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3.1 Introduction

M 101 is a nearby (6.6±0.5 Mpc; Vinkó et al. 2012) massive face-on spiral galaxy
which is the most dominant member of the M 101 group of galaxies. Relevant
parameters describing M 101 are listed in Table 3.1. Classified as an SAB(rs)cd
galaxy (de Vaucouleurs et al. 1976), M 101 is known to host a large number of H II

regions and H II complexes. More than 1000 H II regions have been identified in
the disk of M 101 (Hodge et al. 1990); it also contains several giant H II complexes
each containing a few times 106 M� of ionised (Israel et al. 1975) and neutral
(Viallefond et al. 1981) gas. All giant H II complexes are also known to be X-ray
bright (Kuntz & Snowden 2010).

In addition to hosting massive H II complexes, the outer disk (R ≥ 3 kpc) of
M 101 is asymmetric and lopsided. Deep optical B band imaging with the Burrell
Schmidt telescope revealed two prominent extensions in the outer disk: one to
the east (called “E Spur”) and the other in the north-easterly direction pointing
in the direction of NGC 5422 (referred to as the “NE Plume”) both extending
to distances of ∼ 38 and ∼ 48 kpc respectively from the center of M 101 (Mihos
et al. 2013). Figure 3.1 shows the optical B band image of M 101 along with the
positions of the “E Spur” and the “NE Plume”. Mihos et al. (2013) also find that
the optical B band morphology of features in the outer disk of M 101 matches
well with features seen in neutral hydrogen. The asymmetric structure of the
outer disk of M 101 has long been attributed to recent or past interactions with
one or more of its companion galaxies (see for example Waller et al. 1997).

Evidence for past interaction stems from several independent observations
including the lopsided gas distribution (for example, see Baldwin et al. 1980), non-
circular gas motion in the outer disk (Kamphuis 1993), the presence of a massive
(∼ 108 M�) high-velocity gas complex (Van der Hulst & Sancisi 1988), and the
presence of multiple linear arm segments visible in FUV (Waller et al. 1997) and
H I in the outer disk. The outer asymmetric disk is optically blue (Mihos et al.
2012) with associated emission in UV (Thilker et al. 2007) which is probably due
to star formation triggered by interaction. Furthermore, observations of M 101
across multiple wavelengths regimes including X-rays (Kuntz et al. 2003; Warwick
et al. 2007; Kuntz & Snowden 2010), optical (Mihos et al. 2013), H I (Kamphuis
1993), CO (Helfer et al. 2003), FUV (Waller et al. 1997), and mid-IR (Jarrett
et al. 2013) all reveal the presence of short segments of spiral arms with abrupt
changes in the pitch angle. The presence of such short linear spiral arm segments
has also been attributed to galactic interaction in the past (see for example Mihos
et al. 2012).

M 101 was first detected in radio continuum at 158 MHz using the 250 ft
paraboloid at Jodrell Bank observatory (Brown & Hazard 1961). Since 1961,
numerous papers have been published based on radio continuum observations of
M 101. Israel et al. (1975) observed M 101 using the then newly built Westerbork
Synthesis Radio Telescope (WSRT) and detected radio continuum emission from
the giant H II regions. Using the Effelsberg radio telescope, Graeve et al. (1990)
found that the radio spectrum of M 101 can be fit with a simple power-law with
index α = 0.72 ± 0.04. This multifrequency study with the Effelsberg telescope
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Table 3.1 – Physical properties of M 101.

Parameter Value Reference
Morphology SAB(rs)cd 1
Distance 6.6± 0.5 Mpc 2
Position angle (PA) 40◦ (R < 7′) 3

35◦ (R > 7′) 3
Inclination (i) 27◦ (R < 7′) 3

25◦ (R > 7′ inSW)
40◦ (R > 7′ inNE)

R25 8′ 4
MB −21.0 5
H I mass 2.1× 1010 M� at 7.2 Mpc 3

References. (1) de Vaucouleurs et al. (1976); (2) Vinkó et al. (2012); (3) Kamphuis
(1993); (4) Mihos et al. (2013); (5) de Vaucouleurs et al. (1991)

also resulted in the first spectral index map of M 101. The first measurement of
linearly polarized synchrotron emission towards M 101 was obtained at λ 6.3 cm
using the Effelsberg radio telescope (Graeve et al. 1990). The orientation of the
measured polarization vectors indicated the presence of a large-scale magnetic
field aligned with the spiral arms. Further polarimetric observations of M 101
using the Effelsberg telescope by Berkhuijsen et al. (2016) revealed that the total
magnetic field strength in M 101 is dominated by the random component of the
magnetic field and that the random magnetic field strength is stronger than the
ordered magnetic field by a factor of about 2.4.

While M 101 has been observed in radio continuum, previous studies in the
literature have largely been based either on low resolution single dish observations
or using interferometric observations that were not sensitive enough to study the
diffuse radio continuum disk of M 101. In this first of a series of publications
on this object, we present a detailed investigation of the synchrotron emitting
disk of M 101 using radio continuum observations with the WSRT and the
LOFAR radio telescopes that provide substantial improvements in sensitivity
and in resolution as compared to previous radio continuum studies of M 101.
In subsequent publications, we will present linear polarization measurements to
map the orientation of the large-scale magnetic field in the galaxy and use the
multi-frequency radio continuum images to model the propagation of cosmic ray
electrons in M 101.

This chapter is organised as follows: In section 3.2 and 3.3, we present the
observational setup and the data reduction procedure we followed to calibrate
and image the WSRT and LOFAR datasets. In section 3.4, we present the radio
continuum morphology of M 101 at four observed radio frequencies and discuss
its relation to the H I disk of M 101. In section 3.7, we estimate the contribution
of the free-free thermal emission to the observed radio continuum using Hα and
Spitzer images of M 101. After subtracting the estimated thermal contribution, in
sections 3.8 and 3.9, we use the non-thermal radio continuum images to compute



58 CHAPTER 3. RADIO CONTINUUM OBSERVATIONS OF M 101

Figure 3.1 – Optical B band image of M 101 showing the locations of the two prominent
extensions in the outer disk: “E Spur” and “NE Plume”. Image credit: Mihos et al. (2013)
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the non-thermal spectral index images and equipartition magnetic field strength
in M 101. Throughout this chapter, we follow the convention for spectral index
α such that α is related to flux density Sν as Sν ∝ ν−α.

3.2 WSRT observations and data reduction

We observed M 101 with the WSRT at 0.355, 1.4, and 2.27 GHz for multiple
12-hour tracks. Relevant observational parameters are listed in table 3.2. Each
12-hour track was bracketed with a 10-minute scan on a set of suitable polarized
and unpolarized calibrator sources. The observations were carried with the array
in the maxi-short configuration1. Note that not all 14 Westerbork antennas were
used during the 1.4 and 2.27 GHz observations due to the ongoing APERTIF2

telescope upgrade (Oosterloo et al. 2009).
We used a common procedure to calibrate and image all three WSRT datasets.

