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Chapter 2

The curious case of
NGC 4258: a new
low-frequency
radio-continuum perspective
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22 CHAPTER 2. THE CURIOUS CASE OF NGC 4258

2.1 Introduction

NGC 4258 is a nearby (D = 7.6 Mpc; Humphreys et al. 2013) spiral galaxy
that is well known for its anomalous arms. Figure 2.1 shows a multicolour (X-
rays, optical, and radio) image of NGC 4258 revealing X-rays and radio emission
from the anomalous arms, and optical emission from the star-forming disk. The
anomalous arms were first detected in the Hα images of Courtes & Cruvellier
(1961) who found that apart from the previously known optical spiral arms, the
galaxy also exhibits two additional arms. Further Hα observations revealed that
the anomalous arms have similar rotational velocity as the optical spiral arms
apart from large deviations from circular motion in the inner parts of the galaxy
(Burbidge et al. 1963; Chincarini & Walker 1967; van der Kruit 1974).

The first radio continuum image of NGC 4258 was produced by van der Kruit
et al. (1972) using the Westerbork Synthesis Radio Telescope (WSRT). They
found radio continuum counterparts to the anomalous arms detected in Hα.
While the radio continuum emission from the anomalous arms appears smooth
and continuous, the normal spiral arms appear mottled due to dominant radio
emission from the H II regions. Despite this difference, van der Kruit et al. (1972)
pointed out two similarities between the normal and the anomalous arms: (i) the
arms are wound along the same direction, and (ii) both sets of arms appear to
end at a similar distance from the nucleus. A high resolution radio continuum
observation with the Very Large Array (VLA) showed that the anomalous arms
bifurcate into smaller arms in the outer regions of the galaxy (r ≥ 5 kpc) and the
western arm brightens considerably just before bifurcating (van Albada & van
der Hulst 1982). Furthermore, spectral index maps from combining the WSRT
and the VLA data showed that the radio emission in the anomalous arms is non-
thermal and that the leading edges are the youngest (de Bruyn 1977; Hummel
et al. 1989).

The first neutral hydrogen (H I) spectral line observations of NGC 4258 were
carried out by van Albada & Shane (1975). They reported that although the
inner disk of the galaxy is kinematically disturbed, the outer regions of the H I

disk are reminiscent of normal spiral galaxies. Noticing that the radio continuum
emission from the anomalous arms ended abruptly at the edge of the H I disk, de
Bruyn (1977) suggested that the anomalous arms are embedded in the galactic
disk.

Since the discovery of the anomalous arms, numerous models have been
proposed to explain the three-dimensional structure of the galaxy (van der Kruit
et al. 1972; Icke 1979; van Albada 1978; Sofue 1980; Sanders 1982). All the
proposed anomalous arm models fall into two categories: in-disk models and out-
of-disk models. Both models are based on the assumption that the anomalous
arms are produced by the interaction of matter ejected from the nucleus with
either the gas in the disk (in-disk model) or with coronal gas (out-of-disk model;
for example see Sofue 1980; Sanders 1982). For a detailed summary of all the
models and how they fare against the observational evidence, we refer to reader
to van Albada & van der Hulst (1982); Wilson et al. (2001). For the sake of
completeness, we provide a brief overview of the two different scenarios.
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Figure 2.1 – A multicolour image of NGC 4258. The emission from the anomalous arms
aligned east-west is visible in X-rays (blue) and in radio continuum (purple). Emission from
the star-forming disk is composed of optical (yellow) and infrared (red) data. Image credit: X-
ray: NASA/CXC/Caltech/Ogle et al. (2014); Optical: NASA/STScI; IR: NASA/JPL-Caltech;
Radio: NSF/NRAO/VLA

The in-disk model proposes that gas is ejected from the nucleus roughly
parallel to the galactic disk. The initial ejecta carves out a tunnel through the
galactic disk, and subsequent ejected material follows the path of least resistance
through the disk while injecting mechanical energy into the surrounding inter-
stellar medium. Optical line ratios and lack of blue stellar emission (Courtes &
Cruvellier 1961; van der Kruit 1974) indicate that the anomalous arms are excited
by strong shock fronts. Shock fronts created when the expelled gas interacts with
the galactic disk gives rise to the Hα emission while compression of the galactic
magnetic field lines enhances the synchrotron radio emission. Additionally, H I

observations indicate that the arms extend roughly up to the edge of the H I disk.
Furthermore, gaps can also be seen in the H I in regions where the anomalous
arms coincide with the H I spiral arms. In the out-of-disk model (Sanders 1982;
Sofue 1980), the anomalous arms are produced by the interaction of a steady jet
outflow with the galactic outflow. The arms are bent by pressure gradients and
ram pressure from the rotating gaseous halo. In this scenario, the anomalous
arms and the galactic disk do not interact and evolve as two separate entities.
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Table 2.1 – Physical parameters of NGC 4258

Parameters Value Ref.
Morphology SABbc 1
Distance 7.60 ± 0.17 ± 0.15 Mpc 2
D25 17′.1 1
Inclination i 71◦ 1
PA of major axis -30◦ 3
H I mass 5.8× 109M� 3
Star formation rate 1.4 M� yr−1 4

Notes. The uncertainties quoted for the distance to NGC 4258 include systematic
error (0.15) and a formal fitting error (0.17).

References. (1) Tully & Fisher (1988); (2) Humphreys et al. (2013); (3) van Albada
(1980); (4) Kennicutt et al. (2008)

In light of all the observational evidence published in the literature, the in-disk
model appears to be the most plausible candidate (see for example Martin et al.
1989). Though the in-disk model explains most observed features in the galaxy,
the model does not give insight into the following questions: (i) What causes the
anomalous arms to be curved against the direction of galactic rotation? (ii) Up
to what distance from the nucleus do the arms lie within the disk? and (iii) What
is the status of the large-scale magnetic field in the underlying star-forming disk?
While a number of radio continuum observations of NGC 4258 carried out thus
far have studied magnetic field structure in the anomalous arms (Krause & Löhr
2004; Krause et al. 2007), not much is known about the continuum emission
from the star-forming disk in the galaxy. In this paper, we present sensitive
radio continuum observations with the WSRT and the LOw Frequency ARray
(LOFAR; van Haarlem et al. 2013) with which we detect continuum emission
from both the anomalous arms and the star-forming disk in NGC 4258.

This chapter is organised as follows. The observational setups and the data
reduction procedures are outlined in sections 2.2 and 2.3. Results including the
total intensity map, the spectral properties of NGC 4258, and its total magnetic
field strength are discussed in section 2.4. In section 2.5, we show the results of
RM synthesis and polarization stacking to probe the orientation of the magnetic
field lines in the anomalous arms. We present our new model for the morphology
of the anomalous arms in section 2.6. Finally, we summarise our results in
section 2.7. Throughout this work, spectral index α is defined such that S ∝ ν−α.

