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star-forming regions. Fig. 4 (d) shows that the extended emission is 
more pronounced at 1.5 GHz than at 6.3 GHz in similar areas of 
the galaxy (as the colours are identical according to the spectral 
index, see Table 7 for a more quantitative comparison). This can 
be explained by the fact that, at higher frequencies, the synchrotron 
emission traces younger and more energetic CRes, which are still 
close to their birthplace in star-forming regions. At lower frequencies, 
we observe the synchrotron radiation of the older CRes, which are 
already diffused away to longer distances and to larger scales along 
the ISM’s magnetic field. 

As shown by Corbelli, Braine & Tabatabaei ( 2020 ), the 5 GHz TH 

radio sources in M 33 represent the early phases of star formation, 
such as YSOs and H II re gions. Man y of these sources with no 
associated SNRs emit NTH emission. They also indicate the role 
of massive stars in the enhancement of the magnetic field and in the 
acceleration of CRes. 

Table 7 quantifies the contribution of each structural component 
in the TH and NTH emission. As mentioned, the 1.5 GHz NTH 

emission emerges mainly from the diffuse disc ( ∼44 per cent) and 
from extended structures ( ∼26 per cent). At the higher frequency 
6.3 GHz, the contribution of diffuse emission drops, instead the NTH 

emission from discrete sources increases ( ∼40 per cent). The TH 

emission is dominated by the emission from the sources at both 
frequencies ( ∼55 per cent). Hence, about 45 per cent of the TH free–
free emission must emerge from the diffuse ionized gas (DIG) with 
spatial scales of > 200 pc. This agrees with the contribution of the 
DIG in the total H α emission observed in galaxies (e.g. Ferguson 
et al. 1998 ; Greenawalt et al. 1998 ) 

In the inner 18 × 18 arcmin 2 disc of M 33, about 40 per cent 
of the total observed flux density at 6.3 GHz is due to TH free–
free emission, while it is 25 per cent at 1.5 GHz. The origin of the 
observed structures differs in terms of the TH and NTH radiation 
mechanisms as follows: 

(i) The observed diffuse disc emission, which also includes pos- 
sible halo emission projected on to the disc of M 33, has mainly a 
NTH origin ( ∼80 per cent at 1.5 GHz and 66 per cent at 6.3 GHz), 
indicating a more dominant diffusion/escape of CRes from their 
birthplaces in star-forming regions than ionizing UV photons. 

(ii) The observ ed e xtended structures hav e a similar TH/NTH 

mixture as the diffuse disc. The extended emission follows a spiral 
pattern filling in the area from which no considerable TH emission 
emerges (Fig. 4 ), and it is dominated by the NTH emission. 

(iii) The TH fraction of the sources is about 40 per cent 
(50 per cent) at 1.5 GHz (6.3 GHz). This is higher than that of the 
diffuse, extended components by a factor of 2 at 1.5 GHz and is about 
30 per cent of that found at 6.3 GHz. The fact that more than half of 
the radio sources are H II regions with a flat spectrum (Section 4.1.1 ) 
can explain this difference. 

The synchrotron emission of the CRes thus shapes the diffuse and 
extended components of the RC emission in M 33. This provides 
further hints on the distribution of the magnetic fields in the ISM 

traced by the synchrotron emission. The spiral pattern of the large- 
scale field can explain the observed extended structure of the NTH 

emission at 1.5 GHz. This agrees with the earlier polarization studies 
at ∼0.5 kpc linear resolutions (Tabatabaei et al. 2007b , 2008 ). The 
smooth NTH disc component can be linked to an isotropic random 

magnetic field component in the disc. 
Compared to that at 1.5 GHz, a newer generation of cosmic rays, 

which still have not diffused that far from star-forming regions, 
produces the synchrotron emission at 6.3 GHz. Hence, the magnetic 

(a)

(b)

(c)

Figure 5. The radial profiles of the RC emission at 1.5 and 6.3 GHz and 
their NTH synchrotron and TH free–free components (a). Also shown are 
the radial profiles of the TH fraction (b) and the spectral index (c) for the 
observed RC emission ( α) and its NTH component ( αn ). Background radio 
sources are subtracted. 

field structures in star-forming regions should be better traced by this 
emission at 6.3 GHz. 