For most of the data reduction, we used the Common Astronomy Software
Applications (CASA) package version 4.2.1 (McMullin et al. 2007) to calibrate
the datasets. However, as CASA could not read the WSRT’s system temperature
(Tsys) tables, we first imported the visibilities into AIPS (Greisen 1998) and
applied Tsys corrections following the instructions provided in the WSRT data
reduction cookbook3. After the system temperature correction, the datasets were
exported to UVFITS format so that they could be read into CASA.

Each continuum dataset corresponding to a single 12-hour track was cal-
ibrated separately. Using CASA, we first derived bandpass solutions for each
12-hour track using the respective flux calibrators. The bandpass corrected
visibilities of each calibrator were then flagged for radio frequency interference
(RFI) using the semi-automated RFI excision tool AOFlagger (Offringa et al.
2010, 2012). Bandpass solutions were applied prior to RFI flagging to ensure
identification of RFI sources located close to the edge of each spectral window.

After RFI excision, we extracted the uncalibrated but RFI-flagged visibilities
present in the DATA column of the measurement set to derive the gain solutions
following the standard data reduction procedure. Amplitude calibration for the
92 cm dataset was carried out using the flux scale defined in Scaife & Heald
(2012) while all other datasets were calibrated using the Perley & Butler (2013)
flux scale. The calibrated target field visibilities were then imported into miriad

(Sault et al. 1995) for self-calibration and imaging.
A few iterations of self-calibration were carried out to improve the applied

phase solutions to the target field by progressively improving the model of the
sky. With each iteration, we improved the CLEAN mask to include the diffuse
emission from M 101. This was repeated until all detected radio emission was
included in the model. During self-calibration, we noticed that the primary flux
calibrator 3C 295 was present in the antenna sidelobes in the 92cm and the 20cm

1https://www.astron.nl/radio-observatory/astronomers/wsrt-guide-observations/

3-telescope-parameters-and-array-configuration
2www.apertif.nl
3http://astron.nl/radio-observatory/astronomers/analysis-wsrt-data/

analysis-wsrt-dzb-data-classic-aips/analysis-wsrt-d

https://www.astron.nl/radio-observatory/astronomers/wsrt-guide-observations/3-telescope-parameters-and-array-configuration
https://www.astron.nl/radio-observatory/astronomers/wsrt-guide-observations/3-telescope-parameters-and-array-configuration
www.apertif.nl
http://astron.nl/radio-observatory/astronomers/analysis-wsrt-data/analysis-wsrt-dzb-data-classic-aips/analysis-wsrt-d
http://astron.nl/radio-observatory/astronomers/analysis-wsrt-data/analysis-wsrt-dzb-data-classic-aips/analysis-wsrt-d
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Table 3.2 – WSRT observational parameters.

Parameters 13 cm 20 cm 92 cm
RA (J2000) 14:03:12.51 14:03:12.00 14:03:12.60
Dec (J2000) 54:20:53.10 54:21:00.00 54:20:57.00
Integration time 4× 12 hours 4× 12 hours 4× 12 hours
Correlations recorded RR, RL, LR, LL XX, XY,YX,YY XX, XY,YX,YY
Flux calibrator 3C138 3C138 3C147
Secondary calibrator 3C147 3C147 PSR1937+21
WSRT Telecopes used 11/14 13/14 14/14
Bandwidth (MHz) 160.0 80.0 80.0
No. of channels 8× 64 = 512 4× 64 = 256 8× 128 = 1024
Ch0 frequency (MHz) 2199.375 1440.625 320.078

datasets. For these two datasets, we subtracted 3C295 from the visibilities using
the standard “peeling” technique (Noordam 2004).

Each self-calibrated uv dataset was imaged separately with Briggs weighting
(Briggs 1995) using robust = −0.25. Clean masks from the self-calibration cycle
were used to deconvolve each dirty image and the noise level in the respective
stokes-V map was used to set the deconvolution threshold level. The deconvolved
images were corrected for the primary beam of the WSRT which is given by the
relation

A(r) = cos6(cνr) (3.1)

where ν is the observational frequency, r is the distance from the pointing center
in degrees and c is a constant that depends on the light crossing time across the
effective diameter of the parabolic dish (Brentjens 2008).

3.3 LOFAR observation and data reduction

The target galaxy M 101 and the calibrator source 3C 295 were observed with the
LOFAR High Band Antenna (HBA) on 2013 June 26. Owing to the multi-beam
capabilities of LOFAR and the proximity of 3C 295 to M 101, both the target
field and the calibrator field were observed simultaneously for about eight hours
covering a frequency range from 115 – 176 MHz with a 1s integration time. This
60.2 MHz bandwidth was split into 244 subbands (SBs), each in turn subdivided
into 64 channels each with a channel width of 3 kHz. Such a high time and
frequency resolution were used to identify and flag narrowband radio frequency
interference (RFI). An overview of the observational parameters is presented in
table 3.3.

The observations were carried out with the telescope in the ‘HBA Dual Inner’
configuration where each core station is split into two stations (HBA0 and HBA1)
and only those tiles in the inner 31.3m were used for remote stations. This setup
was chosen so as to achieve a common station beam size for both core and remote
stations. The uv-coverage for this LOFAR observational setup is shown in fig 3.2.
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Table 3.3 – LOFAR HBA Observational parameters

Parameter Value
Measurement ID L151878 (3C 295)

L151879 (M 101)
Pointing centre 14h03m12.5441s +54d20m56.2200s
Integration time 1 s
Total on-source time 7.93 hr
Total bandwidth 60.2 MHz
Observation date 2013 June 26
Correlations XX, XY, YX, YY
Frequency range 115 – 176 MHz
Subbands (SB) 244
Bandwidth per SB 195.3125 KHz
Channels per SB 64
LOFAR Array Mode HBA Dual Inner
Stations 61 total

24 core (each split in two)
13 remote (Dutch)

Figure 3.2 – uv -coverage for a single LOFAR sub band at 120 MHz. Note that each uv point
represents 150 data points along the time axis.
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During observations, a bug in the radio observatory’s software caused the
measurement sets to contain wrong header information about broken tiles in
each LOFAR station. Note that this does not affect the visibility data in the
measurement set. The header information was corrected using a script4 provided
by the radio observatory.

RFI excision was carried out on the raw visibilities with a 1 s time resolution
and a frequency resolution of 64 channels per 195 kHz wide sub band using
AOFlagger (Offringa et al. 2010, 2012). After RFI flagging, we averaged the
visibilities down to a time resolution of 6 s and a frequency resolution of 8 channels
per sub band using the New Default Pre-Processing Pipeline (NDPPP). In
addition to RFI flagging, the core LOFAR stations CS013HBA0 and CS013HBA1
were also flagged due to the known problem of misaligned dipoles that existed at
the time of observation.