2.2 LOFAR Observation and data reduction

2.2.1 Observational setup

The target galaxy NGC 4258 and the primary flux calibrator source 3C 295 were
observed with the LOFAR High Band Antenna (HBA) on March 20, 2014, and
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Table 2.2 – LOFAR HBA Observational parameters

Parameter Value
Project ID LC1 024
Target pointing 12h18m57.5s +47d18m14.0s
Calibrator pointing 14h11m20.5s +52d12m10.0s
Distance between calibrator 18◦.6
and target
Integration time 1 s
Total on-source time 15 min (3C 295)

8.75 hr (NGC 4258)
Useful bandwidth 71.48 MHz
Observation date 2014 March 20
Correlations XX, XY, YX, YY
Frequency range 110.74 – 182.22 MHz
Subbands (SBs) 366 contiguous SBs
Bandwidth per SB 195.3125 kHz
Channels per SB 64
LOFAR Array Mode HBA Dual Inner
Stations 60 total

23 core (each split in two)
14 remote

the relevant observational parameters are listed in Table 2.2. The observation was
carried out in such a way that each 37-minute scan on NGC 4258 was followed by
a one-minute scan on 3C 295 resulting in a total of 8.75 hours on the target galaxy
and 16 minutes on 3C 295. Both sources were observed with identical frequency
setup ranging from 110.74 MHz to 182.22 MHz providing a total bandwidth
of 71.48 MHz. The entire frequency range was divided into 366 195.3125 kHz
wide subbands (SBs) that were further sub-divided into 64 channels each. The
full resolution visibility data were uploaded to the LOFAR Long Term Archive
(LTA)1 after correlation.

The observations were carried out with the HBA Dual Inner configuration
(van Haarlem et al. 2013) where the core stations are split into two stations, and
only those tiles in the inner ∼ 30.8m were used for remote stations. This setup
was used to have a common station beam size for both core and remote stations.
The resulting uv -coverage from this observation is shown in Figure 2.2.

2.2.2 Pre-processing

We averaged the raw visibility data to 8 channels per SB and a time resolution of
2s after removing radio frequency interference (RFI) at high time and frequency
resolution. RFI flagging was done using AOFlagger (Offringa et al. 2010,
2012) while the averaging was carried out using the New Default Pre-Processing

1http://lofar.target.rug.nl/

http://lofar.target.rug.nl/
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Figure 2.2 – Monochromatic LOFAR uv -coverage of a single sub band at 150 MHz. Note that
the wide bandwidth of LOFAR fills the uv plane radially.

Pipeline (NDPPP; Heald et al. 2010). After averaging the visibilities, we removed
the contribution from bright off-axis A-team sources (Cyg A, Cas A, Vir A,
Tau A) using a procedure called A-team clipping. In this step, we predicted
the contribution from these A-team sources to the MODEL DATA column and
flagged the observed visibilities with corresponding visibility amplitude in the
MODEL DATA column more than 5.0 Jy.

2.2.3 Calibration

Observations of 3C 295 were used to derive time-dependent antenna gains
using the Black Board Selfcal (BBS) software (Pandey et al. 2009) assuming
the flux scale defined in Scaife & Heald (2012). Inspecting the amplitude
solutions, we noticed that subbands with frequency above 173 MHz were severely
affected by RFI and hence were discarded. Using the derived gain solutions,
we determined direction independent corrections for instrumental effects like
amplitude corrections, a phase correction for clock delays at the station level,
and an offset between XX and YY phases using the method described in van
Weeren et al. (2016). The correction for clock delay is needed because the remote
LOFAR stations have their own clocks. Since the remote station clocks are not
perfectly synchronised with the clock attached with the core stations, large clock
offsets of the order of 100ns can be introduced.
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Figure 2.3 – Estimated ionospheric rotation measure as a function of observing time for the
core station CS004HBA1

Corrections for amplitude, clock offset and phase offset were applied to each
target measurement set using BBS and the corrected target visibilities were
averaged further down to 2 channels per sub band and 6s time resolution. The
averaged target visibilities were then merged into blocks of 10 subbands each with
a bandwidth of 2 MHz.

Time-dependent phase calibration was performed against a skymodel ex-
tracted from the TIFR GMRT Sky Survey (TGSS) Alternate Data Release
(ADR1)2 image of the field (Intema et al. 2017) using the source finder pyBDSF3

(Mohan & Rafferty 2015). The source finder was used to extract all sources above
a sensitivity threshold of 24 mJy/beam (≈ 6σ) from a 5◦ × 5◦ field centered on
NGC 4258. The extracted sky model contains 544 components (132 point and
412 Gaussian) and has a resolution of 25′′ × 25′′. Direction-independent phase
solutions were solved for and applied to each sub band block separately with a
12s solution interval assuming no frequency dependence within the 2 MHz block.

2.2.4 Ionospheric RM correction

At the low radio frequencies at which LOFAR operates, ionospheric Faraday
rotation measure corrections are important for polarimetric work since the

2tgssadr.strw.leidenuniv.nl
3previously pyBDSM; https://github.com/lofar-astron/PyBDSF

tgssadr.strw.leidenuniv.nl
https://github.com/lofar-astron/PyBDSF
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ionosphere interacts with the Earth’s magnetic field resulting in a time-dependent
Faraday screen for any incoming electromagnetic radiation. The incremental
effect of this ionospheric phase screen has to be corrected in the calibration step
to avoid decoherence of the polarization signal. We used the tool RMextract4 to
correct the ionospheric rotation measure. RMextract estimates the ionospheric
Faraday rotation for each LOFAR station using measurements of ionospheric
free electron content from the Total Electron Content (TEC) maps released by
the Royal Observatory of Belgium (ROB)5 and the latest model of the Earth’s
magnetic field (Finlay et al. 2010). The estimated ionospheric rotation measure
as a function of observing time for a core LOFAR station is shown in Fig 2.3. A
correction countering the estimated ionospheric RM was applied to each channel
separately using the BBS software.

2.2.5 Self-calibration and imaging

Amplitude- and phase-calibrated data were averaged in time to 12 s and one
channel per sub band after flagging for residual RFI using AOFlagger. Phase
solutions applied to the target field were improved further with three iterations
of self-calibration. With each self-calibration cycle, the uv range was progressively
increased and imaged with lower CLEAN threshold thereby improving the skymodel
with each iteration.

A 141.8 MHz Briggs (Briggs 1995) weighted (robust=-0.5) image with a
bandwidth of 62.5 MHz is shown in Fig 2.4. The dirty image was deconvolved
with a clean mask using the wideband multi-frequency deconvolution algorithm6

available in the imager WSClean (Offringa et al. 2014). The image has a resolution
of 14′′.2× 10′′.4 and the rms noise near NGC 4258 is 0.3 mJy/beam. Correction
for the average primary beam was applied in the image plane using the time-
averaged primary beam generated with AWImager (Tasse et al. 2013). Phase
errors due to ionospheric distortions can be seen around bright point sources
which can be corrected by performing direction dependent calibration. However,
since these ionospheric distortions are localized and are not seen near NGC 4258,
we did not apply any direction dependent corrections. Note that NGC 4258 has
also been observed with the LOFAR HBA as part of the LOFAR Two-metre
Sky Survey (LoTSS; Shimwell et al. 2017) and a direction-dependent calibrated
image of NGC 4258 will be made available as part of the survey. However, the
direction-independent calibrated dataset used here is sufficient for our scientific
analysis.

