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ABSTRACT

We study the resolved radio continuum spectral energy distribution of the dwarf irregular
galaxy, NGC 1569, on a beam-by-beam basis to isolate and study its spatially resolved
radio emission characteristics. Utilizing high-quality NRAO Karl G. Jansky Very Large Array
observations that densely sample the 1-34 GHz frequency range, we adopt a Bayesian fitting
procedure, where we use H o emission that has not been corrected for extinction as a prior, to
produce maps of how the separated thermal emission, non-thermal emission, and non-thermal
spectral index vary across NGC 1569’s main disc. We find a higher thermal fraction at 1 GHz
than is found in spiral galaxies (261@ per cent) and find an average non-thermal spectral index
o = —0.53 £ 0.02, suggesting that a young population of cosmic ray electrons is responsible
for the observed non-thermal emission. By comparing our recovered map of the thermal radio
emission with literature H o maps, we estimate the total reddening along the line of sight to
NGC 1569 to be E(B — V) = 0.49 £ 0.05, which is in good agreement with other literature
measurements. Spatial variations in the reddening indicate that a significant portion of the
total reddening is due to internal extinction within NGC 1569.

Key words: methods: data analysis — techniques: interferometric — cosmic rays — H i regions —
ISM: magnetic fields —radio continuum: galaxies.

and is much brighter and more accessible at ~ GHz frequencies. Yet

1 INTRODUCTION its relationship to star formation is far more complicated than ther-

Radio continuum emission from normal galaxies is made up of two
key emission processes that are both closely related to recent star
formation (Condon 1992). Thermal (free—free) radio emission, orig-
inating from Hu regions that have been ionized by massive stars
(=8M(), has been shown to be a direct tracer of instantaneous
star formation that holds across many different galaxy types (Mur-
phy et al. 2012; Tabatabaei et al. 2017). Although thermal radio
emission is an ideal, extinction-free tracer of star formation (Mur-
phy et al. 2011), it is intrinsically faint, limited by its brightness
temperature of typically 10* K and is overwhelmed at frequencies
<30 GHz by non-thermal (synchrotron) radio emission, and at fre-
quencies >200 GHz by the thermal re-radiation of stellar light by
dust. The synchrotron emission originates from relativistic cos-
mic ray electrons (CRe) that have been accelerated in supernova
shock fronts (Axford, Leer & Skadron 1977; Krymskii 1977; Bell
1978a,b; Blandford & Ostriker 1978; Drury 1983; Reynolds 2008)
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mal radio emission, as CRe acceleration, diffusion (where the CRe
experience losses, mainly due to interactions with magnetic fields
in the ISM or inverse Compton scattering), and escape determine
the observed non-thermal radio emission characteristics. This is re-
flected in the radio—FIR ‘conspiracy’ (Bell 2003; Lacki, Thompson
& Quataert 2010) and the non-linear nature of the SFR—non-thermal
radio relation (Condon & Yin 1990; Heesen et al. 2014; Tabatabaei
et al. 2017). Despite the complexity of the radio emission from
star-forming galaxies, several calibrations for the SFR-radio rela-
tion exist in the literature, both empirical (Bell 2003; Murphy et al.
2011; Heesen et al. 2014; Tabatabaei et al. 2017) and theoretical
(Condon 1992; Schober, Schleicher & Klessen 2017).

Regardless of which emission mechanism is studied, both emis-
sion components need to be separated, and their associated uncer-
tainties measured, before any analysis of them can take place. The
ideal separation procedure involves taking radio observations that
fully sample radio frequency space, and fitting the thermal and non-
thermal components simultaneously. In practice however, only a
few (two to three) radio frequencies are available, which results in
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large degeneracies between the fitted thermal and non-thermal com-
ponents (Niklas, Klein & Wielebinski 1997). Furthermore, standard
x? fitting procedures may underestimate the true uncertainties asso-
ciated with the separation (Condon 1992). To counter this problem,
authors tend to use extinction-corrected H o emission maps as a
proxy for the thermal radio emission (e.g. Heesen et al. 2014), and
subtract this contribution to isolate the non-thermal emission. Al-
though this method significantly reduces the degeneracy between
the two components, the corrections for galactic foreground and in-
ternal absorption can be highly uncertain (Basu et al. 2017), and are
not normally properly accounted for in the rest of the analysis. As
shown by Tabatabaei et al. (2017), a Bayesian methodology can be
used to reliably estimate the uncertainties associated with the sepa-
ration. Furthermore, this approach also allows prior information to
be incorporated to reduce the fit degeneracies (Sharma 2017). This
motivated us to develop a Bayesian methodology that uses the H o
emission as a prior, to separate the thermal and non-thermal radio
emission components in a galaxy on a beam-by-beam basis.

To test our fitting procedure, we studied the dwarf irregular galaxy
NGC 1569 (Fig. 1; see Table 1 for a summary of its key prop-
erties). NGC 1569 has recently undergone a starburst phase, with
analysis of its super star clusters (Hunter et al. 2000) and colour—
magnitude diagrams (Angeretti et al. 2005; McQuinn et al. 2010)
indicating that the starburst phase started ~100 Myr ago and fin-
ished ~10 Myr ago. Observations of the turbulent gas kinematics
found in H1 observations (Johnson et al. 2012) and evidence for
galactic outflows found in Ho (Waller 1991), H1 (Johnson et al.
2012), radio continuum (Lisenfeld et al. 2004), and X-ray (Martin,
Kobulnicky & Heckman 2002) observations provide further evi-
dence for this recent starburst phase. Large-scale H1 observations
of the sky surrounding NGC 1569 indicate that an interaction with
the dwarf irregular galaxy UGCA 92 is the possible cause of the
recent starburst (Johnson 2013). Although the starburst phase has
finished, the current star formation rate within NGC 1569 is still
high compared to its lifetime average (see fig. 8 in McQuinn et al.
2012), and is higher than that normally found for dwarf galaxies
(~0.01 Mg yr™'; Hunter & Elmegreen 2004; Hunter et al. 2012).
These properties make NGC 1569 an ideal candidate to test separa-
tion methods for three main reasons.

(i) It is nearby, bright and well studied in many wavelength
regimes. There is a great deal of ancillary data, which the recovered
results can be compared against.

(i1) As most of the recent star formation occurred in a single burst,
there is only one CRe population that is currently producing the
majority of the observed non-thermal radio emission. Furthermore,
as NGC 1569 is small, few CRe will experience spectral ageing
before escaping the main disc into the halo (Israel & de Bruyn
1988; Kepley et al. 2010). This is a simpler problem than in a
larger spiral galaxy where CRe population mixing and ageing make
separating the non-thermal component more challenging.

(iii) The current star formation rate is high; the thermal radio
emission is also bright and much easier to detect and isolate.

The paper is structured as follows; in Section 2, we describe our
observations, data reduction, imaging method, and we discuss the
impact that missing flux from short spacing has on our results; in
Section 3 we describe our fitting procedure; in Section 4 we describe
the results retrieved from our fitting procedure; in Section 5 we
estimate the reddening along the line of sight to NGC 1569 and
derive equipartition magnetic field strengths. Finally, we present
our conclusions in Section 6.
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2 OBSERVATIONS AND DATA REDUCTION

We observed NGC 1569 with the NRAO! Karl G. Jansky Very Large
Array (VLA) at 1.5, 3.0, 5.0, and 9.0 GHz over a 3 yr period (see
Hindson et al., in preparation for further details). The 33.8 GHz
observation was retrieved from the VLA archive (project code 11B-
078) and reduced in the same manner as the other data sets (see
below). A summary of observations is presented in Table 2.

Each VLA observation follows the same observing strategy: start-
ing with a scan of the primary flux calibrator followed by alternating
scans of NGC 1569 and the complex gain calibrator, J0449+6332.
The observing runs then finished with an additional scan of the pri-
mary flux calibrator. For the majority of observations, 3C138 was
used as primary flux calibrator, but for the 5 and 33.8 GHz obser-
vations, 3C147 was used instead. In all presented observations, the
primary flux calibrator was also used to calibrate the bandpass for
each observed spectral window.