The calibrator measurement sets were then used to derive antenna gain
solutions with Black Board Selfcal (BBS) software (Pandey et al. 2009) on a
timescale of 6s for each SB separately using a skymodel for 3C 295 containing two
point-source components assuming the total flux scale defined in Scaife & Heald
(2012). The derived gain solutions were then used to obtain the antenna gain
amplitudes, a station-based offset between XX and YY phases and a correction
term for clock offset between the core and remote stations. This correction for
clock offset is important because though the core stations are all connected to
a common clock, the remote stations all have their own clocks which are not
synchronised with the core stations’ clock. The magnitude of the clock offset is
expected to be of the order of 100ns which if not corrected can cause noticeable
phase delays on core-remote and longer baselines. The antenna gain solutions
were also used to derive median phase offsets between the X and Y parallel
hands for each station. The derived median clock offset, X-Y phase offset and
gain amplitudes were then applied to the target field visibilities using BBS. Note
that this procedure corrects only for the clock offset and not for the clock drift
that occurs within an observing run.

After correcting the target field visibilities using gain solutions derived from
the calibrator scan, we performed “A-team clipping” to remove the contribution
from bright, off-axis “A-team” sources (Cyg A, Cas A, Vir A, and Tau A). This
was done by simulating model visibilities corresponding to each “A-team” source
into the MODEL DATA column of the target MSs and flagging the times and
frequencies per baseline where the predicted flux from these sources exceeded 5
Jy. As the primary calibrator 3C 295 is ∼ 2.5◦ away from M 101, deconvolution
errors associated with this ∼ 100 Jy source can affect all subsequent processing.
To avoid this, we also subtracted 3C 295 from the visibilities using the standard
“peeling” procedure.

Phase calibration was done with a skymodel extracted from the TIFR GMRT
Sky Survey (TGSS ADR1; Intema et al. 2017) image of the field using the source
finder pyBDSF5 (Mohan & Rafferty 2015). The extracted skymodel contains 1791

4https://www.astron.nl/radio-observatory/observing-capabilities/

depth-technical-information/system-notes/wrong-information-
5http://www.astron.nl/citt/pybdsf/

https://www.astron.nl/radio-observatory/observing-capabilities/depth-technical-information/system-notes/wrong-information-
https://www.astron.nl/radio-observatory/observing-capabilities/depth-technical-information/system-notes/wrong-information-
http://www.astron.nl/citt/pybdsf/
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Figure 3.3 – A 17.8′′× 13.5′′ resolution image with a 3◦× 3◦ field of view centered on M 101.
Note that the LOFAR data was imaged after peeling 3C 295 from the visibilities. The artefacts
seen around bright background point sources are due to residual direction-dependent errors
that have not been corrected at this stage. The image has been corrected for LOFAR primary
beam response and the rms noise near M 101 is 470µJy/beam.

components (378 point and 1413 gaussian). Since 3C 295 has been subtracted
from the visibilities, the two corresponding gaussian components were manually
identified and removed from the skymodel. A solution interval of 6 s was used and
one solution was derived for each 2 MHz sub band block assuming no variation
in the LOFAR station beam across the 2 MHz bandwidth.

The phase calibrated visibilities were then merged using NDPPP before
imaging. Imaging and deconvolution were carried out using the AWImager (Tasse
et al. 2013) which was specifically written for LOFAR and corrects for both A-
projection (Bhatnagar et al. 2008) and W-projection (Cornwell et al. 2008). A
17.8′′×13.5′′ resolution image imaged with a 13.3 kλ uv-cut and a robust value of
−0.3 is shown in figure 3.3. While Figure 3.3 shows M 101 at the field center, the
image is dominated by artefacts around background point sources due to residual
direction-dependent effects that have not been corrected at this stage.

We next used the new LOFAR facet calibration algorithm (van Weeren et al.
2016; Williams et al. 2016) to correct for the direction-dependent artefacts seen
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around bright point sources in Figure 3.3. We present a brief overview of
the calibration procedure here. For a detailed discussion on the calibration
algorithm, we refer the reader to van Weeren et al. (2016), Williams et al. (2016)
and Appendix A. The facet calibration algorithm derives direction-dependent
calibration solutions by dividing the LOFAR field of view into a number of facets
such that each facet contains at least one point source that is brighter than
0.4 Jy. Splitting the field of view into multiple facets is achieved using Voronoi
tessellation. For each facet, we derived local gain solutions by self-calibrating
on the bright point source within that facet. We then applied the derived gain
solutions to all the sources that lie within that facet. The facet containing M 101
was calibrated using direction-dependent gain solutions derived using the source
NVSS 140016+541139 which is about 0.45◦from the center of M 101.

After applying direction-dependent corrections, we imaged the facet contain-
ing M 101 using the WSClean imager (Offringa et al. 2014). We inverted the
visibilities using the Briggs weighting scheme (Briggs 1995) with robust= −0.7
and a Gaussian taper. Such a combination of uniform visibility weighting scheme
and tapering was needed to minimise the PSF sidelobes while retaining the diffuse
emission. The inverted images were deconvolved down to a 1σ threshold using a
CLEAN mask and making use of the wideband deconvolution algorithm6 that is
available in WSClean which accounts for spectral curvature within the bandpass.

We compared the integrated flux densities of a few point sources in the field
with flux densities measured by the TGSS ADR1 and noticed that the LOFAR
flux densities were systematically lower by a factor of 1.12. All LOFAR flux
density estimates reported from here on have been corrected for this factor. We
do not see any obvious astrometric position offsets compared to TGSS ADR1.

3.4 Radio continuum morphology of M 101

Smoothed total intensity contours of M 101 at 146, 355, 1400, and 2270 MHz
overlayed on a GALEX NUV image are shown in Figure 3.4. While M 101 can
be imaged at higher angular resolution (up to about 6′′) using the LOFAR HBA
dataset, due to the low surface brightness nature of the synchrotron emitting disk
of M 101, high resolution images resolve out most of the diffuse radio continuum
emission from the galactic disk and only a few bright, compact sources (like the
H II regions) are visible clearly in the high resolution map. Since our primary
interest is in the diffuse emission, we make use of the low-resolution imaging
henceforth.

Radio continuum emission from the disk of M 101 comprises a superposition of
diffuse, weak synchrotron emission from the disk and discrete localised emission
from giant H II complexes. We find that the eastern and the north-eastern parts of
the galactic disk dominate the total radio continuum emission at all four observed
frequencies. In the south and the south-western part of the galaxy, we find
weak diffuse emission from the prominent spiral arm hosting the giant H II region
complex NGC 5447 (see Figure 3.4). The eastern spiral arm, which contains two

6https://sourceforge.net/p/wsclean/wiki/WidebandDeconvolution/

https://sourceforge.net/p/wsclean/wiki/WidebandDeconvolution/
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of the five large H II complexes in M 101 (namely NGC 5461 and NGC 5462),
shows a steep transverse intensity gradient in all our radio images along its entire
length. At 1.4 GHz, the contours shown in Figure 3.4 drop in intensity by more
than an order of magnitude within a synthesized beamwidth.

