the source area,

Col. 10 the distance, and Col. 11 the 144 MHz radio luminosity.

compare the flux densities of the sources in the high- and low-
resolution images using identical regions. This comparison is
presented in Fig. 8. Particularly for fainter sources, the flux den-
sity estimated from the high-resolution image is systematically
above the measurement at low resolution, even after we perform
an additional round of deep deconvolution with manual clean-
masks for all objects in the catalog (see Sect. 2.2.2). A further
measure of the completeness of the deconvolution is the inte-
grated flux density measured from the residual images using the
source regions. If a source is not or barely deconvolved, the flux
density in the residual image will be close or equal to the flux
density in the restored image, while for a perfect deconvolution
in the absence of noise and systematic errors, the integrated flux
in the residual image should be zero. In Fig. 9, we show the flux
density ratio between the residual and restored mosaics for the
Virgo cluster galaxies as a function of the mean surface bright-
ness and mark the galaxies where the difference between the
high- and low-resolution images is larger than 20%. At high res-
olution, for 13 out of 112 galaxies, the residual flux ratio is at
least 50%, and for all but one of these cases, there is a difference
of above 20% between the integrated flux densities at the differ-
ent resolutions. On the contrary, at low resolution, the residual
flux density ratio is always below 50%. We therefore decided
to report the flux density measurements of the low-resolution
images. Two galaxies in Fig. 9 show a residual flux density ratio
of <—0.5. The orange cross marks VCC 144, which is located
in a high-noise region and is not significantly detected in the
high-resolution map, causing this fluctuation. The blue cross is
VCC 758, which is located directly next to an extended radio fea-
ture that we discuss in Sect. 4.2. Around this feature, a bowl of
negative surface brightness is present, which is caused by the
incomplete deconvolution of the large-scale emission. Table 3
lists the measured flux densities of the LOFAR-detected Virgo
cluster member galaxies together with the position, morphologi-
cal classification, and 7-band magnitude as provided in Kim et al.
(2014). Additionally, we specify the area of the region used for
the flux-density measurements as well as redshift independent
distance measurements. We assume the distances of the galax-
ies to be identical to the mean distance of the substructure they
belong to. We follow the substructure distances and member-
ship criteria defined in (Boselli et al. 2014), which report the
clusters A and C and the low-velocity cloud (LVC) at d =
17Mpec, the cluster B and W’ cloud at 23Mpc and the W
and M clouds at 32 Mpc. However, for consistency with the
VESTIGE (Boselli et al. 2018b) and NGVS (Ferrarese et al.
2012) projects, we assume a distance of d = 16.5 Mpc instead
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Fig. 9. Ratio between the flux density measured from the residual and
the restored images (y-axis) as a function of mean surface brightness (x-
axis). Circles and crosses mark measurements from the low-resolution
and high-resolution mosaic, respectively. For the orange crosses, the
difference between the flux density in the low- and high-resolution mea-
surements is above 20%.

of 17 Mpc for clusters A, B, and the LVC. Based on these dis-
tances, we also calculated the radio luminosity for all galaxies
in the catalog. The catalog is made available online at the CDS
together with cutout images of all detected galaxies, and is
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Table 4. LOFAR catalog of VCC galaxies in the background of the Virgo cluster.

VCC NGC IC RA J2000 Dec J2000 Type m; S A d Liss
hims] [ [mag] [yl ["x"] [Mpe]  [WHz]

H_ @ 0 ) 5) © O ®) 9  (10) (1)
76 3046 12:13:07.8  +12:55:05 Sc(s)I 14.16  (1.3£0.3)e-2 3420 119 (2.2+0.5)e+22
121 12:14:42.5 +12:59:24 E7/S017 14.87 (3.5%1.1)e-3 1463 267 (3.0£0.9)e+22
123 12:14:45.7 +13:19:35 Sa 14.57 (7.1%1.6)e-3 1346 306 (8.0£1.8)e+22
129 3060 12:15:02.0 +12:32:49 Sab 14.39  (4.9+1.5)e-3 2544 86 (4.3+1.3)e+21
134 3062 12:15:05.3 +13:35:42 Scl 14.00 (4.2+1.3)e-3 1852 116 (6.8+2.1)e+21