Before carrying out any calibration, several flagging procedures
were employed to remove as much contaminating radio frequency
interference (RFI) as possible. For each data set, we started with
a run of the Common Astronomy Software Applications (CASA;
McMullin et al. 2007) flagger in TFcrRoP mode to initially remove
any obvious RFI in the uncalibrated data. We then carried out an
initial phase calibration, selecting channels that were determined
to be free of RFI. We used these phase solutions to determine and
apply a preliminary bandpass to the data. We then employed the
casa flagger in RFLAG mode on this bandpass-corrected data to re-
move any additional RFI that the earlier flagging procedure may
have missed. Finally, we flagged the first and last five channels at
the beginning and end of each spectral window to reduce the noise
contribution from the edges of the bandpasses. We took the flag
tables resulting from this procedure and applied them to the origi-
nal data set as a starting point for calibration. This flagging method
proved effective at removing the majority of RFI in lower frequency
observations (<5 GHz), where RFI becomes a more prominent
issue.

We then calibrated each data set independently following stan-
dard calibration procedures in casa. After finding and applying
initial antenna gain solutions, we then visually inspected the data
to manually remove any RFI that had not been flagged in our
initial flagging attempts. Each data set was then phase only self-
calibrated to convergence using a model consisting of the clean
components obtained by incrementally imaging the data. We then
finished with a final round of amplitude and phase self-calibration.
In all self-calibration iterations, we placed additional outlier fields
on any bright sources that were present within the VLA primary
beam.

Once the data sets were calibrated, we checked our flux scale
by comparing preliminary maps from our VLA observations with
other maps available in the literature. We checked our 1.5, 3.0, and
5.0 GHz calibrations by comparing the integrated flux densities of
several unresolved sources that are not related to NGC 1569 with
those found in lower resolution maps from the Westerbork Syn-
thesis Radio Telescope (WSRT; published in Kepley et al. 2010).
We find that our flux scale is consistent with the literature at these
frequencies to within 10 per cent. At higher frequencies however,
the smaller primary beam greatly limits the number of sources we
can compare. To check the flux scale for these observations, we

!'The National Radio Astronomy Observatory is a facility of the National
Science Foundation operated under cooperative agreement by Associated
Universities, Inc.
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Figure 1. Radio maps of NGC 1569 at the frequencies specified in Table 3. The top maps show NGC 1569 at 1.26 GHz, the middle maps at 1.78 GHz, and the
bottom maps at 2.5 GHz. The maps on the left were imaged using the entire uv-range available from the observations in Table 2, and the maps on the right were
imaged using the limited uv-coverage (3.4-30 kA). All maps have been corrected for primary beam attenuation and the units for all maps are in Jy beam~!. All
maps have been stretched to the same log scale to emphasize low surface brightness emission, and all have been convolved to a Gaussian PSF with FWHM

6.3 arcsec (an outline of the beam is shown in the bottom left of each image).

compare the spectral index («; S, o v*) derived using all of our
available observations to those in the literature for some bright,
well-studied compact sources within NGC 1569. For example, for
frequencies in the 1.5-10 GHz range, we derive a spectral index
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of « = —0.54 £ 0.06 for an unresolved supernova remnant (SNR)
located towards the south-east of NGC 1569 (designated NGC1569-
38; Chomiuk & Wilcots 2009). This is in excellent agreement with
spectral indices derived by Greve et al. (2002) and Chomiuk &
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Figure 1. Continued. The top maps show NGC 1569 at 3.5 GHz, the middle maps at 5.0 GHz, and the bottom maps at 7.4 GHz.

Wilcots (2009) who find « = —0.56 &+ 0.03 and —0.58 £ 0.15, re-
spectively. We do not have any additional checks for the 33.8 GHz
flux scale; however, the derived spectral indices for various H 1 re-
gions found in the H & map presented in Hunter & Elmegreen (2004)
have a characteristic flat spectrum (o >~ —0.1), lending confidence
that our flux calibration at 33.8 GHz is also correct.
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2.1 Imaging

All of the presented observations are affected by the lack of short
baselines, which is to be expected from the array configurations
used in the observations and the apparent size of NGC 1569 (see
Table 1). We discuss how this affects the observed spectral indices
in Section 2.3.

MNRAS 475, 5116-5132 (2018)
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Figure 1. Continued. The top maps show NGC 1569 at 8.5 GHz, the middle maps at 9.5 GHz, and the bottom maps at 33.8 GHz. We have blanked emission
where the primary beam falls to 20 per cent of its peak value. This mainly affects the 33.8 GHz map, where the emission is confined to a circle.

To ensure that our derived spectral indices are as accurate as
possible, it is critical to ensure that each map used in our analysis is
sensitive to the same spatial scales. As interferometers sample the
Fourier transform of the sky intensity distribution (the uv-plane),
we can ensure that we are sensitive to similar spatial scales by only
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using samples within a particular region of the uv-plane to obtain an
image. The uv-range is defined as the inner and outer edges (usually
measured in wavelengths) of an annulus, centred on the origin of the
uv-plane, where samples inside the annulus are used for imaging.
In this paper, we limit our analysis to the uv-range 3.4-30kA as



Table 1. Key NGC 1569 properties.

Property Value Reference
012000 04 3049.0 -
812000 +64 50 53 -
Galaxy type IBm 1
Distance 3.4 Mpc 2
SFRy, (distance scaled) 0.59 Mg yr’1 3
Angular size (major axis) 4.68 arcmin 4
Angular size (minor axis) 2.15 arcmin 4
Position angle 118° 4
Inclination 63° 4

Reference list: 1: de Vaucouleurs et al. (1991), 2: Lelli, Ver-
heijen & Fraternali (2014),
3: Hunter & Elmegreen (2004), 4: Jarrett et al. (2003).

this range is well sampled by all our observations. The drawback to
limiting the uv-range is that we resolve out a large fraction of the
extended emission associated with NGC 1569, greatly limiting our
analysis of diffuse emission on scales greater than ~30 arcsec.

As NGC 1569 is bright, we are able to split the observed band-
width into two equal halves for the 1.5, 3.0, 5.0, and 9.0 GHz obser-
vations. By doing this, we almost double our available data points,
allowing for a more reliable analysis of NGC 1569’s resolved spec-
tral properties. We do not split the 33.8 GHz observations as the
thermal emission that this waveband is primarily tracing is faint
and the receivers are inherently more noisy than those at lower
frequencies. By averaging over the entire 33.8 GHz bandwidth, we
maximize our sensitivity in this waveband.

We used multi-scale multi-frequency cleaning (Rau & Cornwell
2011) to produce our final maps for analysis, ‘cleaning’ at scales
equal to the synthesized beam, twice the synthesized beam and five
times the synthesized beam with a Briggs robust parameter of 0.5.
We additionally apply a circular Gaussian taper whilst imaging to
ensure that the final synthesized beams for all maps are as similar
as possible. We present the taper parameters in Table 3. Whilst
cleaning the 1.5 and 3.0 GHz data, we placed an outlier field on
the bright background source, NVSS J042932+645627, to account
for its contaminating sidelobes. There was no need to do this for
any other background sources as they were sufficiently faint. This
was only an issue in these wavebands as this source fell outside
the primary beam in the higher frequency observations. Once we
imaged all our data, we corrected the maps for the primary beam
using the casa task PBCORR and then convolved all maps to acommon
resolution. The convolution was carried out using the casa task
IMSMOOTH Wwith the TARGETRES parameter set to True. This uses the
clean beam parameters from a given map to determine a convolving
kernel that will result in a desired Gaussian point spread function
(PSF). We convolved all maps to a circular Gaussian PSF with
full width at half-maximum (FWHM) 6.3 arcsec (corresponding
to a linear resolution of 98 pc at 3.4 Mpc). Finally, we regridded

Table 2. Summary of VLA observations.

Resolved spectral index study of NGC 1569 5121

Table 3. Noise measurements for the maps used in our analysis. All maps
have been convolved to a common resolution of 6.3 arcsec.

Band Central frequency rms noise Taper radius
(GHz) (Wybeam™!) (k)
L 1.26 56 32
L 1.78 65 20.5
S 2.50 71 21.5
S 3.50 77 29
C 5.00 40 19
C 7.40 45 21
X 8.50 45 31
X 9.50 43 33
Ka 33.80 55 22

all maps to the lowest resolution map. The final radio maps are
presented in Fig. 1, and the off-source noise levels for each final
map are presented in Table 3.