2.2.6 Flux and astrometry uncertainties

To quantify the systematic flux uncertainty in our LOFAR maps, we compared
the integrated source flux in our primary beam corrected and resolution-matched
LOFAR maps with the catalogued sources from the 7C (Riley et al. 1999) and

4https://github.com/maaijke/RMextract/ written by Maaijke Mevius at ASTRON.
5http://gnss.be/Atmospheric_Maps/ionospheric_maps.php
6https://sourceforge.net/p/wsclean/wiki/WidebandDeconvolution

https://github.com/maaijke/RMextract/
http://gnss.be/Atmospheric_Maps/ionospheric_maps.php
https://sourceforge.net/p/wsclean/wiki/WidebandDeconvolution
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Figure 2.4 – Primary beam corrected image of a 3.0◦ × 3.0◦ field of view around NGC 4258.
The resolution of the image is 14′′.2×10′′.4 and the rms noise near NGC 4258 is 0.3 mJy/beam.
The galaxy visible to the south-west of NGC 4258 is the nearby edge-on galaxy NGC 4217.
The image is displayed using the cubehelix colour scheme (Green 2011).
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the TGSS (Intema et al. 2017) surveys. We used a matching radius of 70′′ for
the 7C catalogue and 25′′ for the TGSS catalogue. We find a median LOFAR
to 7C flux ratio of 0.94 and median LOFAR to TGSS flux ratio of 1.07. Since
we used a model for 3C 295 from Scaife & Heald (2012) which has less than 4%
intrinsic flux uncertainty, and since we have not corrected for direction-dependent
ionospheric phase errors, we assume a conservative 10% error on all our LOFAR
flux estimates.

To assess the astrometric accuracy of our LOFAR maps, we compared our
source positions with the catalogued source positions from the WENSS survey
(Rengelink et al. 1997) which reports an astrometric accuracy of 1′′.5. We cross-
matched the sources with a 25′′ matching radius and find a median positional
offset of 4′′.8. Since the positional offset is much smaller than the resolution of
the catalogues used, we do not perform any astrometric corrections on our maps.

2.3 Westerbork observations and data reduction

NGC 4258 was observed with WSRT in full polarization for 5× 12 hours as part
of the HALOGAS Continuum and Polarization Survey (HCAPS; Adebahr et al
in prep). The available 80 MHz bandwidth was split into four 20 MHz-wide
spectral windows and each spectral window was split into 64 channels. Each
12-hour track on NGC 4258 was bracketed by calibrator observations including
a standard polarized and an unpolarized calibrator. The telescope array was
used in the Maxi-short configuration resulting in unprojected (physical) baseline
lengths ranging from 36 m to 2.7 km. This configuration was used to enhance
the imaging performance for extended sources. The combined uv -coverage for a
single channel is shown in Fig 2.5.

Standard calibration using Common Astronomical Software Application
(CASA; McMullin et al. 2007) was used to calibrate the continuum datasets.
However, as CASA could not then read the system temperature tables from
WSRT, we applied system temperature corrections using the Astronomical Image
Processing Software (AIPS; Greisen 1998) before exporting the visibilities to
CASA Measurement Set (MS) format.

Before performing the calibration, we first flagged the visibilities for Radio
Frequency Interference (RFI) using AOFlagger (Offringa et al. 2010, 2012) after
applying a preliminary bandpass correction. This was needed for optimal RFI
identification especially at the edges of the spectral windows where WSRT’s
bandpass shape is very steep. Note that these preliminary bandpass corrections
were used only for RFI flagging and were discarded after RFI flagging.

Each continuum dataset corresponding to a single 12-hour track was cali-
brated separately. The unpolarized calibrator was used to derive the calibrator
gains and polarization leakage corrections while the polarized calibrator was used
to derive the polarization angle corrections. A channel-based calibration scheme
was used to derive the polarization angle to reduce the 17 MHz ripple usually
seen in polarized WSRT datasets (Brentjens 2008; Adebahr et al. 2013). After
applying the calibrator solutions to the target data, we inspected each target
dataset for solar interference and flagged the affected time slots manually. The
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Figure 2.5 – WSRT UV -coverage corresponding to a single channel at 1.4 GHz. Note that
the 80 MHz bandwidth fills the uv -plane radially.

calibrated target field data were then exported to miriad (Sault et al. 1995)
format and concatenated into a single dataset for further self-calibration and
imaging.

A few iterations of self-calibration were performed to improve the applied
phase solutions to the target field by progressively improving the model of the
sky. With each self-calibration iteration, the CLEAN mask was improved to better
include the diffuse emission and the CLEAN threshold and the solution interval
were progressively reduced. We continued performing self-calibration until all
the flux in the field was included in the model. In the final iteration, a 1-minute
solution interval was used (equal to the correlator integration time). During self-
calibration, we noticed that a strong off-center source (NVSS J121715+471214)
was limiting the dynamic range of our images. This source was removed from
the visibility data using the standard “peeling” technique (Noordam 2004).

After self-calibration, the visibilities were inverted and deconvolved with a
CLEAN mask using the Clark Clean algorithm. While deconvolving the dirty
image, we employed the smoothness stabilized CLEAN algorithm (Cornwell 1983)
to avoid badly corrugated reproduction of the diffuse emission from the galaxy.
Primary beam correction was applied to the final images using the relation

A(r) = cos6(cνr) (2.1)
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Figure 2.6 – High resolution LOFAR total intensity map of NGC 4258 at 141.8 MHz (left) and
WSRT 1.38 GHz map (right). The images were produced with -0.5 robust weighting and have
resolutions 11′′.3× 7′′.7 and 16′′.4× 11′′.6 respectively. The resolution of the radio continuum
maps are indicated using a black ellipse in the lower left corner of each image. Regions of
interest are labelled in the 1.4 GHz map and discussed in the text.

where ν is the observed frequency in GHz, r is the radial distance from the
pointing center in radians, and c is a constant and is 68 at L-band7.

2.4 Results

2.4.1 Total intensity maps

Total intensity LOFAR HBA and WSRT maps of NGC 4258 are shown in Fig 2.6.
The LOFAR map, with a central frequency of 141.8 MHz, is at a resolution of
11′′.3 × 7′′.7 and has an rms noise of about 290µJy/beam near the galaxy. The
WSRT 1.4 GHz is at a resolution of 16′′.4×11′′.6 resolution and has an rms noise
of 23µJy/beam.

The observed radio continuum emission from NGC 4258 at both 141.8 MHz
and 1.4 GHz is dominated by emission from the anomalous radio arms which
are aligned roughly east-west. The overall morphology of the anomalous arms
detected in our radio continuum maps is consistent with higher frequency radio
continuum observations published in the literature. In the LOFAR map shown in
Fig 2.6, radio continuum emission from the arms can be traced out to a distance
of 4′.9 from the nucleus which is consistent with the extent reported by de Bruyn
(1977). Consistent with other previous observations (for example, see Hummel
et al. 1989; Krause & Löhr 2004), our maps also show that the leading edges of
both the arms exhibit a steep intensity gradient.