Notes. This table is available in its entirety at the CDS and contains the following information. The first, second, and third column list the indices of
the galaxies in the VCC, NGC, and IC. The fourth to seventh columns list the optical coordinates, the morphological classification, and the r-band
magnitude of the galaxies as reported in Binggeli et al. (1985). Column 8 shows the integrated flux density as measured from the low-resolution
mosaics. Column 9 quotes the source area, Col. 10 the radial-velocity-inferred distance, and Col. 11 the resulting radio luminosity.
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Fig. 10. Stellar mass (x-axis) vs. 144 MHz radio luminosity (y-axis) for
galaxies in the LOFAR Virgo cluster catalog. The marker color corre-
sponds to the Hubble-type.

also available at the LOFAR Surveys web page’. We report the
LOFAR flux density measurements and the auxiliary data for the
LOFAR-detected VCC background galaxies, which can be found
in Table 4. Furthermore, while not suitable for the analysis of
nearby galaxies, the full wide-field source catalog obtained with
PyBDSF from the low-resolution mosaic is still highly valuable
for studies of background objects, and so we also provide this
catalog online.

The Hubble morphological classification is shown together
with the stellar masses and radio-luminosities of the LOFAR
Virgo cluster catalog galaxies in Fig. 10. Stellar masses were
taken from Boselli et al. (2015), or, if not available, from (Boselli
et al. 2014). In both cases, we used the calibration of Zibetti et al.
(2009) based on the Chabrier initial mass function (Chabrier
2003). The most radio-bright and most massive objects are radio
galaxies in giant ellipticals. For spiral galaxies, later-type objects
are on average brighter than earlier-type spirals of similar mass.

4. Discussion

A dedicated scientific analysis of the radio data presented here
will be the subject of follow-up work by our team, including
a study of the radio—star formation rate(SFR) relation and the
ram-pressure stripped objects in Virgo. However, here we present
highlights and a brief initial discussion of radio sources that

5 https://lofar-surveys.org/virgo_survey.html

are noteworthy either due to their environmental interaction or
because they otherwise belong to a class of objects that is of par-
ticular interest in the radio continuum, such as giant ellipticals
or dwarf galaxies. See Appendix A for an image atlas of all the
galaxies.

4.1. Galaxies
VCC 144

VCC 144 is discussed in Brosch et al. (1998) as a blue compact
dwarf galaxy with an extended HI envelop currently undergoing
an intense starburst. These authors propose it to be an example
of galaxy formation currently taking place in the southern exten-
sion of the Virgo cluster. In the optical wavelengths, VCC 144
is the faintest galaxy in our radio catalog. It is also part of
the HERSCHEL far-infrared-selected star-forming dwarf galaxy
survey of Grossi et al. (2016).

VCC 241 (IC 3105)

This irregular galaxy shows low-surface brightness emission in
our LOFAR maps. In the south of the galaxy, the radio emission
appears to extend towards the west. This feature is coincident
with extra-planar HII regions traced by VESTIGE (Boselli, priv.
comm.). It is therefore likely that the low-frequency radio contin-
uum emission distribution traces cosmic-ray electrons advected
due to ram pressure and/or tracing the star formation in the
stripped gas.

VCC 307 (NGC 4254, M 99)

M99 is the most radio-bright late-type galaxy in the Virgo
cluster and is oriented close to face-on. The high SFR, the dis-
turbed morphology, with a peculiar spiral arm in the west, and
the long HI tail (Haynes et al. 2007) are thought to originate
from an encounter with another massive cluster member in the
past (Vollmer et al. 2005; Chyzy et al. 2007; Duc & Bournaud
2008; Chyzy 2008; Boselli et al. 2018a). However, even though
the galaxy is located in the cluster outskirts at a distance of
~1 Mpc to M 87, ram-pressure stripping also appears to play a
role (Murphy et al. 2009). In the LOFAR images and previous
low-frequency studies (Kantharia et al. 2008), the radio emis-
sion extends beyond the optical disk towards the north for at
least 10 kpc; this, together with the steep surface brightness gra-
dient toward the south, is interpreted as a sign of interaction with
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the ICM while the galaxy is moving rapidly toward the cluster
center.