2.2 Additional maps

In addition to the discussed radio continuum maps, we use maps
of Ho emission from Hunter & Elmegreen (2004, see also LIT-
TLETHINGS; Hunter et al. 2012) as a prior on the thermal emission
component. We apply the equations from Deeg et al. (1997) to con-
vert from H o flux to thermal radio continuum flux at 1 GHz. In the
conversion, we assume an electron temperature of 10* K (Deeg et al.
1997). It should be noted that this value can vary significantly, as
shown in studies of a large sample of galactic H 11 regions (Hindson
et al. 2016). Furthermore, Nicholls et al. (2014) find that an elec-
tron temperature of 1.4 x 10* K is more appropriate in metal-poor
dwarf galaxies. As the derived thermal emission weakly depends
upon electron temperature (Fry oc 72**), we do not expect that the
assumed electron temperature will significantly affect our results.
From Hunter & Elmegreen (2004), we assume a 20 per cent sys-
tematic uncertainty in the Ha flux scale, which we combine in
quadrature with the uncertainty associated with the H« isolation
method (20 per cent; Vilella-Rojo et al. 2015), the uncertainty on
the Nu contribution (1 percent), and the photometric uncertainty
from the map itself. We do not apply any corrections for galactic
foreground or internal extinction at this stage.

As the H « emission results from the recombination of electrons
with protons that have been ionized by Lyman continuum emis-
sion originating from massive stars, it is effectively cospatial with
the thermal radio emission that originates from the ionized plasma
surrounding said massive stars. In other words, the Ho emission
effectively has the same spatial distribution as the thermal radio
emission. We can therefore create a thermal model that is compati-
ble with the interferometric observations by simulating the corrected
H o map as a radio image with the casa task siMOBSERVE. We ‘clean’
the simulated data set with an identical method to that discussed

Frequency Project code Band Array configuration Bandwidth Observation date Time on source
(GHz) (MHz) (dd/mm/yyyy) (min)

1.5 14B-259 L B 1024 10/02/2015 27

3.0 14B-259 S B 2024 10/02/2015 24

5.0 12A-234 C C 2048 16/03/2012 35

9.0 14B-259 X C 2024 16/10/2014 15

33.8 11B-078 Ka D 2048 18/12/2011 81

Downl oaded from https://academ c. oup. com mras/articl e-abstract/475/4/5116/ 4801202 MNRAS 475’ 5116-5132 (2018)

by University of Hertfordshire user
on 07 June 2018



5122  J. Westcott et al.

0.001200

53'00.0"

0.000600

0.000300

52'00.0"
i 0.000130

0.001200

0.000600

0.000300

0.000130

§ P 0.000050 = § 0.000050 <
Q 51'00.0" g = 51'00.0" g
= 5 Q = Q
9 3 o 3
(7] 0.000015 | [ 0.000015 |
a o0 =
50'00.0" 0.000000 50'00.0" 0.000000
~0.000006 ~0.000006
+64°49'00.0" +64°49'00.0"

—0.000008

S S S S NS S S NUR SURRR R W ) (000010
10.00s 31m00.00s 50.00s 40.00s  4h30m30.00s

RA (J2000)
()

—0.000008

-0.000010

[, i ’ o’ ’
10.00s 31m00.00s  50.00s 40.00s  4h30m30.00s

RA (j2000)
(b)

Figure 2. Models of NGC 1569’s thermal emission. Panel (a) presents the thermal emission model derived by directly applying the equations in Deeg, Duric &
Brinks (1997) to the Ho map from Hunter & Elmegreen (2004). Panel (b) presents our developed model for the thermal emission, as discussed in Section 2.2.
Both maps have been convolved to a Gaussian PSF with FWHM 6.3 arcsec. Some key differences between these maps include that a large portion of the
extended emission from panel (a) is resolved out in panel (b) and also the emergence of low-level artefacts from the interferometric imaging procedure.

in Section 2.1 and present the developed thermal model in Fig. 2.
This resulting model is sensitive to the same spatial scales as the
interferometric observations; however, it still suffers greatly from
the effects of extinction. We therefore use the measurements of the
thermal emission from these maps as a lower limit in our fitting
routine, which we describe in Section 3.3.

2.3 The effects of missing flux

Care must be taken when analysing any data from high-resolution
interferometric observations as the resulting maps may suffer from
problems due to the lack of short baselines in the interferometer
array. These problems arise when there is considerable large-scale
emission that is resolved out by the interferometer, and manifests it-
self as a negative artefact centred on the source (commonly known as
a ‘clean bowl’). As radio sources typically have different structures
in different frequency regimes (e.g. a halo surrounding a galaxy
will appear much brighter and more extended at lower frequency
observations than higher frequency ones), it is unlikely that the
magnitude and shape of the negative artefacts will be the same at all
observed frequencies. Additionally, the interferometer has different
responses at different frequencies (e.g. the sampling of the uv-plane
will never be identical in any two radio observations at different fre-
quencies), which could further influence measured spectral indices.
The combination of these two effects could jeopardize any efforts
to measure spectral indices on a resolved basis. As the presented
observations of NGC 1569 do suffer from these effects (see Fig. 1),
it is necessary to explore how our measured spectral indices may be
affected by the interferometric nature of the observations and our
chosen imaging procedure.

To test how our measured spectral indices may be affected, we
first constructed models of NGC 1569 at the frequencies presented
in Table 3. The models consist of three distinct components, a large-
scale halo with a steep spectral index (¢ = —0.7), a more compact
main disc component with a flatter spectral index (¢ = —0.3),
and a set of high-resolution emission components consisting of a
collection of unresolved SNRs (¢ = —0.5; Green 2014) and Hu

regions (¢« = —0.1; Condon 1992). We model NGC 1569’s large-
scale halo by deconvolving the 1.5 GHz WSRT map from Kepley
et al. (2010) and isolate the large-scale emission using the casa
task pEcoNvoLVE. To model the main disc component, we image our
1.5 GHz observations with the entire available uv-range (1-50 k1)
and use the clean components that do not correspond to unresolved
sources as our disc model. Finally, we take the unresolved sources
removed whilst creating the model of the main disc and assign them
as either SNR or H1 regions as identified in the literature (Waller
1991; Chomiuk & Wilcots 2009). The final maps are constructed by
scaling and summing these model components at the frequencies
in Table 3. We show the 1.25 GHz model in Fig. 3(a). Although
these single-component spectral index models are a simplification
of reality, analysing them should identify regions where our spectral
index analysis may break down.

We then simulate observations of our model galaxy with the
CASA task SIMOBSERVE, using the observing parameters presented in
Table 2. We imaged the simulated data sets with the same imaging
parameters as detailed in Section 2.1 to produce maps that are
comparable to those observed. To measure the resolved spectral
indices, we assemble the imaged maps into a data cube. For each
pixel in the data cube, we fit a power law by least-squares to measure
the resolved spectral index. For comparison purposes, we carry
out the same fitting routine for the unsimulated models, which we
convolve and regrid to the same resolution.

Fig. 3(b) shows how the recovered spectral indices differ from
the input model on a pixel-by-pixel basis. We can see that the spec-
tral index for the bright unresolved sources within NGC 1569 is
unchanged and that the spectral index for resolved sections tends to
be slightly flatter than the model. The flattening is most pronounced
towards the edges of the mask, as this is where the fainter emission
begins to compete with the surrounding negative ‘clean bowl’. On
the other hand, the north-west corner of NGC 1569 appears to be
slightly steepened, which is likely an artefact from the ‘spur’ to-
wards the west of the galaxy. The largest deviation is a flattening
of Aa = 0.1; however, this only is the case for a couple of pixels.
In general, it is much smaller with the average deviation being a
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Figure 3. Panel (a) shows the 1.25 GHz model of the radio emission, convolved to a Gaussian with 6.3 arcsec FWHM. This model consists of a large-scale halo
component, a more compact main disc component, and some unresolved components within the main disc. Panel (b) presents the residuals after subtracting
the total spectral indices recovered from our simulated images from the assumed model. Positive deviations indicate that the total spectral index is flattened
whereas negative deviations indicate that the total spectral index is steepened.

flattening of the order of A« &~ 0.03. As we carry out fitting pro-
cedure on a beam-by-beam basis, we are averaging over the few
‘extreme’ pixels towards the edge of the mask, which will mitigate
their effect on the measured spectral index.

Although in general the difference in spectral index is small, there
is considerably more scatter in the 1-10 GHz range. This scatter is
due to the interferometer having different responses at different
frequencies, primarily due to the different ways the uv-plane is
sampled.