The low luminosity AGN, which is thought to be feeding the anomalous arms,
is located just south of the region marked ‘D’ in Fig 2.6. The western arm, which
dominates the integrated radio continuum emission from NGC 4258 and is a

7See section 5.7 on https://www.astron.nl/radio-observatory/astronomers/

wsrt-guide-observations/5-technical-information/5-technical-informatio

https://www.astron.nl/radio-observatory/astronomers/wsrt-guide-observations/5-technical-information/5-technical-informatio
https://www.astron.nl/radio-observatory/astronomers/wsrt-guide-observations/5-technical-information/5-technical-informatio
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factor of three brighter than the eastern arm, bifurcates at position ‘E’. The
western arm brightens substantially near location E just before bifurcating into
a brighter northern fragment and a weaker southern fragment. The eastern arm
initially undergoes an enhancement in surface brightness near position ‘B’ and
‘C’ at a distance of about 3.6 kpc along the arm from the nucleus. Similar to
the western arm, the eastern arms bifurcate into two (near position ‘C’) after
undergoing brightness enhancement. Apart from the emission corresponding to
the anomalous arm, low-level diffuse emission is seen on the trailing side of both
the arms in the regions that have been historically labelled “plateau” in the
literature (van der Kruit et al. 1972).

In addition to the dominant bifurcation at location E noted above, we see that
the western arm in our image LOFAR map appears to show further bifurcations
near locations G, H, and F. This is not evident in our WSRT map or in other
radio continuum maps published in the literature possibly due to our improved
resolution, sensitivity or a combination of both.

Regions marked ‘A’ and ‘I’ correspond to H II regions in the disk of the galaxy.
The H II region marked ‘A’ is not visible in our LOFAR map while faint emission
from region ‘I’ is visible. In the high resolution VLA 6cm and 20cm maps
published by Hyman et al. (2001), region ‘I’ is resolved into four distinct H II

regions.

While the radio continuum contours in the “plateau” appear to show
filamentary structures running almost perpendicular to the anomalous arms, the
resolution of our maps is not high enough to figure out whether these result from
a superposition of multiple filamentary structures.

To pick up diffuse, low surface brightness radio continuum emission from
the outer regions of the galaxy, we reimaged both the LOFAR and the WSRT
visibility data by applying a 35′′ Gaussian uv taper and a robust value of -0.7.
The need for a more uniform visibility weighting than previous higher resolution
images is discussed in detail in section 4.2.3. After deconvolving with a CLEAN
mask, the images were smoothed further down to a resolution of 45′′. Contours
from the 45′′ LOFAR and WSRT images overlayed on a GALEX UV map (Gil de
Paz et al. 2007) are shown in Fig 2.7. In addition to the anomalous radio arms, the
45′′ map also shows radio continuum emission from the underlying star-forming
disk closely tracing the outer spiral arms out to a distance of ≈ 9′.6 from the
nucleus. At our adopted distance, this corresponds to 21 kpc from the nucleus.
While other works have detected radio continuum emission from the inner regions
of the underlying galactic disk (for example see de Bruyn 1977; Krause et al.
1984; Hummel et al. 1989), our LOFAR and WSRT maps detect the largest radial
extent of the underlying radio continuum disk in NGC 4258. Recently, NGC 4258
has been observed again with LOFAR HBA as part of the LOFAR Tier-1 Sky
Survey (LoTSS; Shimwell et al. 2017) and the extended emission detected in
our map is consistent with a preliminary image from LoTSS (Hardcastle private
comm.).
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Figure 2.7 – Low resolution LOFAR (left) and 1.4 GHz WSRT (right) contour lines plotted on
a GALEX NUV image of NGC 4258. The 45′′ beam is shown in the lower left corner as a filled
circle in both maps. LOFAR contours are drawn at 2n× 3 mJy/beam and the WSRT contours
are drawn at 1.5n × 0.15 mJy/beam levels where n= 0, 1, 2,. The noise floor is indicated using
the broken contour lines drawn at −3.0 mJy/beam and −0.15 mJy/beam respectively.

2.4.2 Other nearby galaxies in the LOFAR field of view

NGC 4248 has been proposed to be a satellite galaxy of NGC 4258 (van Albada
1977; Spencer et al. 2014). Additionally, Spencer et al. (2014) identified 16
candidate satellite galaxies around NGC 4258 using spectroscopic observations
from the Apache Point Observatory. While de Bruyn (1977) reports an upper
limit on the integrated flux of 4 mJy from NGC 4248 at 610 MHz, we do not
detect any radio continuum emission at either 141.8 MHz or 1.4 GHz from any
of the satellite galaxies listed in Spencer et al. (2014) except NGC 4288.

In addition to NGC 4258, our LOFAR map contains a few other nearby
galaxies within the primary beam. Their integrated flux densities and spectral
indices computed using L-band flux densities from the literature are listed in
Table 2.3.

2.4.3 Spectral properties of NGC 4258

Before estimating the integrated flux density of NGC 4258, we first masked the
point sources that overlap with the diffuse radio emission. After masking the
background point sources, we estimate the total radio continuum flux density
of NGC 4258 at 0.14 and 1.4 GHz to be 4.82 ± 0.96 Jy and 0.82 ± 0.08 Jy
respectively. The uncertainties on the reported integrated flux densities were
estimated by accounting for both the rms noise in the image and the systematic
uncertainty associated with amplitude/flux calibration.

We estimated the total spectral index of NGC 4258 from our flux density
measurements in combination with flux density measurements reported in the
literature at other radio frequencies. The integrated flux density of NGC 4258
from our radio continuum maps, along with the values published in the literature,
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Table 2.3 – Integrated flux densities at 141.8 MHz of other nearby galaxies in our LOFAR
map. The global spectral indices were computed using L-band flux densities reported in the
literature.

Galaxy ID S141.8MHz S1.4GHz α0.141−1.4 References
1 2 3 4 5
NGC 4047 213.4± 42.8 31.7± 1.7 0.83± 0.09 1
NGC 4096 353.0± 70.6 54.9± 3.4 0.81± 0.09 1
NGC 4217 708.5± 141.7 122.8± 4.4 0.77± 0.09 1
NGC 4218 16.1± 3.6 5.3± 0.5 0.49± 0.11 1
NGC 4220 42.3± 8.5 3.9± 0.6 1.04± 0.11 1
NGC 4226 128.9± 25.8 23.5± 1.1 0.74± 0.09 1
NGC 4231/32 45.8± 9.2 – – –
NGC 4288 20.8± 4.3 6.6± 0.6 0.50± 0.10 2
NGC 4357 17.3± 3.7 3.0± 0.5 0.77± 0.12 1
NGC 4389 96.4± 19.4 20.8± 1.7 0.67± 0.09 1

Notes. (1) Galaxy ID; (2) Integrated flux at 141.8 MHz; (3) Integrated flux at 1.4
GHz; (4) Spectral index between 0.142 and 1.4 GHz; (5) References for 1.4 GHz flux
density measurement

References. (1) Condon et al. (1998); (2) Condon et al. (2002)

Table 2.4 – Integrated flux densities of NGC 4258

ν (GHz) Iν (Jy) Reference
0.142 4.820± 0.960 this work
0.408 1.830± 0.270 1
0.610 1.420± 0.100 2
0.750 1.230± 0.220 3
1.412 0.820± 0.040 4
1.415 0.840± 0.050 2
1.418 0.820± 0.080 this work
2.695 0.660± 0.060 5
4.750 0.399± 0.026 6
10.55 0.236± 0.021 7

References. (1) Gioia & Gregorini (1980); (2) de Bruyn (1977); (3) de Jong (1965);
(4) van Albada (1980); (5) Kazès et al. (1970); (6) Krause et al. (1984); (7) Marita
Krause (private comm.)
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Figure 2.8 – Integrated flux density of NGC 4258 fitted with a power law spectral index
α = −0.63± 0.03.

are listed in Table 3.4. The flux densities are well fit using a power law fit to
the measured flux densities as shown in Fig 2.8. We do not see any indication of
curvature in the spectrum.