VCC 345 (NGC 4261, 3C 270)

This bright Fanaroff-Riley type I radio galaxy sits at the center of
a poor group located ~12 Mpc behind the Virgo cluster core in a
structure know as the W-cloud (de Vaucouleurs 1961). It is well
studied at radio wavelengths (Dunn et al. 2010; Kolokythas et al.
2015; Grossova et al. 2022) and shows clear signs of interaction
between the AGN and the surrounding medium (O’Sullivan et al.
2011).

VCC 596 (NGC 4321, M 100)

M 100 is another grand-design spiral galaxy in the outskirts of
the Virgo cluster. In the high-resolution LOFAR map, the super-
nova SN1979C (Urbanik et al. 1986) is visible in the southeast of
the galaxy as a faint point source with a background-subtracted
flux density of 3.9 + 0.5mly. The galaxy does not show par-
ticularly asymmetric radio emission or other clear signs of
perturbance, and is therefore currently unlikely to be undergoing
significant ram-pressure stripping.

VCC 630 (NGC 4330)

The radio emission of this edge-on galaxy shows the presence of
a tail in the southwest that is caused by ram-pressure stripping
(Murphy et al. 2009; Vollmer et al. 2012a) and also visible in the
LOFAR maps. Tails in the same region are also present in atomic
hydrogen (Chung et al. 2007, 2009) and Ha (Fossati et al. 2018;
Sardaneta et al. 2022).

VCC 664 (IC 3258)

To our knowledge, we detect this late-type spiral galaxy for the
first time in the radio continuum. It is among the faintest Virgo
cluster members at optical wavelengths in our catalog. The 30
contours in the low-resolution map are elongated towards the
west. The orientation of the tail opposite to the cluster center
and the lack of any associated stellar component in the opti-
cal image suggest that the galaxy is suffering a ram-pressure
stripping event. This could also explain the HI deficiency of the
object (Koppen et al. 2018).

VCC 699 (IC 3268)

This galaxy is another Virgo star-forming dwarf galaxy from the
Grossi et al. (2016) sample. The LOFAR detection is slightly off-
set from the optical image but is toward the projected center of
the Virgo cluster. If real, this would imply an orbit moving away
from the cluster center. In view of the relatively small mass and
very high SFR, interpretation of the offset as a galactic outflow
would be even more compelling.

VCC 763 (NGC 4374, M 84)

The radio galaxy M 84 is the second-brightest radio source
in the central Virgo cluster after M 87 and is a well-studied
example of AGN-feedback in noncentral galaxies (Finoguenov
& Jones 2001; Birzan et al. 2004; Finoguenov et al. 2008;
Laing et al. 2011; Bambic et al. 2023). The radio lobes/tails
are deflected after Skpc, a clear sign of interaction with
the ICM. They coincide with Chandra-detected X-ray cavities
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(Finoguenov & Jones 2001; Finoguenov et al. 2008; Bambic
et al. 2023). In the 144 MHz LOFAR images, the source is not
significantly more extended than at GHz frequencies.

VCC 836 (NGC 4388)

This object hosts a Seyfert 2-type nucleus and is the only spi-
ral galaxy in the Virgo cluster where an AGN contributes a
large fraction of the total radio emission. The subparsec nuclear
jets are oriented perpendicular to the disk (Giroletti & Panessa
2009) and give rise to a biconical outflow (Damas-Segovia et al.
2016) that is barely resolved even in our high-resolution maps.
Furthermore, the galaxy, which is believed to be post-core pas-
sage and moving to the southwest, is undergoing a ram-pressure
stripping event (Murphy et al. 2009) that generates a spectacu-
lar HI tail (Oosterloo & van Gorkom 2005), which can also be
partly traced in Ha (Yoshida et al. 2002). In the LOFAR maps,
this manifests as a strong intensity gradient on the leading side
and an extension of the emission beyond the stellar component
toward the trailing side of the galaxy. Still, Damas-Segovia et al.
(2016) found that the leading-edge polarized outflow is able to
resist the ram pressure.