The flattening tendency can be understood as follows. Although
we are resolving out the significant large-scale emission from
NGC 1569, it is distributed over a large area. On a beam-by-beam
basis, this large-scale component contributes little to the detected
bright emission from the main disc. As the large-scale halo emission
has a steep spectral index, the contribution from the halo would be
larger in lower frequency observations than in higher frequencies.
When the large-scale emission is resolved out, it corresponds to
a larger subtraction of emission in the maps at lower frequencies,
resulting in flattening. As the flattening is small across NGC 1569’s
main disc, it is bright enough such that the missing flux from short
spacings does not affect the recovered main disc spectral indices
significantly.

This exercise indicates that the systematic errors introduced by
missing flux from short baselines and our chosen imaging scheme
are small (o, ~ 0.03) when compared with the uncertainties from
our fitting procedure (see Fig. 4). As we have a wide enough
frequency coverage and the parts of NGC 1569 we are spatially
sensitive to are bright enough, we can reliably carry out a re-
solved spectral index analysis on our presented high-resolution
observations.

3 METHODOLOGY

In this section, we discuss the rationale for using a Bayesian method-
ology to separate the thermal and non-thermal radio emission com-
ponents, the model that we have chosen to fit, and the general fitting
procedure. VanderPlas (2014) provides a useful reference on the

implementation of Bayesian fitting methods and Hogg, Bovy &
Lang (2010) is a useful document describing the merits of using a
Bayesian methodology.

3.1 Why a Bayesian method?
In the general case, Bayes’ theorem is written as

P@|D) = P(D|0)P(0)’

P D) ey

where 6 is a vector describing a set of model parameters and D
is a vector representing a set of data points. For the purpose of
parameter estimation with a single underlying model, equation (1)
can be simplified to

P(0|D) o P (D|0) P (9), @)

where P (0|D) represents the posterior probability distribution,
P (D10) represents the model likelihood, and P(@) represents the
prior probability distribution.

Equation (2) illustrates two key advantages of using a Bayesian
Markov chain Monte Carlo (MCMC) fitting procedure over more
classical model fitting methods. By using an MCMC approach, a
large range of parameter space can be efficiently probed, leading
to a statistically robust approximation to the posterior probability
distribution. From which, probability distributions for each of the
parameters of interest can be retrieved by marginalizing over all
other model parameters. Secondly, prior information can be easily
included to further constrain fitted parameters.

Both of these benefits should be taken advantage of when at-
tempting to decompose a given radio continuum spectral energy
distribution (SED) into its thermal and non-thermal emission com-
ponents. As this type of problem is typically degenerate (Niklas
et al. 1997; Callingham et al. 2015; Tabatabaei et al. 2017), clas-
sical x? fitting methods may underestimate the true uncertainties
associated with the separation (Condon 1992). The marginalized
posteriors from the Bayesian approach in this case better reflect the
uncertainties associated with the separation process. Furthermore,
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Figure 4. An example fit from the procedure outlined in Section 3.3. The left figure presents an example SED for a hexagonal pixel. The black data points
show the measurements from the data cube; the red point is the lower limit as measured from the thermal model, and the black line represents the best fit to the
data. The uncertainties on the flux density measurements are comparable to the size to the black data points. We additionally plot 250 models, drawn randomly
from the posterior probability distributions, where the red lines represent the thermal component and the blue lines represent the non-thermal component. The
figure on the right presents the corner plot associated with this fit, where the dotted lines correspond to the 16th, 50th, and 84th quartiles. For reference, in this

fit A" = 1.097033 mly, B’ = 3.7870-3 mJy, and o« = —0.6271}.

the addition of prior knowledge can help to reduce the degeneracies
between parameters, resulting in better parameter constraints. The
main disadvantage of using a Bayesian approach is the required
computational resources, but this no longer is a significant hurdle
with current technological developments.

3.2 Model definition

As discussed earlier, it is understood that a typical radio continuum
spectrum from a purely star-forming galaxy is made up of two com-
ponents. A thermal component, originating from ionized plasma
surrounding massive stars (H i1 regions), and a non-thermal compo-
nent, originating from CRe that are accelerated in SNR shock fronts
(see Condon 1992 for a review). As shown by Hindson et al. (2016),
H 1 regions can be assumed to be optically thin at frequencies above
1 GHz. Therefore, an expression for the radio continuum spectrum
can be written as

Sv = ST + SNT = AV70'1 + Bv“, (3)

where S, is the measured flux density at frequency v, St is the
thermal flux density, Snr is the non-thermal flux density (both in Jy),
A is the thermal scaling factor, B is the non-thermal scaling factor, v
is frequency, and « is the non-thermal spectral index. Equations of a
similar form to equation (3) can be derived from physical arguments,
assuming that the Hn regions are optically thin in the frequency
range of interest and that no significant losses have occurred (e.g.
Murphy 2009; Lacki et al. 2010; Schober et al. 2017). In equation
(3), it is implicitly assumed that there is a single CRe population
producing the non-thermal emission. This is a valid assumption to
make for NGC 1569 as the majority of the synchrotron emitting CRe
would have been accelerated soon after the most recent starburst
phase (Angeretti et al. 2005; McQuinn et al. 2010).

Following Tabatabaei et al. (2017), equation (3) can be
parametrized to avoid dependences of the units of frequency space
as

v —0.1 v o
=a (2) " ew (1) o
Yy v,

where A’ = Av,*!, B’ = B, and v, is a reference frequency.
Throughout this paper, we assume a reference frequency of 1 GHz.
It then follows that the thermal fraction, fr(v,), at the reference

frequency is given by
Sz, A’
S, A +B’
Although this model is simple, it effectively describes the
observed radio emission at mid-radio continuum frequencies
(1-10 GHz; Condon 1992; Tabatabaei et al. 2017). There are sev-
eral additions that could be made to the fitted model. For exam-
ple, if additional lower frequency observations are included, we
could include the effects of free—free or synchrotron self-absorption
(Tingay & de Kool 2003; Callingham et al. 2015; Hindson et al.
2016; Kapiriska et al. 2017). Towards higher frequencies, a break
in the non-thermal spectrum due to spectral ageing and inverse
Compton scattering (Lisenfeld et al. 2004; Harwood et al. 2013;
Heesen et al. 2015) could also be included. Spectral ageing pro-
cesses are typically seen in the radio haloes surrounding normal
galaxies (Lisenfeld & Volk 2000) and, as they are unlikely to be
significant within the disc of a dwarf galaxy, we do not model it
in this current study. Furthermore, a component due to anomalous
microwave emission (AME; Draine & Lazarian 1999; Finkbeiner,
Davis & Schlegel 1999) could be included in the 10-60 GHz fre-
quency range. In the current study, we cannot model this contri-
bution effectively as there is only one data point at 33.8 GHz. We
therefore do not model its contribution in this study, but note that

fT(Vr)) =

&)
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if there is significant AME contamination at 33.8 GHz, this will
result in an overestimate in the recovered thermal component and
our recovered spectral indices will be steeper than the true spectral
indices.

3.3 Model fitting routine

Before we carry out our model fitting routine, we first mask the maps
so that we only consider emission that has a significance greater than
50 in all observed maps. We then regrid these masked maps on to
hexagonal pixels, where each hexagonal pixel has an area that is the
same as the synthesized beam. We carry out this procedure because
this improves our sensitivity, reduces computational time, and also
ensures that each hexagonal pixel is more or less independent from
each other hexagonal pixel. We determine the uncertainty in the
recovered flux density for each hexagon by adding in quadrature a
contribution from the noise (presented in Table 3) with an assumed
5 per cent flux scale uncertainty (Perley & Butler 2017). We finally
construct a data cube out of these hexagonalized maps, with right
ascension on one axis, declination on the second, and frequency on
the third axis.

For each hexagonal pixel in the RA-Dec. plane, we slice through
the data cube to get a series of flux densities as a function of fre-
quency, to which we fit the model detailed in Section 3.2. Assuming
that each map is independent, the flux density uncertainties for each
data point are normally distributed and that the uncertainty in the
frequency that each map is taken at is negligible, we can use a
standard y? objective function to determine the likelihood for a set
of measured flux densities given a set of model parameters (Hogg
et al. 2010). This probability can be written as follows:

H 1 ox —(D, — S,(0))*
= \/2mo? P 202 '

where D, is the flux density for a data point in a given pixel at
frequency v, o, is the measured uncertainty for that flux density,
and S,(0) is the model flux density at frequency v. @ corresponds
to our given parameters, which are A’, B, and « from equation
(4). Equation (6) makes up the first half of the right-hand side of
equation (2).