We see a large interarm region in the south-western part of M 101 near the
H II region NGC 5447. We find that the interarm region is devoid of detectable
radio continuum emission in all our radio maps. At the highest frequency, the
interarm region spans about 85◦in azimuth and about 5.5 kpc at its widest point.
Comparing our radio continuum images with the H I column density distribution
in M 101 (see section 3.5), we find that this interarm region is devoid of neutral
gas. It is also interesting to note that the size of this interarm region decreases
with decreasing frequency at fixed angular resolution indicating that at low radio
frequencies, cosmic ray electrons from the surrounding spiral arms are perhaps
diffusing into the interarm region. A similar signature of diffusion from material
spiral arms in to the interarm regions has been seen in M51 by Mulcahy et al.
(2014).

Beyond a distance of about 10 kpc from the nucleus, the total intensity radio
continuum emission from the disk of M 101 shows an asymmetric distribution in
all our radio continuum images. The radio emission is more extended towards
the south-west than the north-east, mimicking the asymmetry in the distribution
of star formation as traced by UV. The distribution of H II regions shows similar
lopsidedness as identified long ago by Hodge et al. (1990). Both the 146 and the
355 MHz radio images show extensions towards the south and the south-east. The
diffuse extended emission seen towards the south-east coincides with the onset
of the eastern spur identified in the deep optical image of M 101 (denoted as “E
Spur” in Mihos et al. 2013). In the north-western part of the galaxy, we find that
the radio emission at 355 MHz traces almost the entire length of the outermost
spiral arm forming another interarm region. The 355 MHz image shows the most
extended synchrotron emitting disk of M 101.

3.5 The H I disk and the high-velocity gas com-
plex

Figure 3.5 shows the neutral hydrogen column density map of M 101 overlayed
with 355 MHz radio continuum contours shown in black. The neutral hydrogen
observations of M 101 were performed as part of the 1.4 GHz WSRT observations
mentioned in Table 4.3. The column density image of M 101 shown in Figure 3.5
has a resolution of 30′′. A complete analysis of the H I spectral line data including
a new kinematic model of M 101 will be presented in a future paper (Oosterloo
et al. in prep).

The column density distribution of H I shown in Figure 3.5 reveals large
concentrations of neutral gas associated with the spiral arms in the east and
in the south. The largest concentrations of H I in these spiral arms coincide with
four of the five giant H II regions found in M 101.
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Figure 3.4 – Total intensity radio continuum contour lines of M 101 at 146, 355, 1400, and
2270 MHz overlayed on a GALEX NUV image of M 101. The size of the synthesized beam is
indicated in the lower left corner of the each image. The five giant H II complexes labelled in
the figure are discussed further in the text. The position of the nucleus is indicated using a ‘+’
symbol in all four images.
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To the east of the eastern spiral arm containing the H II regions NGC 5461 and
NGC 5462, the column density map shows a lack of H I along almost the entire
length of the eastern spiral arm (indicated with a black arrow in Figure 3.5). This
H I trough is about 26 kpc long and about 2.5 kpc wide. Comparing the radio
continuum morphology along the eastern spiral arm with the H I column density,
we find that this 26-kpc long H I trough coincides with the steep transverse
intensity gradient seen along the eastern spiral arm in radio continuum.

The white contour lines overlayed on the column density map in Figure 3.5
show the structure of a large high-velocity complex in M 101. The column density
map of the high-velocity gas complex was generated by summing all the H I in
channel maps with velocities ranging from 351.82 km/s to 475.49 km/s. The
high-velocity gas complex was discovered by Van der Hulst & Sancisi (1988) using
neutral hydrogen observations of M 101 with the WSRT. It has a mass of a few
times 108 M� and deviates from local galactic rotation by 130 – 160 km/s. The
origin of this and similar high-velocity gas seen in other nearby galaxies is still
uncertain (for a review on high-velocity gas, see Sancisi et al. 2008). Van der Hulst
& Sancisi (1988) rule out the possibility that the high-velocity complexes are gas
expelled from the disk by supernova explosions or wind from OB associations
because of the enormous kinetic energy (∼ 1055 erg) that would be required to
expel ∼ 108 M� gas from the disk. Furthermore, there is no clear evidence for
similar energetic events at other wavelength regimes (see for example Stecher
et al. 1982; Israel et al. 1975). Van der Hulst & Sancisi (1988) favour a cloud-
galaxy collision scenario where a 106 − 108M� gas cloud complex collides with
the galactic disk to produce large H I structures like the ones seen in M 101.

Combes (1991) proposed an alternative scenario in which gravitational
interaction between M 101 and its dwarf companion NGC 5477, with a mass
ratio of 100:1, could have displaced the gas from the disk resulting in the observed
high-velocity gas accompanied by a trough in the gas disk. In Combes’ scenario,
NGC 5477 passed through the outer disk and caused removal of gas from the disk,
gas that we now observe as the high-velocity gas in M 101. The high-velocity
gas will eventually fall back in to the disk, but it is unclear what stage of the
interaction we are witnessing.

While the radio continuum emission cannot be used to discriminate between
the two different scenarios, the morphology of the radio continuum emission and
the presence of 26-kpc trough along the eastern spiral arm provides additional
evidence for interaction between the high-velocity gas and the galactic disk. The
radio continuum shows two sharp edges at the northern and the eastern side of
the disk, lining up remarkably well with the morphology of the high-velocity gas
(see right panel of Figure 3.5). Such steep edges have been seen in other galaxies
like NGC 4501 (Vollmer et al. 2008) and NGC 2276 (Hummel & Beck 1995). In
these cases, such sharp edges have been explained by compression by an external
medium. Magnetohydrodynamical simulations show that compression and shear
can cause a significant increase in radio continuum emission (Otmianowska-Mazur
& Vollmer 2003). The enhancement of the continuum emission in their simulation
is mainly the result of re-accretion of stripped material which happens about a
Gyr after the stripping event.
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Figure 3.5 – Left: Total intensity 355 MHz radio continuum contours overlayed on a 30′′H I column density map. The black arrow indicates the
position of the H I ridge that runs along the steep transverse intensity gradient seen in radio continuum along the SE spiral arm. The image also
shows extended diffuse radio continuum emission in the outer radio continuum disk of M 101. Right: Neutral hydrogen column density contours
of a high-velocity gas complex overlayed on the image on the left. The white contour lines indicate H I emission from the high-velocity gas between
351.82− 475.49 km/s. The contour lines are drawn at levels 0.025× 2n mJy/beam km/s where n = 0, 1, 2.... The high-velocity gas complex is about
130− 160 km/s away from the local gas participating in the regular disk rotation.
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3.6 Integrated flux densities and radio spectrum

While measuring the integrated flux density of M 101 from our radio images,
we noticed that, due to its relatively large angular size, the diffuse radio
emission, especially in the outer parts of M 101, is confused with a number
of background radio sources. In total, we identified several distinct radio sources
(including NVSS 140318+542159, NVSS 140238+542500, NVSS 140402+541237,
NVSS 140357+540852, and NVSS 140147+542852) that could potentially be
confused with diffuse radio continuum emission from M 101. To avoid over-
estimating the integrated flux density of M 101, we first manually masked the
confusing background point sources before integrating the pixel values.