The radial profile of the RC emission obtained by averaging the 
intensities in rings of 15 arcsec width centred at RA = 01 h 33 m 50 . s 89 
and Dec. = + 30 ◦39´36 ′′ .8 in the plane of M 33 (i = 56 ◦ and PA = 23 ◦) 
is shown in Fig. 5 (a). It is interesting to note that the inner most ring 
shows a peak at 1.5 GHz but not at 6.3 GHz. The peak of the 6.3 GHz 
radial profile occurs at the second ring i.e. about 80–90 pc from the 
centre. Separating the TH and NTH components, we infer that the 
6.3 GHz peak is actually due to the TH emission from the young 
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Figure 6. Map of the NTH spectral index αn ( I nt 
ν ∼ ναn ) obtained between 

1.5 and 6.3 GHz at 15 arcsec angular resolution o v erlaid with the 6.3 GHz 
emission contours at the level of 90 μJy beam 

−1 (8 σ ). Crosses show positions 
of the optically confirmed SNRs from Gordon et al. ( 1999 ). Background radio 
sources are subtracted. 

star clusters surrounding the centre and that a NTH source with a 
relatively steep spectrum (see Section 4.3 ) must cause the peak of 
the 1.5 GHz emission at the centre. Errors are given by the rms of the 
pixels in the rings divided by the square root of the number of pixels 
per beam area. 

The TH fraction varies strongly from place to place in the galaxy. 
This is also evident from the radially averaged values in Fig. 5 (b). We 
note that the global decrease of the TH fraction with R is mainly due 
to the diffuse disc component, which is about 19 per cent at 1.5 GHz 
and 35 per cent at 6.3 GHz at the centre, hence just slightly higher 
than the total mean value. In star-forming regions, measurements 
result in TH fractions larger than 60 per cent (40 per cent) at 6.3 GHz 
(1.5 GHz). 

4.3 Radio continuum spectral index 

The VLA observations corrected for the short spacing and TH 

contamination are used to map the spectral index of the pure 
NTH component, αn ( I nt 

ν ∼ ναn ). This allows one to investigate 
the interaction of CRes with the ISM even in diffuse regions. We 
measured both α ( I obs 

ν ∼ να) and αn between 1.5 and 6.3 GHz for 
pixels with intensities above 2.5 σ rms noise level at each frequency. 
The resulting map of αn obtained in the inner 18 × 18 arcmin 2 of M 33 
at 15 arcsec resolution is shown in Fig. 6 . The mean spectral index 
of the total RC is α = −0 . 59 ± 0 . 28, with the error the standard 
deviation. This is flatter than the value found for the entire galaxy 
M 33 ( α = −0 . 71 ± 0 . 23), but agrees with that measured in the 
same area by Tabatabaei et al. ( 2007b ). 7 The mean spectral index of 
the NTH emission is αn = −0 . 67 ± 0 . 23, which is slightly steeper 
than α. The actual uncertainty in the spectral index varies from 0.01 
in the bright star-forming regions to 0.06 in fainter diffuse regions 
between the arms. 

7 Note that a different definition for the spectral index and a also a different 
distance to M 33 were used in that work. 

Both the total and the NTH spectra are flatter in star-forming 
comple x es and generally in the spiral arms than in other parts of the 
disc. The steeper spectra of the extended and diffuse structures can 
be linked to the CRes cooling when propagating away from their 
birthplace in star-forming regions due to interaction with the magne- 
tized ISM. Similar to the per-source measurements (Section 4.1.1 ), 
the mapping approach leads to a typical value of αn � −0.6 for the 
SNRs. 

Fig. 5 (c) shows the radial variation of the spectral index. To 
generate these profiles, the mean ring spectral indices are determined 
from the distribution histograms of pixels in the 15 arcsec-wide 
rings, with error bars showing the statistical errors. At the centre, 
αn = −0 . 70 ± 0 . 04. The spectrum becomes flatter moving away 
from the centre out to R ∼ 1 kpc. This is because the number of H II 

comple x es with flat spectra increases in this radial range. At larger 
radii, the spectrum steepens more or less with radius out to R ∼ 3 kpc, 
which is a diffuse region between the spiral arms, where it reaches 
its steepest ring average value of αn = −0 . 75 ± 0 . 06. 

In the inner 18 × 18 arcmin 2 region of M 33, αn is generally 
flatter than expected for pure synchrotron cooling of CRes (i.e. αn 

� −1 which pre v ails in the outer parts of this galaxy, Tabatabaei 
et al. 2007c ). This can be explained if (1) CRes re-accelerate and 
gain energy due to shocks in star-forming regions and (2) they do 
not fully loose their energy to synchrotron loss because of advection, 
winds, and outflows. We further discuss these processes in Section 5 . 