P (D|0) =

©

3.3.1 Assumed priors

As with any Bayesian analysis, one needs to be very careful about
how priors are defined for the fitted parameters (Gelman 2008). As
this step is somewhat subjective, we will describe the functional
form of the assumed prior probability distributions for each fitted
parameter, and the motivation for these choices in turn.

For the thermal normalization constant, A’, we define an informa-
tive prior that depends upon the thermal emission measured from
the H « thermal model (see Section 2.2; Fig. 2). As the H o emission
is vulnerable to extinction effects, we assume that the thermal emis-
sion measured from these maps is a lower limit for the true thermal
emission. We translate this to a uniform prior with a Gaussian taper
at the lower limit:

(A=) .
exp <(’2“07&“>>, ifA' < u
1, otherwise

G(A', i, ony) = { @)
where w is the thermal emission measured from the thermal model
and oy, is the uncertainty on this measurement. This prior is differ-
ent from a uniform prior thatis usually assumed in the literature (e.g.
Tabatabaei et al. 2017) as it not only restricts values of A" to positive

Resolved spectral index study of NGC 1569 5125

values, which is physically motivated, but also reduces tails in the
posterior probability distribution that stretch to very small A’, which
improves the constraints on the thermal normalization constant (see
Fig. 4).

For the non-thermal normalization constant, B, we adopt a uni-
form prior that cannot be smaller than 0:

HB) 0, ifB’'<0 ®)
- 1, otherwise -

This prior is physically motivated as there is no process that can
produce a completely absorbed non-thermal spectrum in a dwarf
galaxy in the frequency range we are studying. This prior also
removes degeneracies where a large thermal normalization can be
coupled with a negative non-thermal normalization to reproduce the
observed SED.

For the non-thermal spectral index, «, we note that the non-
thermal spectral index for the main discs of star-forming galaxies is
typically @ ~ —0.8 (Condon & Yin 1990) and that the non-thermal
spectral index usually varies between ~ —0.5 and ~ —1.2 due to the
injection spectrum of CRe and also due to synchrotron and inverse
Compton losses (Berkhuijsen 1986; Longair 1994; Tabatabaei et al.
2017). We therefore define a prior on the non-thermal spectral index
corresponding to a broad normal distribution centred on @ = —0.8
with a standard deviation of 0.4 to encompass this range.

For a given set of model parameters, the prior probability is the
multiplication of the values from each prior distribution:

—(a + 0.8)? >

0.32 ®

P(6) x G (A, u,on.) H(B')exp (
It should be noted that equations (7) and (8) are not normalized.
However, normalizing these equations (after assuming an upper
limit) will only contribute a multiplicative factor that will be ab-
sorbed by the constant of proportionality in equation (9). As we are
only considering a single model, it can be left in its current form.

‘We use the pyTHON package, EMCEE (Foreman-Mackey etal. 2013),
to approximate the posterior probability distributions for each of the
fitted parameters. EMCEE makes use of the affine-invariant ensemble
sampler for MCMC presented in Goodman & Weare (2010). We set
up 100 ‘walkers’ and allowed each of them to take 1000 steps in pa-
rameter space. The initial walker positions were randomly selected
from uniform probability distributions. These distributions covered
the range between 0 and twice the flux of the lowest frequency data
point that is being fitted for both A" and B’, and between 0 and —2.2
in . We find this was warranted as the lowest frequency data point
is normally the brightest and it is very unlikely that the recovered
normalizations will be larger than twice its value. We find that the
walkers tended to converge after ~100 steps so we conservatively
‘burn in” after 200 steps, yielding 80 000 samples of the sought pos-
terior probability distributions. In the presented results, we quote the
50th percentile of the samples as the best fit, and the 16th and 84th
percentiles as the 1o deviations. An example fit and corresponding
corner plot are presented in Fig. 4.

We test how our assumed priors influence our fits by re-running
our fitting procedure, assuming only that the thermal and non-
thermal normalization constants must be larger than 0. In general,
the recovered thermal normalization, A’, is slightly larger and the
non-thermal normalization, B', is slightly smaller in the fits as-
suming minimal priors, with the corresponding uncertainties being
similar to the fits with the priors. The recovered spectral indices, o,
are in general steeper in the fits with minimal assumed priors, with
much larger corresponding uncertainties. Within the uncertainties
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Figure 5. Maps of the best-fitting model parameters from the fitting procedure discussed in Section 3.3. Each hexagonal pixel has an area that is the same as
the synthesized beam. Panel (a) presents the recovered thermal contribution in units of Jy, panel (b) presents the recovered non-thermal contribution in units of
Jy, panel (c) presents the recovered non-thermal spectral indices, and panel (d) presents a map of how the thermal fraction varies across the disc.

of the fit parameters, both the run with the minimal priors and the
run with the full priors return the same results, with the constraints
on the recovered spectral index being better with the full priors.

4 RESULTS

In this section, we present the results of the fitting procedure dis-
cussed in Section 3.3. In Fig. 5, we present maps of the variation of
the thermal normalization, the non-thermal normalization, and the
spectral index across NGC 1569’s main disc.

4.1 Integrated properties

We obtain NGC 1569’s integrated properties by summing the flux
density over each of the hexagonal pixels presented in Fig. 5. It
should be noted that these integrated flux measurements should
strictly be treated as lower limits. Due to the interferometric na-
ture of the observations, we are resolving out a large proportion

of the emission associated with NGC 1569 on scales larger than
~30 arcsec (see Section 2.3). However, we do recover the majority
of the flux from the bright regions within NGC 1569’s main disc.
This is illustrated if we compare our maps of the main disc (see
Fig. 1) with Westerbork observations from Kepley et al. (2010),
which are sensitive to large-scale emission. Integrating over the
bright regions that we are sensitive to, we recover ~75 per cent of
the emission at 1.5 GHz, ~70 per cent of the emission at 3 GHz,
75 percent of the emission at 5 GHz, and ~70 percent of the
emission at 8.5 GHz (see Table 4 for a summary).

4.1.1 Integrated thermal emission

As we are typically resolving out 25-30 per cent of the radio emis-
sion from NGC 1569’s main disc, it is useful to compare the inte-
grated results from our Bayesian fitting procedure with the literature,
after attempting to correct for the missing flux component. If we
consider the thermal emission at 1 GHz (see Fig. 5a), our Bayesian

fitting procedure recovers an integrated flux density of 28.172% mJy.
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Table 4. Comparison of integrated flux density measurements from this
study (VLA) and the maps from Kepley et al. (2010, WSRT). Main disc
indicates the integrated flux density over a mask that considers emission
brighter than 50 in the VLA maps (see Fig. 1), and ‘total” indicates the flux
density measured over the entire galaxy (including the halo). All WSRT
measurements were scaled to our observed frequencies assuming a total
spectral index @ = —0.4, and uncertainties were calculated assuming a
5 per cent uncertainty in the flux scale.

Frequency VLA main disc WSRT main disc WSRT total
(GHz) (mJy) (mJy) (mJy)
1.26 122+6 159 £ 8 385£20
2.50 91+£5 124 £6 269 + 14
5.00 80 £4 104 +£5 187+9
8.50 50+3 70+ 4 1307

This is significantly larger than the 8.98 &+ 2.7mly we find by
integrating the thermal model based on H o emission over the same
area (see Fig. 2). This difference indicates that there is significant
extinction along the line of sight to NGC 1569, and is discussed
further in Section 5.1.

It is difficult to correct this value for missing flux, as we do not
know what the relative contributions of the thermal and non-thermal
emission are for the missing component. If we assume that the over-
all thermal fraction within NGC 1569’s main disc does not change
significantly (see below), this measured value is corrected up to
~50mly, which we shall use for comparison with the literature. To
first order, we use the Ho map from Hunter & Elmegreen (2004),
combined with the Spitzer 24 pum from Bendo, Galliano & Mad-
den (2012, applying the corrections from Kennicutt et al. 2009) to
obtain an independent estimate of the total thermal emission over
NGC 1569’s main disc. Assuming a galactic foreground redden-
ing, E(B — V) = 0.56 (Israel 1988), and applying the equations
from Deeg et al. (1997), we determine that there is ~56 mJy ther-
mal radio emission originating from the bright main disc, although
this number is sensitive to the assumed reddening from the galac-
tic foreground. Not only is this reasonably close to our corrected
thermal emission, it is also in good agreement with the ~55 mJy
that is found by extrapolating the 8 GHz observations of compact
H 1 regions by Israel (1980), but it is significantly smaller than the
~80mly at 1 GHz found from resolved fits to the radio SED by
Lisenfeld et al. (2004). This discrepancy could be due to the form
of the non-thermal emission model they fit, which includes a break
towards higher frequencies, and could recover more thermal emis-
sion than the simple power-law model we assume in this study.
This exercise shows that our fitting procedure is returning plausible
values for the thermal component, indicating that our separation
procedure was successful.