We computed the spectral index map of NGC 4258 using the WSRT 1.4 GHz
and LOFAR 141.8 MHz maps. To match the angular scales in both maps, we
reimaged the two datasets using a common uv -cut (0.12 − 13.3 kλ) using a 35′′

Gaussian taper. The restored images were convolved to 45′′ resolution and then
regridded to a common coordinate grid. The spectral index was computed on
a pixel-by-pixel basis and the error on spectral index was computed using the
relation

αerr =
1

log(ν141.8/ν1.4)

√(
S141.8,err

S141.8

)2

+

(
S1.4,err

S1.4

)2

(2.2)

where S1.4 and S141.8 are the pixel values in the WSRT and LOFAR maps and
S1.4,err and S141.8,err are the corresponding errors on the pixel values. The spectral
index and the spectral index error maps are shown in Fig 2.9, and pixels with
spectral index error greater than 0.25 have been masked.
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Figure 2.9 – Spectral index and spectral index error maps of NGC 4258 computed using the
141.8 MHz and 1.4 GHz radio continuum map. The LOFAR contour lines are drawn at the
same level as in Figure 2.7 and the 45′′ Gaussian beam is shown as a filled circle in the lower
left corner.

2.4.4 Thermal fraction and non-thermal spectral index

To estimate the thermal contribution to the observed radio continuum emission
at both 0.142 and 1.4 GHz, we used the Hα map of NGC 4258 obtained using the
KPNO 4.0-meter Mayall telescope (Maria Patterson priv. comm.). Hα emission,
which arises from the recombination of electrons that give rise to the free-free
emission, is an excellent tracer of the thermal component.

The Hα map was corrected for dust extinction from the Galactic foreground
using the standard dust extinction maps from Schlegel et al. (1998). The
foreground-extinction corrected Hα map was then smoothed with a 45′′ Gaussian
to match the resolution of the radio continuum maps and regridded to a
common coordinate grid. Following Hunt et al. (2004), we estimated the thermal
contribution from the foreground-extinction corrected Hα map using the relation:

(
Fν

mJy

)
= 1.16

(
1 +

n(He+)

n(H+)

)(
T

104 K

)0.617 ( ν

GHz

)−0.1

×
(

FHα

10−12erg cm−2 s−1

)
(2.3)

where Fν is the thermal emission at radio frequency ν, T is the temperature of the
emitting region, n(He+)/n(H+) is the ratio of ionized helium to ionized hydrogen,
and FHα is the extinction-corrected Hα flux. We assume that the temperature
of the emitting region T ∼ 104K. Following Martin & Kennicutt (1997), we also
assume that n(He+)/n(H+) = 0.087. The non-thermal synchrotron flux (Fnth)
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Figure 2.10 – Thermal fraction in NGC 4258 at 0.142 GHz (left) and 1.4 GHz (right) estimated
using a foreground-extinction corrected Hα map. The overlayed contour lines are LOFAR
contours and are drawn at the same level as Fig 2.7. The size of the 45′′ beam is shown in the
lower left corner as a blue circle.

was then computed from the estimated thermal emission (Fth) and the observed
total intensity maps (Ftot) using the relation

fnth = ftot

(
1− fth

ftot

)
(2.4)

The estimated thermal fractions (Fth/Ftot) at 141.8 MHz and 1.4 GHz at
45′′ resolution are shown in Fig 2.10. At 1.4 GHz, as expected, the thermal
emission is significant in regions along the inner spiral arms that contain large
H II regions. The thermal fraction is as high as 50% in these regions. However,
the thermal fraction in the rest of the galactic disk is ≤ 20%. Note that the
anomalous arms themselves show very little thermal contribution (≤ 2.0%). The
estimated thermal fraction at 0.142 GHz is ≤ 10% throughout the galaxy with
the maximum thermal fraction (∼ 10%) occurring in regions containing the same
H II regions discussed before. In the remainder of the galactic disk, the thermal
fraction is ≤ 4%.

Using the above-described procedure, we carried out thermal/non-thermal
separation at two different spatial resolutions (7′′and 45′′) to highlight features on
both small and large scales. The non-thermal spectral index maps of NGC 4258
computed after subtracting the thermal contribution at 0.142 and 1.4 GHz are
shown in Fig 2.11.

In the low resolution spectral index map, we find that both the eastern and the
western anomalous arms show similar spectral indices of ∼ 0.6. The rest of the
galaxy appears to have a steeper spectral index than the anomalous arms except
for two H II regions which exhibit spectral flattening. On both sides, the spectral
index distribution also steepens as one moves vertically along the declination axis
from the anomalous arms to the “radio plateau”. This contrast in spectral index
between the anomalous arms and the “radio plateau” is visible quite clearly in
the high resolution spectral index map shown in Fig 2.11. On both anomalous
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Figure 2.11 – High and low resolution non-thermal spectral index maps of NGC 4258 estimated using the 0.142 and 1.4 GHz radio continuum maps
after subtracting out the thermal contribution. In both spectral index maps, all pixels with spectral index error larger than 0.1 have been blanked.
The resolutions of the spectral index maps are shown in the lower left corner of each image. The overlayed LOFAR contours are drawn at the same
level as in Fig 2.7.
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arms, we find that the spectral index steepens from 0.54 – 0.93 as one moves from
the leading edge of the anomalous arms in to the plateau. Similar spectral index
steepening has been seen in radio relic in galaxy clusters (for example, see van
Weeren et al. 2010, 2012) where the spectral index steepens along the direction
away from the shock front.

The bifurcated western anomalous arm shows an interesting non-thermal
spectral index distribution, especially between the two fragments. We find that
the spectral index of the region where the western arm bifurcates is flatter than
the surrounding region. After bifurcation, the northern fragment (α ∼ 0.56) of
that arm has a flatter spectral index than the southern fragment (α ∼ 0.66). This
observed steepening in spectral index in the southern fragment could indicate
that the southern fragment is older than the northern fragment and was perhaps
created by previous episodic outflow from the nucleus.