The integrated flux density of M 101 at the four observed frequencies alongside
a compilation of integrated flux densities reported in the literature is listed in
Table 3.4. From Table 3.4, it is easy to notice that our reported integrated flux
density at 1.4 GHz is lower than the literature values. This mismatch between
our measurement and the values from the literature is due to the fact that the
literature estimates are all based on low resolution images of M 101 and hence
were over-estimated due to source confusion. For example, Rogstad & Shostak
(1971) report an integrated flux density of 0.82 ± 0.10 Jy based on a 4′ map of
M 101. We convolved our 1.4 GHz WSRT radio continuum image to 4′ resolution
and estimated the integrated flux of M 101 to be 0.74 Jy if we do not mask the
confusing background radio sources. Thus, we conclude that all low resolution
estimates presented in the literature overestimate the integrated flux density of
M 101.

For literature flux density estimates at 2.7 GHz and higher, single dish
observations have sufficient resolution to distinguish the background radio sources
from the diffuse continuum disk of M 101. Graeve et al. (1990) recognize that
the source NVSS 140147+542852 could in fact be a background radio source.
However, Graeve et al. (1990) report that they estimated the flux density of
M 101 by integrating all radio continuum emission within a radius of 14′ from
the center of M 101 which includes all background sources mentioned above.
Thus, we further assume that the integrated fluxes at 2.7, 4.75, and 10.7 GHz
reported by Graeve et al. (1990) are affected by background source confusion.

Given that the literature values listed in Table 3.4 all over-estimate the
integrated flux density of M 101, we compute the integrated radio spectrum
of M 101 using only those flux densities estimated from our radio images. From
the radio spectrum shown in the left panel of Fig 3.6, we see that a single power-
law profile could not be used to fit all four flux density estimates. Only the
WSRT flux density estimates could be fit using a power-law with a spectral
index α = 1.03± 0.08. The flux density measured from our LOFAR HBA image
is about 48% lower than the flux density predicted at 146 MHz using the power-
law spectral index derived above.

This deviation from a power-law spectral index at low radio frequencies could
be due to instrumental effects like flux scale error or due to an astrophysical effect
like free-free absorption where the synchrotron emission is absorbed by the ionised
gas. Based on the flux density comparison performed in section 3.3 between TGSS
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Table 3.4 – Integrated flux densities of M 101. Note that the integrated flux density of M 101
reported in the literature all include confusing background point sources and hence are an
over-estimate of the true integrated flux density.

Frequency Integrated flux Reference
(GHz) density (Jy)
0.057 6.5± 2.5 1
0.146 2.14± 0.21 2
0.178 2.66± 0.55 7
0.355 1.87± 0.09 2
0.610 1.45± 0.10 8
0.750 1.21± 0.40 3
1.4 0.53± 0.03 2
1.4 0.75 4
1.4 0.808 5
1.4 0.820± 0.100 10
1.415 0.930± 0.130 11
2.270 0.333± 0.016 2
2.700 0.520± 0.060 12
4.750 0.335± 0.020 12
5.0 0.150± 0.025 6
10.7 0.207± 0.020 12

References. (1) Israel & van Driel (1990); (2) this work; (3) Heeschen & Wade (1964);
(4) Condon et al. (2002); (5) White & Becker (1992); (6) Sulentic (1976); (7) Caswell
& Wills (1967); (8) Israel et al. (1975); (10) Rogstad & Shostak (1971); (11) de La
Beaujardière et al. (1968); (12) Graeve et al. (1990);
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and our LOFAR image, it is highly unlikely that this is caused by a flux scale error.
Furthermore, the radio spectrum of the source NVSS J140147+542852 (about 15′

away from the center of M 101) shown in the right panel of Fig 3.6 shows no sign
of flux scale error at low radio frequencies. The shortest projected baseline the
LOFAR HBA observation is sensitive to is about 20λ which corresponds to an
angular extent of about 172′. Since the angular size of M 101 in radio continuum
is much smaller than the largest angular scale detectable by the interferometer,
the observed low flux density at 146 MHz is likely not due to the missing short
spacing problem. Thus, we conclude that the low integrated flux density seen at
146 MHz is due to free-free absorption occurring throughout the disk of M 101.

To estimate the emission measure of the absorbing medium, we fitted our four
integrated flux densities with a function of the form

S = S0

(
ν

ν0

)−α
e−τ (3.2)

where α is the spectral index, τ is the optical depth, and S and S0 are the flux
densities measured at frequencies ν and ν0. The optical depth τ is related to the
emission measure (EM) and the electron temperature of the warm medium (Te)
through the relation

τ =
8.2× 10−2ν2.1EM

T 1.35
e

. (3.3)

As mentioned earlier, a significant fraction of the non-thermal synchrotron
emitting disk is covered by H II regions (see for example Hodge et al. 1990), and
we assume the electron temperature is of the order of 104 K (Mezger & Henderson
1967). The fitted spectral profile including free-free absorption is shown in Fig 3.6.
The fit resulted in a spectral index of α = 1.13 ± 0.08 with emission measure
EM = 5.7± 1.4× 104 pc cm−6. The fitted emission measure in M 101 is about
an order of magnitude smaller than the values seen towards the nearby galaxies
M 82 (Adebahr et al. 2013) and NGC 253 (Kapińska et al. 2017). If, however,
the dominant absorbing media is due to the cool (Te ∼ 103 K) as suggested by
Israel & Mahoney (1990), then the fit results in EM = 2.5± 0.6× 103 pc cm−6.

The emission measure is defined as

EM =

∫ l

0

n2e ds (3.4)

where ne is the number density of the ionised medium and l is the path length
through the ionised medium. Expressing the path length l in units of 1 kpc,
EM = 5.7± 1.4× 104 pc cm−6 corresponds to ne = 7.5

√
l/1 kpc cm−3.