VCC 865 (NGC 4396)

The presence of a tail in neutral hydrogen (Chung et al. 2007)
is a sign of ram-pressure stripping also acting on this galaxy.
However, a lack of compression in the HI contours (Chung et al.
2009) and a radio-to-infrared deficit (Murphy et al. 2009) on
the leading edge make this interpretation somewhat uncertain.
In the low-resolution LOFAR map, the radio emission shows a
strong gradient toward the southeast, with a tail-like extension in
the opposite direction, which favors the scenario that the galaxy
is suffering from ram-pressure stripping while falling into the
cluster center. Within the optical disk, the LOFAR images reveal
enhanced radio emission in the leading half of the galaxy, coin-
cident with a blue region of current or recent star formation in
the optical. This may be an example of ram-pressure-induced
star-formation due to gas compression on the leading edge (e.g.,
Boselli et al. 2021; Roberts et al. 2022a)

VCC 873 (NGC 4402)

This edge-on spiral is located at a distance of ~700kpc from
M 87 and shows a truncated radio profile to the southeast with
an extension in the opposite direction (see also Murphy et al.
2009). Furthermore, signs of ram-pressure stripping are also vis-
ible in the HT and the dust components of the galaxy (Crowl et al.
2005). We speculate that in the LOFAR images, a low-surface-
brightness patch to the northwest of the galaxy might constitute
part of a radio continuum tail, which has not previously been
observed.

VCC 881 (NGC 4406, M 86)

While close in projection, the massive elliptical galaxy and its
surrounding group, which is extended in the X-rays (Bohringer
et al. 1994), likely lie around 2Mpc behind M 87 (Cantiello
et al. 2018). M 86 is rapidly falling towards the cluster cen-
ter from behind, as indicated by the blueshifted spectrum. The
galaxy was first discovered in the radio continuum at 4.9 GHz
as a faint point source in Dunn et al. (2010), and was recently
also detected at 1.5 GHz by Grossova et al. (2022). These latter
authors concluded that the radio emission could be dominated by
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star formation instead of nuclear activity; furthermore, no signs
of X-ray cavities were observed.

VCC 1043 (NGC 4438)

NGC 4438 is a unique object in the Virgo cluster, which shows
strong disruption of the stellar component. This was caused
by a gravitational interaction with NGC 4435 and NGC 4406
(M 86), to which it is connected by filaments visible in He
emission (Kenney et al. 2008). NGC 4438 shows peculiar radio
emission; a central point source corresponds to the LINER-type
AGN (Decarli et al. 2007) and unresolved inner lobes (Hota
et al. 2007), with an accompanying radio bubble to the west
(Wezgowiec et al. 2007; Vollmer et al. 2009).

VCC 1226 (NGC 4472, M 49)

Being optically brighter than M 87, M 49 is the BCG of a south-
ern subcluster falling into the Virgo core almost perpendicular
to the line of sight (Mei et al. 2007). It lies at a projected
distance of 1.3Mpc (1.3ry;) from the cluster center. At GHz
frequencies, it hosts a slightly extended, double-lobed radio
source of low power (e.g., Dunn et al. 2010). X-ray observa-
tions with the XMM-Newton and Chandra satellites (Kraft et al.
2011; Gendron-Marsolais et al. 2017; Su et al. 2019) revealed
the presence of cavities in the thermal plasma, which have been
excavated by the AGN. These inner cavities connect to X-ray
filaments of ~30kpc in length. These are thought to originate
from a previous nuclear outbreak, which can only be revealed in
the radio by deep, low-frequency observations. With our LOFAR
survey, we report the discovery of radio tails that correspond to
the X-ray features. The tails extend far beyond the X-ray cavi-
ties for a projected distance of 150 kpc (=0.52°) and are detected
at a surface-brightness significance of 2—40 even in the high-
resolution image (panel a) of Fig. 7). Due to the ram pressure
they experience from the Virgo ICM, they are bent southwards,
giving rise to a wide-angle tail morphology. Follow-up studies
of the spectral aging along the tails using 54 MHz observations
of LOFAR LBA will allow us to constrain both the duty cycle of
the AGN and the infall-history of the M 49 subcluster.