2.4.5 Magnetic field strength

Assuming energy equipartition between cosmic rays and the magnetic fields, we
can estimate the total magnetic field strength in NGC 4258 using the non-thermal
radio continuum maps. The equipartition magnetic field strength (Beq) is related
to the observed synchrotron intensity (Isyn) as (Beck & Krause 2005)

Beq =

[
4 π (2α+ 1) (K0 + 1) Isyn E

1−2α
p (ν/2c1)α

(2α− 1) c2(α) l c4(i)

]1/(3+α)
(2.5)

where i is the inclination angle of the galaxy, l is the path length through the
synchrotron emitting region, α is the spectral index, K0 is the proton-to-electron
ratio, and Ep is the rest mass-energy of the proton. The coefficients c1, c3, and
c4 are defined as

c1 = 6.26428× 108erg−1 s−1 G−1 (2.6)

c3 = 1.86558× 10−23erg G−1 sr−1 (2.7)

c4(i) = [cos(i)]α+1 (2.8)

and c2 is a constant tabulated on page 232 of Pacholczyk (1970). Further
assumptions are needed to compute the magnetic field strength using the
equipartition formula. We have assumed that the cosmic ray proton-to-electron
number density K0 = 100 throughout the galaxy and that the projected
pathlength through the synchrotron emitting media is 1000 pc.

Using these assumptions, we computed the magnetic field strength on a pixel-
by-pixel basis using the masked 45′′ resolution radio continuum (Fig. 2.7) and
the spectral index (Fig. 2.9) maps. The revised equipartition formula diverges for
spectral index α ≤ 0.5 and thus we have masked pixels with spectral index values
less than 0.5. In addition, we also masked pixels corresponding to background
point sources. The computed magnetic field strength map is shown in Fig 2.12.
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Figure 2.12 – Equipartition magnetic field map of NGC 4258. The size of the 45′′ beam is
shown as a filled blue circle in the lower left corner. The contour levels are drawn at the same
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The equipartition magnetic field appears to be the strongest in the western
anomalous arm with field strengths up to 20µG in the inner parts. Along the
eastern anomalous arm, we find that the field strength is about 15µG in the inner
2.5 kpc and then gradually decreases radially outwards. Outside the anomalous
arms, we find field strengths of about 5−8µG in the galactic disk which is normal
for star-forming disks.

2.4.6 Relation with the H I disk

Figure 2.13 shows the LOFAR low resolution total intensity radio continuum
contours overlayed on a new sensitive H I column density map of NGC 4258. The
H I observations of NGC 4258 were carried out as part of the Hydrogen Accretion
in LOcal GAlaxieS (HALOGAS) survey (Heald et al. 2011). The HALOGAS
survey is a deep H I survey of a sample of 24 nearby galaxies where each galaxy is
observed for 10×12 hours using WSRT. The survey provides a Hanning smoothed
frequency resolution of 4.12 km s−1 reaching a typical column density sensitivity
of a few times 1019 cm−2.

NGC 4258 has been observed in the 21 cm H I line by van Albada (1977) using
the Westerbork telescope with a column density sensitivity of 6 × 1020 cm−2.
The H I column density maps presented in van Albada (1977) show a lack of
H I emission in and around the anomalous arms compared to the rest of the H I

disk. This is confirmed in our column density map which is about 20 times more
sensitive than the map used by van Albada (1977). The lack of H I associated
with the anomalous arms is most obvious in the western arm (indicated using an
arrow in the left panel of Fig 2.13). A higher resolution zoomed-in H I map of this
region is shown in the right panel of Fig 2.13. The high resolution map shows
clear gaps in the H I spiral arms coincident with the two fragments of the western
anomalous arm. This strongly suggests that the western arm interacts with the
galactic disk and is perhaps embedded in the disk. We do not see similar gaps
in H I associated with the south-eastern arm. However, a large discontinuity in
H I is seen coincident with the “radio plateau” associated with the south-eastern
arm.

2.5 Search for polarized emission

2.5.1 Polarized emission at 1.4 GHz

To detect polarized emission in our WSRT dataset, we first made Stokes Q and
U images each with a bandwidth of 2.5 MHz, using the self-calibrated uv-data
presented in section 2.3. Each image was cleaned separately using a mask derived
from the total intensity 1.4 GHz image. The deconvolved Stokes Q and U channel
images were restored using a 30′′ circular Gaussian beam. Faraday rotation
measure synthesis (Brentjens & de Bruyn 2005) was applied to the resulting
Stokes Q and U channel images.

All areas with no polarised emission in the polarised intensity (PI) cube were
used to derive the polarization bias correction. We calculated the average for
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Figure 2.13 – Left: LOFAR total intensity contour lines overlayed on a 30′′H I column density map of NGC 4258. LOFAR contour levels are drawn
at the same level as in Fig 2.7. The black arrow indicates the location along the outer spiral arm where we observe a lack of H I coincident with the
anomalous arm. Right: High resolution H I column density map of the anomalous arms showing clear gaps in H I spiral arms coincident with the
western anomalous radio arms. WSRT 1.4 GHz radio continuum contours are drawn at 0.0035, 0.007, 0.012, 0.016, 0.02 Jy beam−1 and the resolution
of the H I map (15′′.5× 12′′.1) is shown in the lower left corner of the image.



44 CHAPTER 2. THE CURIOUS CASE OF NGC 4258

each pixel in RA and DEC along the Faraday axis. The resulting 2D image was
then used to fit a point-symmetric second order polynomial with the minimum
fixed at the pointing centre. This gives an offset (bias) correction, which was
then subtracted from each individual plane of the Faraday PI-cube.

The Faraday rotation-corrected polarised intensity image was calculated by
taking the maximum along the Faraday axis of each individual pixel in the bias-
corrected cube. Rotation Measures (RM) and polarisation angles (PA) were
derived from the position of this maximum pixel in the PI-cube. Intrinsic
polarisation angles (PA0) were then calculated from the derived RM and PA
values by calculating the PA at λ = 0 cm. In addition, fractional polarisation
(FP) images were created using the PI image and the final total power image
from our observations.

The WSRT polarized intensity overlayed with Faraday rotation corrected
B-vectors and the Faraday depth map are shown in Fig 2.14. Note that the
polarization vectors plotted in Fig 2.14 differ from the 1.4 GHz B-field vectors
published in Hummel et al. (1989) because these authors did not apply a rotation
measure correction.

The polarized intensity in the left panel of Fig 2.14 shows that most of the
linearly polarized emission arises from the peripheries of the two arms with no
linearly polarized emission detected in the inner kpc. Comparing the polarization
fraction in the two arms, we notice that parts of the eastern arm show up to
∼ 40% fractional polarization compared to about 20% fractional polarization in
the western arm suggesting that the magnetic field lines are more ordered in the
eastern arm. In addition to the polarized emission from the anomalous arms, we
detect a weak emitting region to the south of the western arm which is coincident
with an inter-arm region. However, the exact origin of this weak, diffuse polarized
emission is unclear.

From the Faraday depth map shown in the right panel of Fig 2.14, we see
that the synchrotron emission seen in the outer regions of the eastern arm
undergo relatively small Faraday rotation (−10 to −20rad m−2) compared to the
western arm which has a typical Faraday rotation of −25rad m−2 to −40 rad m−2

extending up to ∼ −100 rad m−2 at the outer-most part. Such a large difference
in Faraday rotation between the two arms indicates that the quantity neB · dl is
larger along the line of sight towards the western arm. This is discussed further
in section 2.6. Note that the Faraday depth values stated above have not been
corrected for the Faraday rotation caused by the Galactic foreground which is
about 11.8 rad m−2 (Taylor et al. 2009) along the line of sight towards NGC 4258.