For further reference, we obtain an estimate for the upper limit
on the total thermal emission from the main disc by assuming that
all of the resolved-out emission is of thermal origin. This results in
a total main disc thermal emission of ~90 mJy. Although this value
does not rule the value found by Lisenfeld et al. (2004), it is unlikely
that all of the missing flux is of thermal origin as the non-thermal
component is typically more diffuse, and therefore more likely to
be resolved out than the thermal component.

4.1.2 Integrated non-thermal emission

Similarly, if we consider the non-thermal emission at 1 GHz, we

recover an integrated flux density of 81.0737 mJy. Again, it is dif-

ficult to compare this measurement to other literature values, due
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to the different spatial scales that the literature radio observations
are sensitive to. Lisenfeld et al. (2004) obtain ~80 mJy for the non-
thermal emission integrated across the main disc at 1 GHz, which
similar to what we find applying no corrections for missing flux.
This is surprising as we would expect the Lisenfeld et al. (2004)
value to recover more extended emission than ours, as they have
better sensitivity to large-scale emission. This further suggests that
they may be overpredicting the recovered thermal emission within
the main disc.

If we again assume that the thermal fraction remains the same for
the missing flux, we obtain a corrected non-thermal flux density of
~130 mJy, which we shall use for comparison with the literature.
To obtain an independent, first-order estimate for the non-thermal
radio emission, we scale the disc integrated emission at 1.38 GHz
from Kepley et al. (2010) to 1 GHz (see Table 4), assuming an in-
tegrated spectral index, @« = —0.4 (Lisenfeld et al. 2004), to find
~170 mly total radio emission at 1 GHz. We then subtract the ther-
mal emission from the main disc found from the combined H«
and 24 pm measurement to isolate the non-thermal emission, re-
sulting in a main disc non-thermal flux density of ~120 mJy. This
is again reasonably close to what our Bayesian fitting procedure
returns, indicating that our separation procedure is correctly sepa-
rating the thermal and non-thermal components. Again, for further
reference, if we assume that all of the missing flux is of non-thermal
origin, we obtain an upper limit for the non-thermal emission of
~140 mly.

We combine our recovered thermal and non-thermal flux densi-
ties to calculate the integrated thermal fraction recovered from the
presented observations. Using equation (5), we obtain a thermal
fraction of 0.2670:% at 1 GHz. This is much larger than is typically
found for normal spiral galaxies (*0.1; Condon 1992; Tabatabaei
et al. 2017), and more closely reflects the higher thermal fractions
found from the analysis of other dwarf galaxies (Israel 1980; Klein
et al. 1989; Heesen et al. 2011). This conclusion does not change if
we calculate the thermal fraction instead using the estimated upper
and lower limits for the thermal and non-thermal components. The
lower limit for the thermal fraction is ~20 per cent and the upper
limit is ~50 per cent, showing that the thermal fraction is certainly
higher in NGC 1569’s main disc than in normal spiral galaxies.
This fraction is likely to decrease however if we include the large-
scale non-thermal halo surrounding NGC 1569 (Israel & de Bruyn
1988; Kepley et al. 2010). This is because the thermal emission is
concentrated in the main disc, whereas the non-thermal emission
is spread over a large halo surrounding NGC 1569 (Kepley et al.
2010; see Fig. 3a), it is therefore likely that we are resolving out
more non-thermal emission than thermal emission in the present
observations.

Finally, we measure a disc-averaged non-thermal spectral index
of —0.5370:92, This is shallower than typically found in normal
spiral galaxies (¢ ~ —0.8; Condon & Yin 1990) and better reflects
the spectral index of a galactic SNR (o« ~ —0.5; Green 2014). This
suggests that a young CRe population is responsible for the non-
thermal emission that we are detecting within the main disc, and
is justified as it is likely that these CRe were accelerated in the
most recent starburst phase (=50 Myr ago; Angeretti et al. 2005;
McQuinn et al. 2010). It should be stressed that this measured
non-thermal spectral index is strictly correct only on the spatial
scales that the observations are sensitive to. If there is a large-scale
component within the main disc that is primarily comprised of an
older population of CRe, the measured non-thermal spectral index
will be steeper. It is however difficult to estimate the degree of
steepening without observations that are sensitive to larger scale
emission.
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4.2 Resolved properties

NGC 1569’s resolved properties are presented on a hexagon-by-
hexagon basis, ensuring that each individual pixel is relatively in-
dependent from the others.

The recovered thermal emission (Fig. 5a) closely reflects the spa-
tial structure from the prior thermal model (see Fig. 2), with a bright,
compact source towards the north-west of the galaxy and a fainter
source towards the south-east. Both of these sources are spatially
coincident with known H 1 regions detailed in Waller (1991). The
morphology of the recovered thermal emission closely reflects that
recovered by Lisenfeld et al. (2004), who applied a similar separa-
tion procedure but with better sensitivity to larger scale emission.
Within the uncertainty of our fits, we recover the same thermal emis-
sion in the north-west major H 1 region as Lisenfeld et al. (2004),
as the bright north-west source is compact, compared to the more
extended nature of the rest of the disc (see Section 2.3). However,
we recover only roughly half of the emission across the rest of
NGC 1569’s main disc, which could be due to the aforementioned
lack of short baselines or the Lisenfeld et al. (2004) fit potentially
overestimating the thermal radio emission within the main disc.

The recovered non-thermal emission (Fig. 5b) takes on a more
diffuse morphology than the recovered thermal emission. The emis-
sion is concentrated in three peaks: one near, yet offset from the
major peak in the recovered thermal map, a second coincident with
the minor peak in the recovered thermal map, and a third towards
the south-eastern tip of the mask. It is not surprising that two of the
peaks coincide in both the thermal and non-thermal maps, as this
radio emission likely originates from current regions of star forma-
tion. It should be noted that the offset peak is coincident with the
SNR candidate, N1569-17 (Chomiuk & Wilcots 2009). However,
as we are averaging over a relatively large area, it is difficult to
separate the compact source properties from the surrounding inter-
stellar medium (ISM). The peak towards the south-east is spatially
coincident with the well-studied SNR, NGC1569-38 (Chomiuk &
Wilcots 2009), and has no corresponding peak in the recovered ther-
mal maps. Here the fitting procedure has correctly identified that
this source is dominated by non-thermal emission.

Overall, the non-thermal emission is generally brighter than the
thermal emission, which is highlighted in Fig. 5(d). This figure
shows how the thermal fraction varies across NGC 1569’s main disc.
The thermal fraction is highest (=50 per cent) near the current region
of major star formation, towards the west of the main disc. The
thermal fraction then gradually decreases to ~15 per cent towards
the east of the main disc. The peak in the thermal fraction lines
up with the site of ongoing major star formation (see the H o map;
Fig. 2), which is expected as most compact sources identified within
normal galaxies are Hu regions, dominated by thermal emission
(Condon 1992).

The recovered non-thermal spectral indices are generally between
—0.4 and —0.7 across NGC 1569’s main disc. As shown in Fig. 0,
there appears to be a correlation between the recovered thermal
fraction and the recovered spectral indices. This is expected as a
higher thermal fraction indicates that there is recent star formation
occurring, and any CRe that are accelerated would be very young.
However, as the uncertainties on both the recovered spectral index
and thermal fraction are large, we do not detect any significant
variation in the recovered spectral index across the main disc.

The variations in the spectral index as seen in Fig. 5(c) are pos-
sibly due to two different effects. One is the effect that the missing
flux from short spacings has on the recovered spectral indices, which
is discussed in more detail in Section 2.3. This likely explains the
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Figure 6. Plot of the recovered thermal fraction against the recovered spec-
tral index. Each data point corresponds to a hexagon from Fig. 5. The data
points are the 50th percentile from the fit posterior probability distribu-
tions, and the uncertainties show the 16th and 84th percentiles of the same
distribution.

flattening towards the south-east of the main disc and the steepening
towards the north-west. The second effect is that the uncertainties on
the recovered spectral indices are much larger in regions with high
thermal fractions. This is because it becomes more difficult to con-
strain the non-thermal properties as the thermal emission becomes
more dominant. This likely explains the flattening towards the cen-
tre of NGC 1569, although the uncertainties on this measurement
are large. As discussed in Section 4.1, the recovered non-thermal
spectral indices are consistent with what is expected for a young
CRe population.