VCC 1316 (NGC 4486, M 87)

M 87 is the famous radio galaxy at the center of the Virgo cluster
and is among the brightest radio sources on the sky. It con-
sists of an inner pair of jets also visible in the X-ray and optical
and forming a cocoon with an extension of ~6kpc (see Fig. 3).
This emission is embedded in a highly extended halo with a
size of ~75 kpc, which contains the outer jets with a prominent
smoking-gun morphology. The extended emission was studied
in detail in Owen et al. (2000) at 300 MHz using the VLA,
which for the past 20 yr remained the highest quality published
image of the large-scale structure of M 87. In the early com-
missioning stage of LOFAR, the source was studied from 20
to 160 MHz, although with limited resolution and image fidelity
owing to the incompleteness of the instrument and the lack of
sophisticated calibration strategies (de Gasperin et al. 2012). A
high-fidelity LOFAR LBA image is provided in de Gasperin
et al. (2020). M 87 and the filaments permeating the extended
halo of the source will be the subject of a dedicated multi-
frequency study combining our LOFAR data with unpublished
VLA and MeerKAT observations (de Gasperin et al., in prep.).

VCC 1401 (NGC 4501, M 88)

The radio map Fig. 7b of this bright, highly inclined spiral galaxy
shows significant asymmetry with a strong gradient toward the
southwest. This asymmetry is caused by the ram-pressure strip-
ping the galaxy experiences during the infall onto the central
Virgo cluster. In our LOFAR 144 MHz image, the radio emis-
sion in the northeast extends further from the optical disk than
at 1.4 GHz (Vollmer et al. 2010), which is in agreement with the
greater age of the advected cosmic-ray electrons.

VCC 1450 (IC 3476)

Boselli et al. (2021) reported the presence of ionized gas tails for
VCC 1450 caused by a recent onset of ram-pressure stripping.
This is in agreement with the LOFAR images, where a strong
gradient on the leading (eastern) side and a tail on the trailing
side are visible. To the best of our knowledge, this is the first
time this tail is reported in the radio continuum.

VCC 1516 (NGC 4522)

This galaxy is observed at high inclination and shows strongly
asymmetric radio emission with a tail toward the northwest
(Vollmer et al. 2004; Murphy et al. 2009). It is undergoing active
ram-pressure stripping and also shows extraplanar and UV emis-
sion (Kenney & Koopmann 1999; Kenney et al. 2004; Vollmer
et al. 2012b).

VCC 1532 (IC 800)

The LOFAR maps of VCC 1532 reveal a gradient of radio emis-
sion at the edge of the galaxy facing the cluster center, and a
tail in the opposite direction. To the best of our knowledge, the
galaxy has not previously been reported to show signs of ram-
pressure stripping. We therefore note it as a new candidate for
ongoing ram-pressure stripping.

VCC 1575 (IC 3521)

This is another Virgo star-forming dwarf galaxy from the Grossi
et al. (2016) sample. The LOFAR emission appears to extend
beyond the optical image of the galaxy, which implies a galactic
outflow, consistent with the high SFR of this low-mass galaxy.

VCC 1632 (NGC 4552, M 89)

M 89 hosts a nuclear point source surrounded by two lobes rem-
iniscent of ears, each of 5 kpc in extent. Those ears correspond
to X-ray cavities revealed by Chandra studies (Machacek et al.
20006; Allen et al. 2006; Kraft et al. 2017).

VCC 1686 (IC 3583)

VCC 1686 has a projected location very close to VCC 1690, but
both galaxies differ by more than 1300 km s~! in radial veloc-
ity, making a tidal interaction between the two galaxies very
unlikely. Still, there is a spur of LOFAR emission in the south
of VCC 1686 pointing toward VCC 1690. This feature also has a
counterpart in at least two independent Ha maps of VCC 1686.
The origin of the Ha feature is unclear, but the radio emission
is more extended than the optical image of the galaxies over the
whole quadrant, and so this may be a large-scale outflow. This
would be consistent with the high SFR of this dwarf galaxy. We
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note that the two relatively bright radio sources are likely back-
ground and not physically connected to VCC 1686. VCC 1686
also belongs to the Grossi et al. (2016) sample.