2.5.2 Polarized emission at 141.8 MHz

We applied the RM synthesis technique to search for polarized emission in
the ionosphere RM corrected LOFAR data. The rotation measure synthesis
procedure shifts all the instrumentally polarized emission to a Faraday depth
of 0 rad m−2. However, applying ionospheric correction smears the instrumental
polarization. In our case, the applied ionospheric RM varies between 1 rad m−2

and 2.6 rad m−2 and RMSF width of ∼ 1 rad m−2 implying that the instrumental
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Figure 2.14 – Left: WSRT polarized intensity contours and B-vectors overlayed on LOFAR total intensity image. The length of the polarization
contours are proportional to the polarization fraction. Right: Faraday depth map of NGC 4258 at 1.4 GHz. Faraday rotation contributed by the
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polarization will be smeared between 0 rad m−2 and 3.6 rad m−2. After applying
the ionospheric RM corrections, we made Stokes I, Q, U, and V channel maps for
each channel with a bandwidth of 195.3 kHz. Images were made at two different
angular resolutions to search for diffuse polarized emission from the Galactic
foreground and to search for polarized emission from extragalactic sources. We
visually inspected each channel map and removed channels that were corrupted
by residual RFI resulting in 320 Stokes I, Q, U, and V maps. We applied the RM
synthesis technique (Brentjens & de Bruyn 2005) to the Stokes Q and U cubes
to produce the Faraday depth cubes.

Inspecting the Faraday depth cubes produced by RM synthesis, we find no
polarized emission from NGC 4258 in our LOFAR data down to a 5σ detection
threshold of 350µJy/beam. Our non-detection of polarized emission at 150 MHz
is consistent with previous finding of Farnes et al. (2013) and Mulcahy et al.
(2014) who were unable to detect polarized emission from M51 using 610 MHz
GMRT and 150 MHz LOFAR observations respectively.

2.5.3 Stacking polarized emission in the galactic disk

We carried out a stacking analysis on our WSRT and LOFAR polarized intensity
maps to obtain a statistical detection of low surface brightness polarized emission
from the galactic star-forming disk of NGC 4258. We did not include pixels where
we detect polarized emission (as shown in Fig 2.14). In addition to these, we also
masked pixels corresponding to the anomalous arms using a high resolution total
intensity mask. We also masked out known background point sources. Apart
from the pixels corresponding to the galactic disk, we also stacked pixels from a
few “empty” regions around the galaxy to act as a control sample where we do
not expect to see any polarized emission. Since the pixels corresponding to the
galactic disk and the “empty” regions are sufficiently close, any contribution due
to the galactic foreground should be similar in both cases and hence we should
be able to attribute the difference between the two stacked signal to polarized
synchrotron emission from NGC 4258. The left panel in Fig 2.15 shows the pixels
that were included in our stacking analysis with the green pixels corresponding
to the galactic disk and pixels shown in black corresponding to the “empty” sky.

Using the mask, we estimated the mean polarized intensity within each
Faraday depth bin. The result from the stacking analysis showing the mean
polarized intensity as a function of Faraday depth for the WSRT Faraday depth
cubes is shown in the right panel of Fig 2.15. At 1.4 GHz, we find that the
pixels corresponding to the galactic disk in NGC 4258 show a 1.5 mJy excess in
polarized intensity compared to pixels from nearby “empty” regions. We do not
find any excess polarization signal from the LOFAR data cubes.

The peak polarization fraction at 1.4 GHz is observed in the Faraday depth bin
ranging from -4 rad m−2 to -100 rad m−2. A mean polarized intensity of 1.5 mJy
corresponds to a polarized fraction of 6.7%. Notice that a mean polarization
intensity of about 6.7% is not atypical in the disks of nearby normal spiral
galaxies. For example, the nearby normal spiral galaxies M 51 and NGC 6946
have a polarization fraction of about 5.7% and 8.8% at 1.4 GHz (Heald 2009).
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Figure 2.15 – Left: Image indicating the pixels that were used in the polarization stacking analysis. Pixels corresponding to the galactic disk that
were stacked are shown in green and the regions shown in black correspond to the “empty” sky where we do not expect to detect any polarized emission.
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For a list of polarized emission from nearby spiral galaxies, see Table 1 in Heald
(2009). Since polarized emission from galactic disks trace the ordered (both
anisotropic and regular) component of the mean magnetic field, the observed
fractional polarization in the disk of NGC 4258 indicates that the presence of
nuclear feedback (at least in the inner part of the galactic disk) has little influence
on the ratio of the ordered-to-total magnetic field strength in galactic disks.

2.6 Where are the anomalous arms located?

As discussed in previous sections, NGC 4258 has been studied quite extensively
across multiple wavelengths. For a previous summary of observations and how
they fit the different models that have been proposed to explain the morphology
of the anomalous arms in NGC 4258, see van Albada & van der Hulst (1982) and
Wilson et al. (2001). Recall from the introduction that all models proposed to
explain the morphology of NGC 4258 fall in two categories depending on where
the anomalous arms are located with respect to the galactic disk (the in-disk and
the out-of-disk models). Both models agree that the anomalous arms originate
as nuclear jets but disagree on where the arms are located with respect to the
galactic disk in NGC 4258. In light of the new sensitive radio continuum and
neutral hydrogen observations, we reconsider, in the section below, the discussion
presented in van Albada & van der Hulst (1982). Note that the papers mentioned
above did not have any radio polarization information. As we will show below,
radio polarization measurements, when used along with the multiwavelength data
available in the literature, provide a strong constraint on the morphology of the
anomalous arms in NGC 4258.

The H I column density map of NGC 4258 discussed in section 2.4.6 show
gaps in the distribution of H I in two spiral arms where the western arms cuts
through the galactic disk. Similar anticorrelations (presence of radio emission
in the absence of other tracers) can also be seen between polarized emission
(discussed in section 2.5.1) from the western arms and the spiral arms as traced
by UV and Hα. As shown in Fig. 2.16, the peak polarized intensity near the
edge of the western arm occurs in a region devoid of UV, H I or Hα emission.
This enhancement in polarized intensity is associated with a region where the
H I column density drops below 10× 1019cm−2 while its immediate surrounding
appears to have twice as much H I. These anti-correlations seen between the total
and polarized emission and the distribution of UV, H I, and Hα emission from
the western arm strongly suggest that the western arm interacts with the galactic
disk.