One additional interesting observation is that the recovered spec-
tral index for the well-studied SNR, NGC1569-38, is steeper when
the 33.8 GHz observation is included, compared to when it is ig-
nored in the fit. Closer inspection reveals that there is a turn-off in
its SED, which may be linked to spectral ageing effects. However,
this is beyond the scope of the current paper and will be discussed
in more detail in a future paper.

5 DISCUSSION

5.1 Reddening estimates

Traditionally, to isolate the non-thermal emission properties of a
galaxy, authors generally use scaled Ho emission as a proxy for
the thermal emission and, after correcting for extinction effects due
to dust, subtract it from the total intensity maps (e.g. see Heesen
et al. 2014). There are two main problems that could arise from
this procedure: (1) the extinction estimate used to correct for the
galactic foreground can be very uncertain, especially in regions at
low galactic latitude and (2) applying a single ‘blanket’ correction
for the entire galaxy does not capture any differential extinction that
may be occurring within the galaxy itself.

In our fitting procedure, we do not make any assumptions about
extinction along the line of sight. Instead, we use a thermal model
derived from an H o map that has not been corrected for extinction
as a lower limit for the thermal emission component. As we expect
our radio observations to be largely free from any extinction effects,
by comparing our recovered thermal emission with the thermal
model, we can estimate the reddening along various lines of sight to
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Figure 7. Panel (a) shows how the derived reddening, E(B — V), varies across NGC 1569’s main disc with overlaid Spitzer 24 pm contours from Bendo et al.
(2012). The contours start at 0.36 MJy st~ ! and increase in factors of 2. Panel (b) shows the derived thermal emission measured from the Ha map (Fig. 2 b)

plotted against the recovered reddening.

NGC 1569. From the Cardelli, Clayton & Mathis (1989) extinction
curves, we assume Ay, = 2.54 x E(B — V), which can be combined
with Pogsons relation to yield

-2.5 SHe
EGB— V)= (ﬁ> log,g (THT) , (10)

where Sy, is the flux density measured from the thermal model at
1 GHz (see Fig. 2b) and St is the thermal flux density recovered by
our fits at 1 GHz (see Fig. 5a).

The resolved reddening properties are presented in Fig. 7(a).
There appears to be significant variation across NGC 1569’s main
disc, with the recovered E(B — V) ranging from as high as ~0.8 in
the main star-forming regions to ~0.1 in some of the more diffuse
areas. It should be noted however that the uncertainties on the
reddening can be quite large, as shown in Fig. 7(b). In Fig. 7(a),
we have plotted Spitzer 24 um contours from Bendo et al. (2012).
The reddening distribution we recover from the radio maps closely
follows the warm dust traced by the 24 pm emission, and indicates
that the variation we are seeing is due to internal extinction within
NGC 1569 itself.

The reddening distribution matches up well with other litera-
ture extinction measurements. For the main star-forming region
(Waller-2; Waller 1991), we find that E(B — V) = 0.76703%. This
agrees well with literature measurements from the Balmer decre-
ment method, which finds E(B — V) & 0.75 (Devost, Roy & Drissen
1997; Relafio et al. 2006). Towards the secondary peak in star forma-
tion (Waller-7; Waller 1991), we find E(B — V) = 0.257025. This
is smaller than that found in the literature, as at a similar resolution
to this study, Relafio et al. (2006) find E(B — V) ~ 0.6, and a higher
resolution study by Devost et al. (1997) finds E(B — V) = 1.0.
Closer inspection of the posterior probability distributions for this
tile reveals that the thermal emission is poorly constrained at this
location, and that differences in the uv-plane sampling are primarily
responsible for the significant difference (see Section 4.2). We also
find that the reddening best fit can be negative in tiles where the ther-
mal fraction is low. This primarily is due to the poorer constraints
on the thermal emission in these regions of the main disc, which
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are accompanied with larger uncertainties. In order to obtain more
precise reddening estimates, longer observations that have been cor-
rected for missing short baselines are required to better constrain
the thermal emission component.

We attempt to separate the reddening due to galactic foreground
extinction, Ex(B — V), and the reddening due to internal extinction,
Ei(B — V); however, we stress that the reddening uncertainties are
quite large (see Fig. 7b) and hence these results should be regarded
as tentative. We estimate the reddening from the galactic foreground
by taking the median reddening across NGC 1569’s main disc. The
motivation for this is that we would expect a uniform reddening
correction to exist across the entirety of the main disc for the fore-
ground extinction, and an average over the main disc is biased
upwards by significant reddening in the compact main star-forming
regions. The median recovered reddening is E(B — V) = 0.33, which
is less than E(B — V) =~ 0.5 found by Burstein & Heiles (1982) and
Israel (1988). This is possibly due to the Burstein & Heiles (1982)
measurement being averaged over a large area of the sky (0.6 deg?),
where significant variations on scales of ~100 pc could occur (e.g.
see the dust maps from Schlegel, Finkbeiner & Davis 1998), and
the Israel (1988) measurement was made by analysing the inte-
grated properties over the entire galaxy, not taking into account any
small-scale variations. If we assume that the foreground reddening
is Ep(B — V) = 0.3, we see variations due to internal extinction
that can be as large as Ey(B — V) = 0.5. This reflects the internal
extinction corrections that are measured for larger spiral galaxies
(Kennicutt 1998; James et al. 2005), suggesting that the star forma-
tion processes may be similar in this region of NGC 1569.

Finally, if we apply equation (10) to the integrated properties
of NGC 1569’s main disc to find the average extinction, we obtain
E(B — V) =0.49 £ 0.05. This is in excellent agreement with both
Burstein & Heiles (1982) and Israel (1988) who find E(B — V) =~
0.5, although both these studies assume that this is entirely due to
the galactic foreground extinction. Fig. 7(a) shows that there must
be some internal extinction contributing to the overall reddening;
hence, these authors may be overestimating the galactic foreground
extinction. As discussed earlier, if we assume that the galactic
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foreground is Ep(B — V) = 0.3, we find that the reddening due
to internal extinction across the entire galaxy is Ey(B — V) ~ 0.2.
This closely reflects the internal extinction found for Magellanic
irregular and dwarf galaxies (James et al. 2005). These results il-
lustrate the power that radio observations can have in determining
resolved extinction corrections that can be used in studies at other
wavelengths.

5.2 Equipartition magnetic field strengths

The distribution of non-thermal radio emission from a typical galaxy
is closely related to its underlying magnetic field strength, as CRe ra-
diate non-thermal radio emission in the presence of magnetic fields
(Pacholczyk 1970; Longair 1994; Beck et al. 1996). In principle,
magnetic field strengths can be determined from radio observations
accompanied with y-ray or X-ray observations to gain informa-
tion on the number density of CRe. However, as these observations
are not widely available, an assumption about the relation between
CRe and magnetic fields has to be made (Beck & Krause 2005).
The most commonly applied approach is to assume that the total en-
ergy densities of the CRe and the magnetic fields are approximately
equal. This is motivated as the CRe electrons and magnetic fields
are strongly coupled, and exchange energy until they reach equilib-
rium (Beck & Krause 2005). Although equipartition assumptions
do not strictly apply to starburst galaxies, Kepley et al. (2010) argue
that the magnetic fields derived for NGC 1569 via equipartition as-
sumptions reflect the true magnetic field strengths, based on work
by Thompson et al. (2006).

We apply the revised equipartition magnetic field equations de-
rived in Beck & Krause (2005) to obtain resolved magnetic field
strength estimates. In the calculation, we assume that the ratio of the
CR electron to proton number densities, K = 100 (Beck & Krause
2005), that NGC 1569 has a non-thermal emission scale height of
0.4 kpc (Banerjee et al. 2011; Elmegreen & Hunter 2015), and that
NGC 1569 is at an inclination of 60° (Jarrett et al. 2003). We fur-
ther assume that the magnetic fields are predominantly randomly
orientated, as no ordered magnetic fields have been observed in
deep polarization studies of the main disc (Kepley et al. 2010). Fi-
nally, as equipartition magnetic field strength estimates cannot be
reliably determined when o > —0.5 (Beck & Krause 2005), we fix
NGC 1569’s spectral index to the average over all of the fitted tiles
(¢ = —0.53). This is a reasonable assumption to make as, within
uncertainties, NGC 1569’s spectral index does not vary much from
this value within the main disc. Furthermore, this assumption en-
ables a straightforward comparison of the recovered magnetic field
strengths with the literature. We present a map of the recovered
equipartition magnetic field strengths in Fig. 8.