3.7 Estimating the thermal contribution

The radio continuum emission observed from nearby galaxies at frequencies
between 146 MHz and 2.27 GHz is a combination of both thermal (originating
from free-free emission) and non-thermal radio emission (synchrotron radiation
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Figure 3.6 – Left: Radio spectrum of the integrated emission from M 101 using the flux densities estimated from our radio images. The four flux
densities shown in the plot do not follow a power-law spectral index profile. The broken red line shows a power-law fit (α = 1.03± 0.08) to the three
WSRT flux densities. The black line shows a spectral index fit including a term for free-free absorption (see equation 3.2). Right: Radio spectrum of
the source NVSS J140147+542852. All four flux densities can be fit using a power-law with spectral index α = −0.64 ± 0.05. The power-law fit to the
flux densities demonstrates that our LOFAR image does not suffer from a systematic flux scale error.
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emitted by relativistic electrons accelerating across interstellar magnetic field
lines). Thus, to be able to model the magnetic field distribution and propagation
of cosmic ray electrons in the interstellar medium of galaxies as traced by the
non-thermal synchrotron emission, an estimate of the thermal free-free emission
has to be subtracted from the observed radio continuum emission.

We estimated the thermal contribution to the total radio continuum emission
at 146, 355, 1400, and 2270 MHz using a foreground-corrected KPNO Hα map of
M 101 (Van Zee, private communication). Following Hunt et al. (2004), the radio
flux at a given frequency due to thermal contribution can be estimated using the
relation

(
Fν

mJy

)
= 1.16

(
1 +

n(He+))

n(H+)

)(
T

104 K

)0.617

×
( ν

GHz

)−0.1( FHα,corr

10−12 erg cm−2 s−1

)
. (3.5)

In the above equation, Fν is the estimated radio flux at frequency ν, and FHα,corr

is the extinction-corrected Hα flux. T is the temperature within the emitting
region assumed to be 104 K. We have also assumed that the ratio of the number
density of ionised helium to that of ionised hydrogen n(He+)/n(H+) to be 0.087
(Martin & Kennicutt 1997).

In addition to the Milky Way foreground extinction, Hα emission also
undergoes interstellar extinction in the host galaxy. Before estimating the
thermal contribution using equation 3.5, we corrected our Hα map for extinction
in the host galaxy using the publicly available 24µm map of M 101 from
the Spitzer Local Volume Legacy survey (Dale et al. 2009) using the relation
(Kennicutt et al. 2009)

FHα,corr = FHα 10AHα/2.5 + 0.02F24µm (3.6)

where FHα,corr is the extinction-corrected Hα emission, FHα is the uncorrected
Hα emission, AHα is the foreground dust extinction provided by Schlegel et al.
(1998), and F24µm is the observed 24µm flux.

Figure 3.7 shows the estimated thermal fraction in the disk of M 101 at
four different frequencies overlayed with 1.4 GHz radio continuum contours. A
histogram showing the distribution of thermal fraction across the disk of M 101
at different observed frequencies is shown in Figure 3.8. Figures 3.7 and 3.8 show
that at both 146 MHz and 355 MHz, the thermal contribution to the total radio
continuum emission is negligible. At both frequencies, the mean thermal fraction
is less than a per cent throughout the disk including the giant H II complexes.
The peak thermal fraction of about 1 – 1.4 % is seen towards the H II complex
NGC 5471. At 1.4 GHz, the mean thermal fraction throughout the disk is about
3% with thermal fractions of about 10 – 20 % seen towards the H II regions. At
2.27 GHz, larger thermal fractions of up to 40% are seen towards the giant H II

complexes and the mean thermal fraction throughout the disk is about 18%. At
both 1.4 GHz and 2.27 GHz, we find that the thermal fraction in the western
spiral arm to be systematically larger than the eastern part of the galactic disk
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Figure 3.7 – Thermal fraction at 146, 355, 1400, and 2270 MHz estimated using Hα and
Spitzer 24µm maps. The resolution of the thermal fraction images is shown in the lower left
corner of each frame. The overlayed 20cm total intensity contour lines are drawn at the same
level as in Figure 3.4.

which dominates the total radio continuum emission from M 101. The observed
low thermal fraction throughout the disk of M 101 is consistent with the thermal
fraction seen in other nearby normal star-forming galaxies like NGC 5055 and
NGC 6946 (see for example Basu et al. 2012).

3.8 Non-thermal spectral index

To estimate the non-thermal spectral index (αnth) between 146 – 355 MHz and
355 – 1400 MHz, we first subtracted the thermal contribution based on the
thermal estimation described in section 3.7. We then computed the non-thermal
spectral index on a pixel-by-pixel basis using the thermal-emission-subtracted
images. Uncertainty on the computed spectral index values was determined based
on the relation

αerr =
1

log(ν1/ν2)

√(
S1,err

S1

)2

+

(
S2,err

S2

)2

(3.7)
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Figure 3.9 – Non-thermal spectral index map of M 101 between 146-355 MHz (left) and 355-
1400 MHz (right). The resolutions of the spectral index maps are shown in the lower left corner
of each image. Black contour lines represent the 1.4 GHz brightness distribution and are drawn
at the same level as in the top left panel of Figure 3.4.

where S1 and S2 are the pixel values in the radio continuum maps at frequencies
ν1 and ν2 and S1,err and S2,err are the corresponding uncertainties on the pixel
values. All pixels in the computed spectral index maps with corresponding
spectral index error greater than 0.15 in the αnth,355−1400 and greater than 0.3
in αnth,146−355 have been blanked.

Figure 3.9 shows the non-thermal spectral index maps between 146 – 355 MHz
and between 355 – 1400 MHz. We see that, except for the flattening towards the
H II regions NGC 5461 and NGC 5462, the non-thermal spectral index shows little
variation in the inner 2 – 3 kpc. It is clear from Figure 3.9 that flatter spectral
indices (αnth ∼ 0.2) are predominantly seen towards the giant H II regions, most
notably NGC 5461 and NGC 5471. In both spectral index maps, we also see that
there is a steepening of spectral index with increasing galactocentric radius.

We obtained the radial distribution of the non-thermal spectral index by
estimating the mean spectral indices inside concentric rings with a width given by
the synthesized beam. This was carried out using the task ellint which is part
of the miriad software package. The radial profile of the non-thermal spectral
index is shown in Fig 3.10. The radial non-thermal spectral index profiles show
two interesting features. First, we see that the azimuthally averaged non-thermal
spectral index increases radially outwards. The radial steepening of non-thermal
spectral index can be explained by the increasing energy loss that the cosmic
ray electrons experience due to diffusion (see for example Mulcahy et al. 2014)
as they travel away from their sites of (re)acceleration (Segalovitz 1977). This
radial increase in azimuthally averaged spectral index in M 101 is consistent
with the radial spectral index profiles seen in other nearby spiral galaxies (see for
example Tabatabaei et al. 2007; Basu et al. 2012). Secondly, we see from Fig 3.10
that the mean spectral index within each ring is systematically flatter at longer
wavelength. This systematic flattening at longer wavelengths is also evident
from the histogram representation of the distribution of non-thermal spectral
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Figure 3.10 – Azimuthallly-averaged non-thermal spectral index profile of M 101.