VCC 1690 (NGC 4569, M 90)

M 90 is one of the brightest spiral galaxies in the Virgo clus-
ter. As traced by tails of ionized gas to the east (Boselli et al.
2016), it is currently undergoing a ram-pressure stripping event.
Observations in the radio continuum revealed symmetric bub-
bles extending up to 24 kpc perpendicular to the disk (Chyzy
et al. 2006). Our LOFAR map detects both radio lobes and the
southwestern ridge of the emission connected to the star-forming
disk. The southwestern ridge likely results from gas and mag-
netic field compression by the ambient ICM. As M 90 does not
show signs of strong nuclear activity, it was concluded that the
lobes are likely powered by a nuclear starburst event. A detailed
analysis of the stellar emission in the innermost region by Gabel
& Bruhweiler (2002) using spectral synthesis led the authors to
propose an age for the starburst of 5—6 Myr and 5 x 10* O and
B stars, which would be sufficient to create a large-scale outflow
or wind.

VCC 1727 (NGC 4579, M 58)

The massive barred spiral galaxy M 58 hosts a Seyfert 2-type
low-luminosity AGN (Contini 2004). Despite its significant HI
deficiency, it was found to have the radio properties of a normal
star-forming galaxy by Vollmer et al. (2013), even after subtract-
ing the AGN contribution. In the LOFAR images, a central point
source can be observed, with swirling features extending over
5 kpc; as their direction is counterclockwise, opposite to the
spiral arms, they most likely correspond to the AGN jets. The
central structure is embedded in low-surface brightness emission
covering a region that is similar in size to the optical disk that
traces the star formation activity.

VCC 1791 (IC 3617)

VCC 1791 also belongs to the Grossi et al. (2016) sample. It has
a relatively high SFR (but lower than that of VCC 1686) but also
a relatively low mass. Therefore, the extent of the radio emission
beyond the optical body of the galaxy is suggestive of an outflow.
The brightest peak of the radio emission coincides with three
very blue compact knots.

VCC 1932 (NGC 4634)

The low-resolution LOFAR map of this edge-on spiral galaxy,
which forms a close pair with NGC 4633, shows extra-planar
radio emission to the west, which could be interpreted as a
radio tail. In the same direction, a star forming object can be
seen that was likely created from material stripped (or tidally
ejected) from VCC 1932 (Stein et al. 2018). However, the galaxy
is not known to show a tail at any other wavelength, and there-
fore interpretation of the radio morphology remains somewhat
difficult.

VCC 1972 (NGC 4647)

The spiral galaxy VCC 1972 lies close to M 60 in an eastern sub-
cluster of Virgo. The radio surface brightness and the molecular
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gas distribution (Young et al. 2006) of this galaxy are asym-
metric, which is likely due to ram pressure exerted by the ICM
around M 60 and/or a disturbance of the gravitational well.

VCC 1978 (NGC 4649, M 60)

This giant elliptical galaxy is the most massive galaxy in the
Virgo cluster and dominates a small, X-ray-bright subcluster
(Bohringer et al. 1994). Deep Chandra and VLA observations
revealed the presence of X-ray cavities coincident with the radio
jets of the central AGN (Shurkin et al. 2007; Dunn et al. 2010;
Paggi et al. 2014; Grossova et al. 2022), placing it among the
Virgo galaxies that are prime examples of AGN feedback in
noncentral galaxies. In the 144 MHz LOFAR images, the inner
radio source of 5kpc in extension, which is also visible at GHz
frequencies, is embedded in an area of low-surface brightness
diffuse emission of 75 kpc in size.