The spatial distribution of the recovered equipartition magnetic
fields is effectively identical to the recovered non-thermal emission,
with a peak towards the main star-forming region and another cospa-
tial with the SNR NGC1569-38 (Chomiuk & Wilcots 2009). This
is because, with a constant non-thermal spectral index, the derived
equipartition magnetic field strength is effectively proportional to
the recovered non-thermal flux density:

F\ T
Beg T , an

where B, is the equipartition magnetic field strength, F, is the
recovered non-thermal flux density at frequency v, « is the non-
thermal spectral index, and [ is the path-length through the non-
thermal emitting medium.
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Figure 8. Recovered equipartition magnetic field strengths, in uG, assum-
ing a non-thermal emission scale height of 0.4 kpc. The hexagonal pixels
are the same as those in Fig. 5.

The recovered equipartition magnetic field strengths are largest
in the region of major star formation and in the SNR NGC1569-
38, where it reaches 37.972% and 37.4 £ 0.4 uG, respectively.
The magnetic fields are weakest in more diffuse regions of the
main disc, with the lowest magnetic field strength measured being
25.5795 uG. Averaged over the entire main disc, we find an equipar-
tition magnetic field strength of 32.1 & 0.3 pG. We emphasize that
the quoted uncertainties are derived from the uncertainties on the
non-thermal normalization only, so the true uncertainties are likely
to be much larger. Furthermore, as with most conclusions drawn
from high-resolution interferometric observations, these magnetic
field strengths should formally be regarded as lower limits due to
missing flux. However, as the recovered magnetic field strength
weakly depends upon the recovered flux (see equation 11), we ex-
pect this to have a small effect on the recovered magnetic fields.

The recovered magnetic field strengths are in good agreement
with those found by Kepley et al. (2010). In the peak associated
with the main star-forming region, Kepley et al. (2010) find a mag-
netic field strength of 38 uG compared to the 37.973% uG found
in this study. However, these measurements are much larger than
those found in other post-starburst dwarf galaxies, although this
is probably related to the assumed disc scale height. Assuming a
disc scale height of 1kpc for example will reduce the recovered
magnetic field strengths by 33 percent (see equation 11). Chyzy
et al. (2016) assume a disc scale height of 1 kpc whilst studying the
post-starburst dwarf irregular IC 10. They find that the peak mag-
netic field strengths in regions of ongoing star formation are as high
as 29 uG. We obtain a very similar magnetic field strength if we
assume the same scale height (29.2ﬁj§ uG), although it should be
noted that Basu et al. (2017) find from their SED analysis that these
regions in IC 10 can be modelled as being dominated by thermal
emission, meaning the uncertainty in the Chyzy et al. (2016) result
could be large. Regardless, the recovered magnetic field strengths
are much larger than that found in other dwarf galaxies (Chyzy et al.
2011; Roychowdhury & Chengalur 2012) and in larger Magellanic-
type galaxies (Jurusik et al. 2014). This is possibly due to either
the large number of SNR occurring after the starburst, generating
and amplifying the magnetic fields within NGC 1569 via the small-
scale dynamo (Chyzy et al. 2011, 2016), or because of the fact that
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this resolved study is focused on high surface brightness emission
whereas the older literature studies are mainly based on emission
integrated over the entire galaxy, or a combination of the two.

Although our recovered magnetic field strengths likely underes-
timate the true magnetic field strength due to missing flux, it is un-
likely that it is significantly affecting our results as the equipartition
magnetic field strengths vary weakly with recovered flux (see equa-
tion 11). If we are missing 30 per cent of the flux due to missing short
spacings, our recovered equipartition fields will only underestimate
the true equipartition magnetic field strengths by ~10 per cent. We
find that the magnetic field strengths are similar to those found
in turbulence-dominated spiral arms and central regions in normal
galaxies, where the magnetic field strength is ~#20—30 pG (Basu &
Roy 2013; Beck 2016). This suggests that the relativistic environ-
ment in NGC 1569’s main disc could be similar to that found in a
spiral arm in a normal star-forming galaxy.

6 CONCLUSIONS

We apply a Bayesian methodology, where we use maps of the Ho
emission that have not been corrected for extinction as a prior in
the fit, to high-resolution VLA maps of the dwarf irregular galaxy,
NGC 1569, in order to separate its thermal and non-thermal radio
emission components on a resolved basis. Our main conclusions
are as follows.

(i) On an integrated basis, we recover 28.1*3% mJy thermal radio
emission and 81.0%3¢ mJy non-thermal radio emission at 1 GHz,
although these values should be treated as lower limits. We es-
timate that we are resolving out ~30 percent of the main disc
flux density at all observed frequencies; hence, the relative spectral
properties (thermal fraction and non-thermal spectral index) are pre-
served. These measurements correspond to a high thermal fraction
of 0.267003 at 1 GHz, which reflects what is found in other studies
of dwarf galaxies. However, if the entire galaxy is considered, this
fraction should be treated as an upper limit. It is likely to decrease
slightly if the halo, which is dominated by non-thermal emission,
is included.

(ii) On a resolved basis, we find that the recovered thermal emis-
sion closely follows the structure of the prior Ho map and is con-
sistent with the separation carried out by Lisenfeld et al. (2004).
There are two main peaks in the thermal distribution, which both
match up with known H1 regions. We recover less thermal emis-
sion in the western peak than previous measurements, which is
likely due to differences in the sampling of the uv-plane between
observations. The recovered non-thermal emission is more diffuse
than the recovered thermal emission and is also generally brighter.
The non-thermal emission consists of three emission peaks, two of
which line up with known regions of current star formation and one
corresponding with the known SNR NGC1569-38. The resolved
thermal fraction is ~15 per cent across most of the main disc, and
increases to ~50 per cent in the region of major star formation.

(iii) The resolved spectral indices are generally between
a = —0.4 and —0.7 and tend to be flatter in regions of active star
formation. There appears to be a correlation between the recovered
spectral index and the recovered thermal fraction. However, within
uncertainties, the resolved non-thermal spectral index does not
vary significantly across NGC 1569’s main disc. The average non-
thermal spectral index across the main disc is ¢ = —0.53 £ 0.02.
This spectral index is shallower than that found for normal spiral
galaxies, and closely reflects what is found for young SNR. This in-
dicates that the CRe population producing the non-thermal emission

Resolved spectral index study of NGC 1569 5131

is young and probably originates from the recent starburst phase the
galaxy has undergone.

(iv) By comparing the prior Ho map that has not been cor-
rected for extinction with our recovered thermal emission map, we
estimate the reddening along the line of sight to NGC 1569. In-
tegrated over the main disc, we find that the overall reddening is
EB — V) = 0.49 £ 0.05. This is in excellent agreement with the
galactic foreground estimates from the literature. However, varia-
tions in the reddening across NGC 1569’s main disc indicate that
internal extinction is significantly contributing to this estimate. By
taking the median reddening across the main disc, we estimate that
the reddening due to the galactic foreground is Ex(B — V) =~ 0.3,
with internal extinction contributing on average Ey(B — V) =~ 0.2.
On a resolved basis however, the variations in internal extinction
can be as large as E{(B — V) =~ 0.5, which is similar to that found
in larger spiral galaxies.

(v) Using the recovered non-thermal emission characteristics,
we derive estimates for the equipartition magnetic field strengths.
Assuming a scale height of 0.4kpc, we find that our recovered
equipartition magnetic field strengths vary between 25 and 38 uG
across the main disc. Our recovered magnetic field strengths are
similar to those found in the post-starburst dwarf irregular galaxy,
IC 10, but are in general larger than those found for dwarf galaxies.
These magnetic field strengths are similar to those found in the
spiral arms and central regions of normal spiral galaxies, indicating
that the relativistic ISM may be similar in both.

Future studies applying the presented separation procedure
should ideally use maps that have been corrected with single-dish
observations. Not only would this improve the constraints on the
fitted parameters by reducing the scatter in the galaxy SED, it would
also simplify the interpretation of the recovered fit parameters.
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