4.4 Magnetic field strength 

The strength of the total magnetic field B tot can be derived from 

the total synchrotron intensity. Assuming equipartition between the 
energy densities of the magnetic field and cosmic rays ( ε CR = 

ε B tot = B 

2 
tot / 8 π ): 

B tot = C( αn , K, L ) 
[
I nt 

] 1 
αn + 3 , (6) 

where I nt is the NTH intensity and C is a function of αn , K the ratio 
between the number densities of cosmic ray protons and electrons, 
and L the path length through the synchrotron-emitting medium (see 
Beck & Krause 2005 ; Tabatabaei et al. 2008 ). Using the obtained 
maps of I nt and αn and assuming that the magnetic field is parallel 
to the plane of the galaxy (inclination of i = 56 ◦ and position angle 
of the major axis of PA = 23 ◦), B tot is derived across the galaxy. In 
our calculations, we apply values of K � 100 (Beck & Krause 2005 ) 
and L � 1 kpc / cos i. 

The resulting magnetic field strength varies between 3 and 24 μG 

in the inner 18 × 18 arcmin 2 region of M 33 (Fig. 7 ). The magnetic 
field is stronger in star-forming comple x es in the main spiral arms 
and in the centre than in other parts. The strongest magnetic fields 
are found in giant H II regions such as NGC 604 and NGC 595 with 
B tot ≥ 20 μG. A possible impact of massive star formation on the 
magnetic field strength is discussed in Section 5.3 . The mean field 
strength of B = 7 ± 1 μG agrees with that obtained by Tabatabaei 
et al. ( 2008 ) in the same region, ho we ver, based on the present 
data, we resolve much larger variations and dynamical range of the 
equipartition magnetic field strength. 

5  DI SCUSSI ON  

In Section 4 , we studied the origin of the RC emission in terms 
of both physical processes (TH/NTH) and structural components 
(sources/extended/disc). The structural decomposition helps in cal- 
ibrating empirical recipes to derive the SFR surface density using 
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Figure 7. Map of the magnetic field strength o v erlaid with the 6.3 GHz 
emission contours at the level of 100 and 500 μJy beam 

−1 . The angular 
resolution of 15 arcsec is shown in the bottom-left corner of the image. 
Background radio sources are subtracted. The colour bar on the right-hand 
side indicates the magnetic B-field strength in μG. 

the observed RC maps. In this section, we further exploit the results 
of the TH/NTH decomposition to study the impact of massive star 
formation on the two ISM components: the cosmic rays and magnetic 
field. Dif ferentiating dif ferent physical processes and structures, the 
connection of the RC emitting ISM with its neutral gas phases is also 
investigated. 

5.1 Calibrating star formation rate surface density from radio 
continuum 

Star-forming regions are bright components of M 33 in both the 
TH and the NTH maps. This is expected as these regions are the 
most powerful sources of the RC emission produced during different 
phases of massive star formation. Hence, the observed RC emission 
itself can be used as a dust-unobscured tracer of the SFR. Ho we ver, 
the use of the RC maps can be complicated by the diffusion of CRes 
and/or the generation of secondary CRes not directly linked to star 
formation. These effects become less pronounced by taking the RC 

emission from only star-forming regions in resolved studies. We 
address these effects and the impact of diffuse/extended emission on 
calibrating the SFR surface density, � SFR , by studying the SFR–RC 

relation separately for star-forming regions alone (sources in Fig. 4 ) 
and when including diffuse and extended emission in M 33, using 
the results of the structural decomposition. 

The de-reddened H α map used as a general free–free emission 
template in previous sections can serve as a reference SFR tracer 
only after removing the emission from DIG as the ionization source 
of the DIG can be a different one than young massive stars. However, 
as discussed abo v e, diffuse re gions are also considered here to 
investigate their effect on the calibration. To convert the de-reddened 
H α luminosity density � H α to � SFR , we use (

� SFR 

M 	 yr −1 kpc −2 

)
= 5 . 37 × 10 −42 

(
� H αcorr 

erg s −1 kpc −2 

)
. (7) 

The calibration factor is the same as that of the integrated luminosity 
relation given by Murphy et al. ( 2011 ). This relation measures the 

current ( � 10 Myr) formation rate of stars assuming a Kroupa IMF 

(Kroupa 2001 ). 
The � SFR and the RC luminosity surface densities, � 1 . 5 GHz and 

� 6 . 3 GHz , are first calculated for pixels with sizes of 15 arcsec. The 
calibration relations are then derived taking into account a 1.5 σ cut 
off. Focusing on only star-forming regions, both the diffuse disc and 
the extended emission are subtracted from the radio maps. 8 A tight 
correlation holds between � SFR and both � 1 . 5 GHz and � 6 . 3 GHz ( r � 