0.0 0.5 1.0 1.5 2.0
Spectral index

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

2.25

No
. o

f p
ix

el
s (

%
)

<146-355 MHz> = 0.68
<355-1400 MHz> = 0.82

146 355MHz = 0.22
355 1400MHz = 0.24

355-1400 MHz
146-355 MHz

Figure 3.11 – Histogram of the non-thermal spectral index estimated using 146, 355, and 1400
MHz radio continuum images of M 101.



78 CHAPTER 3. RADIO CONTINUUM OBSERVATIONS OF M 101

indices shown in Fig 3.11. This is contrary to what is observed in M 101 as one
would expect the non-thermal spectral index to be steeper at long wavelengths
due to synchrotron loss. The observed flattening of non-thermal spectral index
throughout the galactic disk could be the same as for the observed flattening of the
integrated radio spectrum discussed in section 3.6: the presence of a galaxy-wide
free-free absorption of non-thermal synchrotron emission by an ionised medium.

3.8.1 Radial scale length

Examining the average radial brightness distribution at the various observing
frequencies provides insight in to the average reservoir of relativistic electrons and
is an easy way to search for radial changes in spectral index, indicative for radial
diffusion of the relativistic plasma. Figure 3.12 shows the radial profile of the
continuum brightness at the four observed frequencies. The radial profiles were
generated by computing the mean of the pixel values inside concentric ellipses
using the position angle and inclination from Table 3.1. Each annulus is one
synthesized beam wide. Only pixels above 1σ were taken into account and all
background radio sources were masked before estimating the radial profiles.

Note that the radial profiles derived from all four radio images show a change
in slope after a radius of about 11.5 kpc. A similar change in radial scale length
has also been seen in M 101 by Berkhuijsen et al. (2016) using a 4.85 GHz
Effelsberg image of M 101. A similar change in the radial scale length is also
seen in M 101 in the optical data of Mihos et al. (2013) although the change
in scale length occurs in the radial range R = 7′ − 9′ which corresponds to a
galactocentric radius of 14 – 18 kpc.

To determine the scale lengths in the inner and the outer disk, we fit the
radial profiles with two exponential functions of the form

I(R) =

{
I0 exp(−R/lR<10 kpc) for R < 10 kpc

I12.5 exp(−R/lR>12.5 kpc) for R > 12.5 kpc.
(3.8)

We ignored the data points that lie within the 10-12.5 kpc range. The radial
profiles at higher frequencies show structure in this range and hence we were
unable to fit a single exponential profile when we included those data points
during the fitting procedure. The resulting inner and outer exponential scale
lengths obtained for all four of our radio images are listed in Table 3.5.

From the exponential scale lengths quoted in Table 3.5, we see that the scale
lengths determined using the three low frequency radio images are larger in the
inner disk implying that the radio surface brightness decreases more slowly with
radius in the inner disk than in the outer disk. The exponential fits in the
outer disk shows that the scale length increases by almost 65% between 1400 and
146 MHz.

Differences in radial scale lengths of the inner and the outer disks have been
reported in other nearby spiral galaxies like M 33 (Tabatabaei et al. 2007) and
M 51 (Mulcahy et al. 2014). In both M 33 and M 51, the scale length in the
outer disk is a factor of two smaller than that of the inner disk. Similar to our
observations in M 101, Mulcahy et al. (2014) find that the scale length in the outer
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Figure 3.12 – Azimuthally-averaged intensity profile of M 101 estimated using the radio
continuum images.

Table 3.5 – Exponential scale lengths of the inner and the outer disk of M 101.

Frequency (MHz) lR<10 kpc (kpc) lR>12.5 kpc (kpc)
146 18.1± 2.2 16.4± 0.5
355 18.1± 2.7 17.9± 0.7
1400 13.1± 0.8 10.6± 0.3
2270 12.4± 1.1 13.4± 0.1
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disk of M 51 increases at lower frequencies. This observed change in slope of the
radial profile with wavelength is consistent with the idea that low energy cosmic
ray electrons have longer lifetime and hence can propagate to larger galactic radii
causing a steepening of scale lengths at low frequencies.

3.9 Equipartition magnetic field strength

Non-thermal radio continuum emission, in combination with the non-thermal
spectral index, can be used to estimate the distribution of total magnetic field
strength assuming energy equipartition between the energy densities of cosmic
ray electrons and magnetic field in the interstellar medium. Assuming energy
equipartition, the total magnetic field strength in the plane of the sky (Btot,⊥) is
proportional to the synchrotron intensity (Isync) as

Btot,⊥ ∝ I1/(3+α)sync . (3.9)

For a full derivation of the equipartition relation, we refer the reader to Beck
& Krause (2005) and for the full equation relating Btot,⊥ to Isync, see equation 3
in Beck & Krause (2005). In addition to the radio continuum and spectral index
maps, further assumptions like the path length through the synchrotron emitting
media and the ratio of proton-to-electron number density are needed to compute
the equipartition magnetic field strength using equation 3.9.

Assuming that the ratio of proton-to-electron number densities is 100 (Bell
1978) and path length through the synchrotron emitting media is about 1 kpc, we
computed the equipartition magnetic field strength using the thermal emission
subtracted 355 MHz radio continuum and the 355 – 1400 MHz non-thermal
spectral index map presented in sections 3.7 and 3.8 on a pixel-by-pixel basis.
Since the equipartition relation from Beck & Krause (2005) diverges for spectral
indices shallower than 0.54, we have masked out all the pixels with αnth ≤ 0.54.
We have also masked out the background radio source that is located to the NE
of the nucleus of M 101. Varying the spectral index values by about 10% results
in less than 5% change in the estimated value of the total equipartition magnetic
field strength. Similarly, we also notice that a factor of two variation in the value
of the proton-to-electron ratio and the pathlength results in less than 20% change
in Btot.

Figure 3.13 shows the distribution of equipartition magnetic field strength in
the disk of M 101 and the azimuthally-averaged Btot,⊥ as a function of radius.
From Figure 3.13, we find that a peak magnetic field strength of about 15 µG
is seen in the inner kpc and this decreases to about 8 − 9 µG in the periphery
of the disk. We find that the mean magnetic field strength throughout the disk
is about 10.5 µG and the interarm regions show relatively weak fields of about
7− 9 µG. We also see that the eastern half of the galaxy has stronger magnetic
field strength than the western half.