In addition to the signatures due to interaction between the anomalous arms
and the galactic disk, the linearly polarized emission and the Faraday depth
values along the anomalous arms provide additional constraints to determine
the location of the arms. The key difference between the in-disk and the
out-of-disk models is that the synchrotron emission from the anomalous arms
undergo different levels of Faraday rotation by the thermal electron (warm ionized
medium) in the thick disk and the galactic halo. For example, if the anomalous
arms are embedded in the disk, the linearly polarized synchrotron emission from
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Figure 2.16 – Polarized emission at 1.4 GHz overlayed on GALEX UV, HALOGAS H I and Hα maps indicating that the peak polarization in the
outer parts of the western arm is coincident with a gap seen in UV, H I, and Hα emission from the galactic disk.
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Figure 2.17 – Histogram distribution of Faraday depths seen in the outer parts of the eastern
and the western anomalous arms. Note that the Faraday depth values have been corrected for
Faraday rotation due to the Galactic foreground (11.8 rad/m2).

the arms will undergo Faraday rotation due to magneto-ionic media in the galactic
disk and in the halo. However, if an anomalous arm is outside the disk and is
in front of the galactic disk (on the near side to the observer), the synchrotron
emission from the arm will experience relatively small Faraday rotation in the
galactic halo.

From the Faraday depth map presented in section 2.5.1, it is clear that the
amount of Faraday rotation experienced by the eastern and the western arms
is significantly different (also see Fig 2.17). Given the large Faraday rotation
seen towards the outer parts of the anomalous arm and the gaps seen in UV,
H I, and Hα emission from the galactic disk, we conclude that the outer parts
of the western arm are embedded in the galactic disk. We do not detect any
polarized emission from the inner regions of both the eastern and the western
arm. If the inner parts of both arms are embedded in the galactic disk, the lack
of polarized emission can be attributed to wavelength-dependent depolarization
due to differential Faraday rotation and internal Faraday dispersion (Burn 1966;
Sokoloff et al. 1998) caused by the presence of regular and turbulent magnetic
fields which are prelevant in the star-forming disk of spiral galaxies. The outer
parts of the western arm are not affected by the depolarization effects of the
turbulent ISM probably due to the gaps we see in H I and other tracers. Towards
the outer regions of the eastern arm, we do not find any evidence for interaction
between the anomalous arm and the spiral arms in the galactic disk. This, taken
with the fact that we see relatively small Faraday rotation suggests that outer
parts of the eastern arm lie outside the galactic disk.

Thus, we conclude that the anomalous arms in NGC 4258 have an hybrid
morphology where the western arm and the inner part of the eastern arm are
embedded in the galactic disk while the outer part of the eastern arm is outside
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Figure 2.18 – A toy model illustrating the edge-on view of NGC 4258 depicting that the
western arm is embedded in the galactic and the outer regions of the eastern arm is outside the
disk. The observer is at the top of the figure.

the disk and is located on the near side to the observer. Note that the hybrid
model proposed here deviates from the in-disk model only in the outer parts of
the eastern arm. A toymodel depicting the hydrid morphology of the anomalous
arms is shown in Fig 2.18.

Deflection of the jet due to density contrasts in the galactic plane is likely
to have caused the outer parts of the eastern arm to leave the disk. From
the high resolution LOFAR image (see the left panel of Fig 2.6), we find that
the western arm undergoes a number of surface brightness enhancements just
before it undergoes morphological change either in the form of arm bending
or bifurcation. Bends seen along the western arm have been attributed to
deflection of the nuclear outflow due to its interaction with the surrounding
molecular gas (see for example Cecil et al. 1992). In the left panel of Fig 2.14,
we find that the total intensity radio continuum emission along the eastern arm
undergoes significant enhancement in surface brightness (near position 12:19:06

+47:16:56) coincident with the base of the polarized eastern arm. It is likely
that the western arm is deflected near this position when it encounters a local
density gradient. Once deflected, the most likely direction the jet can go is out
of the galactic plane where the density of the ambient medium is low.

Alternately, a warped outer H I disk on the eastern side of NGC 4258 in the
direction away from the observer can also cause the eastern arm to appear in
front of the disk. Warps in the outer parts of galactic disks can be produced
by a number of factors including accretion and tidal interaction (Binney 1992;
Sancisi et al. 2008). In the H I column density map shown in Fig 2.13, at low
column density levels (10− 60× 1019 cm−2), multiple filamentary structures are
visible in the outer regions of the H I disk. The most prominent H I filamentary
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structure is located to the east of the galactic disk and has a projected angular
size of ∼ 31 kpc. The data at hand do not offer any insight into the physical
processes that could give rise to the low column density filamentary structure.
These filamentary structures could be a sign of either accretion, or remnants
of a past interaction. However, no clear evidence for the presence of a warped
disk in NGC 4258 is seen in previous kinematic models (van Albada 1977; van
Eymeren et al. 2011). Constructing a new kinematic model for NGC 4258 with
the sensitive HALOGAS H I data presented above using methods described in
Józsa et al. (2007) and Di Teodoro & Fraternali (2015) could help resolve this
issue.

2.7 Summary and conclusions

We have observed the nearby galaxy NGC 4258 in radio continuum using the
LOFAR High Band Antenna (HBA) and the Westerbork radio telescope. The
main findings presented in this paper are summarized below:

• We have, for the first time, traced the radio continuum emission from the
galactic star-forming disk of NGC 4258 out to a distance of 20.73 kpc from
its center.

• The integrated radio continuum spectrum of NGC 4258 does not show
any spectral curvature between 0.142 and 10.55 GHz. We find that a single
power law with an index of α = 0.63±0.03 fits the integrated spectrum best
between 0.142 and 10.55 GHz. Locally, flatter spectral indices (α ∼ 0.3)
are seen towards H II regions.

• In addition to NGC 4258, we have also detected ten nearby galaxies within
our LOFAR field of view. The integrated flux densities of these galaxies at
0.142 GHz are listed in Table 2.3. Using integrated flux estimates from the
literature at 1.4 GHz, we find their spectral indices to lie generally between
0.5 – 0.9.

• Using an extinction-corrected Hα image of the disk, we estimate the thermal
contribution to the observed synchrotron emission to be less than 10% at
both 1.4 GHz and at 141.8 MHz.

• In our high resolution non-thermal spectral index map between 0.142 and
1.4 GHz, we find that the two components of the western anomalous arms
show different spectral index profiles. This is most probably due to the
effects of spectral ageing. However, we do not see any radial trend in the
spectral index distribution along the individual anomalous arms.

• Assuming energy equipartition between magnetic fields and cosmic ray
electrons, we have estimated the strength of the total magnetic field in
the disk of NGC 4258 to be 7.6µG.
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• The equipartition magnetic field strength varies from about 20µG in the
inner galactic disk (in anomalous arms) and decreasing to 4µG about 20
kpc away from the nucleus.

• Stacking polarized emission from NGC 4258, we find a peak polarization
fraction of 6.7% in the galactic disk between -4 rad m−2 and -100 rad m−2.

• We do not detect any polarized emission from NGC 4258 at 141.8 MHz.

• The spiral arms in NGC 4258 show clear signs of gaps in regions coincident
with the western anomalous arm. This interaction between the western arm
and the underlying spiral disk and the large Faraday rotation seen towards
the outer parts of the western arm suggests that this arm is embedded in the
galactic disk, consistent with the in-disk model. Due to the small Faraday
rotation seen towards the outer arm and the lack of visible interaction
between the eastern arm and the galactic disk, we conclude that the outer
part of the eastern arm is outside the galactic disk and located on the near
side to the observer.
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