4.2. Extended emission

For the following discussion of emission on large angular scales,
it must be considered that radio interferometers have a reduced
sensitivity to features beyond a certain extent; for LOFAR, the
flux density loss at a scale of 18" is around 20% (Bruno et al.
2023), and more extended sources will be attenuated more drasti-
cally. Figure 11 shows the very low-resolution source-subtracted
mosaic that is sensitive to large-scale diffuse radio emission
in the Virgo cluster environment. Among the most prominent
large-scale features are at least four sets of diagonal stripes that
extend from the northeast toward the southwest and are marked
by black dashed lines. Given their location and orientation, they
are certainly associated with the North Polar Spur (Loop I), a
Galactic spherical structure which is thought to either be local
(d ~ 100 pc Salter 1983) or originating from the Galactic cen-
ter, as indicated by studies of the coincident X-ray emission (see
also Fig. 1, Sofue 2000; Predehl et al. 2020). Further large-scale
emission with an extent of ~1° is marked in Fig. 11 by two
dashed ellipses. The emission in the SW follows a similar orien-
tation to the tails of M 49, which might indicate that it is part of
those. However, the emission does not show a clear connection
to M 49. Furthermore, if the emission were indeed due to a tail of
this giant elliptical galaxy, it would follow a highly unexpected
surface brightness trend with a complete fainting and a subse-
quent rebrightening. While this is not fully unheard of for cluster
radio galaxies (de Gasperin 2017; Cuciti et al. 2018; Edler et al.
2022), it is a rare phenomenon. Thus, we consider it unlikely that
the southwestern extended feature is causally connected to the
AGN in M 49. However, we note that directly coincident with the
radio emission is the W’ cloud (de Vaucouleurs 1961), a group
of galaxies ~5.5 Mpc behind M 49 and located in a filament con-
necting the cluster to the background W cloud (Binggeli et al.
1993; Mei et al. 2007). In Fig. 12, we show that the elongated
structure of the filament is apparent both in the galaxy density
distribution and the eROSITA (McCall et al., in prep.) X-ray
surface brightness distribution and has a similar morphology
and location to the radio emission. The displayed galaxy density
was obtained from the EVCC by smoothing the galaxy distribu-
tion with a Gaussian kernel of o = 14’ in width. These aspects
combined suggest that the emission originates from phenomena
related to the ICM or intragroup medium, that is, either tur-
bulent reacceleration processes or accretion shocks. This could
explain the similar morphology of the X-ray and radio signals.
An alternative explanation is that the radio emission traces a past
phase of nuclear activity of a galaxy in the group, such as the
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Fig. 11. Compact source-subtracted mosaic at 1’ resolution. Due to the poor quality of the very low-resolution images, field 1 and 8 are excluded.
Black dashed lines correspond to large-scale Galactic emission of the North Polar Spur (NPS), purple circles mark the position of the giant elliptical
galaxies M 49 (NGC 4472), M 84 (NGC 4374), and M 87 (NGC 4486). The dashed purple ellipses highlight candidate extragalactic emission, which
could be related to the wider Virgo environment, and orange contours mark the eROSITA compact source-subtracted X-ray surface brightness
(McCall et al., in prep.).
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Fig. 12. Projected galaxy density of the EVCC. Orange contours show
the eROSITA source-subtracted X-ray surface brightness (McCall et al.,
in prep.), the green contour outlines the footprint of the LOFAR obser-
vations, and the blue circles and dotted ellipses mark individual galaxies
and the extended emission as in Fig. 11.

dominant elliptical NGC 4365. However, at present, NGC 4365
is not associated with a compact radio source. The only radio-
detected galaxy nearby is NGC 4370, although there is no clear
connection to the diffuse emission. The extended radio source
coincident with the W’ group or filament will be the subject
of a forthcoming multifrequency follow-up study. The second
extended and elongated feature in the northeast is of similar size,
but does not directly coincide with an over-density of galaxies
in the EVCC or with an increase in surface brightness in the
ROSAT (Bohringer et al. 1994) or eROSITA (McCall et al., in
prep.) X-ray images. However, it is located between the Virgo
core and the M cloud of galaxies, which is another concentra-
tion of galaxies in the wider Virgo environment (de Vaucouleurs
1961; Mei et al. 2007).

The three small circles in Fig. 11 mark the location of
extended emission possibly associated with giant elliptical
galaxies in the cluster. The extended tails of M 49 are discussed
in Sect. 4.1. Around M 87, there is extended emission on a scale
of ~1° (four times larger than M 87). Given the cool-core nature
of the Virgo cluster and the 200—300 kpc extent of the candi-
date diffuse emission, a tentative possibility is that this emission
is caused by a radio mini-halo (Gitti et al. 2004; Giacintucci
et al. 2017, 2019; van Weeren et al. 2019) caused by the slosh-
ing of gas in the Virgo core (Gatuzz et al. 2022). However, due
to the presence of strong systematic uncertainties directly next
to M 87, we cannot conclude with certainty that the emission is
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physical. Around the bright (21 Jy) radio galaxy M 84, a circular
halo of emission with an embedded negative hole is most likely
a calibration or imaging artifact.