The distribution of equipartition magnetic field strength in M 101 shows a
remarkable asymmetry between the south-eastern and the north-western halves
of the galactic disk. A histogram representation of the observed asymmetric
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distribution of the equipartition magnetic field strengths in the north-eastern and
the south-western parts of M 101 is shown in Fig 3.14. Similar asymmetry is also
visible in the total intensity continuum images (Fig 3.4) and in the non-thermal
spectral index distribution (especially in the right panel of Fig 3.9), although the
asymmetry is most pronounced in the distribution of the magnetic field strengths.
While the neutral hydrogen in the disk of M 101 does not exhibit an asymmetric
distribution, the presence of the H I HVC (see section 3.5) is certainly dominant
on the eastern side.

As mentioned earlier in section 3.5, the high-velocity gas complex is either
gas that is being accreted onto the disk of M 101 (Van der Hulst & Sancisi
1988) or it is a byproduct of a past interaction (Combes 1991). Irrespective of
its origin, the interaction between the HVC and the underlying spiral arm can
compress both gas and the magnetic field lines in the disk resulting in the observed
asymmetric distribution. Further evidence for compression can be seen along the
eastern spiral arm in the form of a steep edge along the entire length of that arm
(see Fig 3.4). Enhancement in mean magnetic field strength due to compression
by a number of factors like spiral density waves and ram pressure have been
observed in a number of nearby spiral galaxies (see for example Vollmer et al.
2007; Weżgowiec et al. 2007; Fletcher et al. 2011; Weżgowiec et al. 2012; Vollmer
et al. 2013). Furthermore, star formation can be enhanced in the ISM that is
compressed by environmental effects like interaction and ram pressure stripping
(Moore et al. 1996). Using optical spectroscopy, Hu et al. (2018) showed that
the mean age of the stellar population along the eastern arm in M 101 is about
1 – 2 Myr (also see Lin et al. 2013) which is also consistent with the expected
interaction timescale.

A natural consequence of compression of magnetic field lines is that the regions
influenced by compression will have a higher degree of polarization (or fractional
polarization) compared to the rest of the disk (see for example Laing 1980). We
recently procured broadband radio polarimetry data in the L- and S-band using
the Very Large Array (VLA) which will be the subject of a future work. A map
of the degree of polarization in M 101 using this new dataset will allow us to
confirm if the observed asymmetry in field strengths in the south-eastern part of
M 101 is indeed due to compression by the HVC.

An additional factor that could be contributing to the asymmetric distribution
of the magnetic field strength is the rotational velocity of M 101. The rotational
velocity of M 101 is known to be asymmetric about its major axis in H I.
The H I rotation curve derived by Kamphuis (1993) show that the rotational
velocity in the approaching side (eastern side) of the galaxy is higher by about
80 km/s compared to the receding side (western side). According to the theory
of galactic dynamos, the mean magnetic field in late-type galaxies are amplified
and maintained through the combined action of helical turbulence and differential
rotation by a process known as the α − Ω dynamo (see Widrow 2002, and
references therein). Observationally, Tabatabaei et al. (2016) find a correlation
between the equipartition magnetic field strength and the rotational velocity in a
sample of nearby non-interacting, non-cluster galaxies. This correlation implies
that galaxies with higher rotational velocities posses stronger field strengths. It
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Figure 3.14 – Histogram representation of the equipartition magnetic field strengths in the
north-western (NW) and the south-eastern (SE) parts of M 101.

is likely that the magnetic field lines in the eastern and the western parts of
the galaxy experience difference factors of amplification. However, asymmetric
rotation profiles in spiral galaxies are short-lived and galaxy rotation tends to
stabilise within few rotations (∼ 1 Gyr) in the absence of external factors. It is
unclear if the dynamo mechanism in the eastern half of M 101 is strong enough
to produce significant amplification within such a short period of time.

3.10 Summary and conclusions

In this chapter, we have carried out resolved, sensitive radio continuum obser-
vations of the nearby spiral galaxy M 101 using the WSRT and LOFAR radio
telescopes. The high resolution and sensitivity of our radio images allowed us to
study the synchrotron emitting disk of M 101 in the frequency range spanning
from 146 MHz to 2270 MHz. The radio continuum morphology of M 101 is
similar to the GALEX NUV morphology of M 101 implying that radio continuum
is a good tracer of star formation. Using our high resolution radio continuum
images, we demonstrate that the integrated flux densities of M 101 reported in
the literature are all biased by confusion due to background radio sources. After
careful removal of the background radio sources from our new maps, we show
that the integrated radio spectrum of M 101 shows spectral flattening towards
low radio frequencies which we attribute to free-free absorption.

We see a steep gradient along the eastern arm of M 101 in all four radio images.
Comparing our radio images with new H I neutral hydrogen column density map,
we find that the steep gradient seen in radio is coincident with a 108 M� high-
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velocity gas complex. The steep gradient in radio continuum is consistent with
the picture suggested in the literature where the high-velocity complex is either
being accreted on to the disk or produced by a recent interaction between M 101
and its companion NGC 5477.

We find that the slope of the radial brightness distribution changes at a radius
of about 11 kpc and most strongly so at the two low frequencies. The outer
slope at the low frequencies is steeper than at the high frequencies, including a
dominance of old electrons in the outer parts.

Using Hα and Spitzer 24µm data, we estimated the thermal contribution to
the observed radio continuum emission from M 101. At 146 and 355 MHz, we
find that the estimated thermal fraction is less than 1%. At 1.4 and 2.27 GHz,
we find thermal fractions of up to 40% towards giant H II complexes. The overall
thermal fraction in M 101 is consistent with thermal fractions observed in other
nearby spiral galaxies like NGC 5055.

The radial profile of the azimuthally averaged non-thermal spectral index
distribution in M 101 shows spectral steepening with increasing radii between
146 – 355 MHz and between 355 – 1400 MHz. This radial steepening of non-
thermal spectral index implies that the relativistic cosmic ray electrons lose
energy as they propagate away from their sites of acceleration. We also notice
that the radial profile for the spectral index distribution between 146 MHz and
355 MHz is systematically flatter than the radial profile for the spectral index
between 355 MHz and 1400 MHz. This is most probably caused by free-free
absorption of synchrotron radiation by the cool ionised gas and the optically
thick H II regions distributed throughout the disk of M 101.

Assuming energy equipartition, we find that the galaxy-wide mean magnetic
field strength is 10.3 ± 1.5 µG. We also find that the magnetic field strength
decreases by about 40 − 50% between the inner kpc and the periphery of the
disk. A similar contrast is also seen between the spiral arms and the inter-arm
regions. The distribution of equipartition magnetic field strength in M 101 is
asymmetric such that the south-eastern side of the galactic disk exhibits enhanced
field strengths compared to the north-western side. The observed asymmetry
could be caused by compression of magnetic field lines in the eastern part of
the galaxy due to an infalling high-velocity gas complex. Wideband polarimetric
observations combined with a better kinematic model for M 101 is required to
gain a better picture of how star formation and magnetic field are affected by the
high-velocity gas complex.