5. Summary

In this work, we present the LOFAR HBA Virgo cluster sur-
vey, which is the first data release of the VICTORIA project
and represents the deepest wide-field radio survey of the Virgo
cluster field published to date. This advance was made possi-
ble by the general progress in low-frequency radio calibration
techniques and the development of a specifically tailored sub-
traction procedure introduced in this work, which mitigates
dynamic range limitations due to the extremely bright source
M 87. Within the virial radius of the cluster, where we have
increased exposure time and pointing overlap, we reach a median
noise level of 140 Wy beam™! at a resolution of 9 x 5", while
across the full survey area, the median noise is twice as high.
We use this data to create a catalog of the radio properties of
112 LOFAR-detected certain and possible Virgo cluster galax-
ies (trag < 3000kms™"). The detected objects include at least
18 cases of galaxies exhibiting a radio morphology indicative of
ongoing ram-pressure stripping. Of those, we report VCC 664
(IC3258), VCC 1532 (IC800), and VCC 1932 (NGC4632) as
new ram-pressure-stripping candidates. Further, for the giant
elliptical galaxy VCC 1226 (NGC4472, M 49), we reveal the
presence of old radio tails of 0.5°/150kpc in extent. Due to the
interaction with the ICM, the tails are bent toward the south
and assume a wide-angle tail morphology. The image cutouts,
the catalog of the Virgo galaxies, and the full mosaics are made
available online®.

We also investigated the presence of large-scale diffuse emis-
sion in the Virgo cluster. While no radio emission attributable
to the radio halo or radio relic phenomena is found, we detect
extended emission coincident with the W’ group in a filament
between Virgo and the background W cloud. The scale of this
feature is ~1 deg and emission with a similar extent and orien-
tation is also present in the eROSITA/SRG X-ray map of the
cluster. We therefore speculate that this radio emission may be
caused by accretion processes due to shocks or turbulence.

This work is the first part of VICTORIA, a project designed
to drastically improve the multifrequency radio coverage of the
Virgo cluster. Further planned radio surveys are being conducted
at 54 MHz with the LOFAR low-band antenna system as well
as in the L-band using MeerKAT, including the 21 cm line. In
a forthcoming work of the ViICTORIA project, we will use the
LOFAR data presented here to analyze the impact of the clus-
ter environment on the evolution of star-forming galaxies in
Virgo. Further, we will employ the multifrequency data provided
by ViCTORIA for detailed spectral studies of the interacting
radio tail we unveil for VCC 1226 and the extended emission
coincident with the W’ filament.
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Appendix A: Images of Virgo cluster galaxies
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Fig. A.1: LOFAR images of the galaxy VCC 144 at resolutions of 9" x 5 (left panel) and 20" (center panel), and the corresponding
optical image of the DESI Legacy Imaging Survey DR9 (Dey et al. 2019) with the 20" LOFAR contours starting from 30 and
increasing in powers of two (right panel). The region outlined in green in the central panel marks the area used for the flux density
measurement at high- and low-resolution. The measured flux density is displayed in the top left corner and the background RMS
o ms Of the maps at the bottom. In the right panel, the pink arrow marks the direction of and distance to the cluster center (M 87),
and the redshift-independent distance d is reported in the top left.
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Fig. A.12: Same as Figure A.l.
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Fig. A.14: Same as Figure A.1.
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Fig. A.17: Same as Figure A.1.
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Fig. A.18: Same as Figure A.1.
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Fig. A.19: Same as Figure A.1.
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Fig. A.21: Same as Figure A.1.
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Fig. A.22: Same as Figure A.1.
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Fig. A.23: Same as Figure A.1.
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Fig. A.24: Same as Figure A.1.
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Fig. A.25: Same as Figure A.l.
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Fig. A.26: Same as Figure A.l.
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Fig. A.27: Same as Figure A.l.
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Fig. A.28: Same as Figure A.l.
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Fig. A.30: Same as Figure A.l.
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Fig. A.31: Same as Figure A.l.
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Fig. A.32: Same as Figure A.1.
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Fig. A.34: Same as Figure A.1.
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Fig. A.35: Same as Figure A.1.
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Fig. A.36: Same as Figure A.l.
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Fig. A.37: Same as Figure A.1.
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