0.90, see Fig. 8 ) in the star-forming regions. Fitting a relation of the 
form log � SFR = b log X + a , a linear relation is found between � SFR 

and � 1 . 5 GHz , using an ordinary least square (OLS) regression (see 
Table 8 ). The correlations become steeper, particularly at 1.5 GHz, 
if the extended structures are also included in this process. If neither 
the extended emission nor the diffuse disc is subtracted, the slopes 
of the � SFR relations increase by � 60 per cent and 30 per cent versus 
� 1 . 5 GHz and � 6 . 3 GHz , respectively. 9 In this case, the super-linearity of 
the � SFR –� 1 . 5 GHz correlation is similar to that obtained by Heesen 
et al. ( 2014 ) for the SINGS galaxies (their reported average slope 
of 0.63 of the RC versus � SFR is equi v alent to a slope of � 1.6 
for the � SFR versus � 1 . 5 GHz relation). This shows the impact of 
diffuse emission in resolved studies of the SFR–RC correlation. 
The inclusion of a galaxy’s diffuse regions poses a larger weight 
to the low-SFR regions, where the RC luminosity is enhanced due 
to diffused CRes or generated in secondary processes. Because these 
CRes have lower energies, this effect is more pronounced at lower 
radio frequencies ( νc ∼ E 

2 ). This explains the different SFR–RC 

slopes at 1.5 and 6.3 GHz if the extended/diffuse emission is not 
subtracted. 

Focusing only on the star-forming regions, we find the following 
calibration relation at 1.5 GHz, (

� SFR 1 . 5 

M 	 yr −1 kpc −2 

)
= (2 . 81 ± 0 . 98) × 10 −38 

×
(

ν� 1 . 5 GHz 

erg s −1 kpc −2 

)(1 . 015 ±0 . 042) 

, (8) 

and at 6.3 GHz, (
� SFR 6 . 3 

M 	 yr −1 kpc −2 

)
= (3 . 55 ± 0 . 76) × 10 −41 

×
(

ν� 6 . 3 GHz 

erg s −1 kpc −2 

)(1 . 085 ±0 . 035) 

, (9) 

The � SFR –� 6 . 3 GHz relation is slightly steeper than the � SFR –� 1 . 5 GHz 

one, though they overlap considering the errors. The empirical 
calibration relations given in equations ( 8 ) and ( 9 ) are shown as 
solid lines in Fig. 8 . Assuming a linear proportionality between 
supernova rate and the SFR and using an empirical Galactic relation 
between the NTH spectral luminosity and the supernova rate, Murphy 
et al. ( 2011 ; hereafter Murphy11) presented a model calibration that 
depends on the NTH spectral index (their equation 15). We also 
obtain � SFR ν using Murphy’s calibration (dashed lines in Fig. 8 ) 
by adopting M 33’s average αn = −0.67 in the inner disc (see 
Section 4.3 ). This calibration, ho we ver, underestimates M 33’s SFR 

by a factor of � 2 and 1.5 derived from our 1.5 and 6.3 GHz data, 
respectiv ely. As e xplained by Murphy11, such underestimates are 
linked to the diffusion or escape of CRes neglected in the model. 
We note, ho we ver, that the de viation is within 1 σ scatter of the fitted 
empirical relation. 

8 Background sources are subtracted as well. 
9 This steepening is even higher using the bisector regression. 
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Figure 8. SFR surface density � SFR as a function of the observed RC emission at 1.5 GHz (left) and 6.3 GHz (right) for star-forming regions in the inner disc 
of M 33. Lines show the OLS (solid) and bisector (dotted) fits and one σ scatter around the OLS fit (dot–dashed). Also shown is the model calibration relation 
(red dashed line) from Murphy et al. ( 2011 ). The Pearson correlation coefficient r is also indicated. 

Table 8. SFR calibrations using the RC emission in the inner 18 × 18 arcmin 2 disc of M 33. The linear fits in logarithm scales 
(log � SFR = b log X + a ) obtained using the OLS (1) and bisector (2) re gressions for star-forming re gions (SF) only, SF and 
extended structure, and the entire inner disc. Correlations refer to apertures of 15 arcsec. 

X b (1) a (1) b (2) a (2) r 

SF 
� 1.5GHz 1.01 ± 0.04 −37.55 ± 0.35 1.13 ± 0.05 −41.52 ± 0.07 0.88 ± 0.04 
� 6.3GHz 1.08 ± 0.03 −40.45 ± 0.21 1.17 ± 0.06 −43.56 ± 0.03 0.93 ± 0.02 

SF and extended 
� 1.5GHz 1.23 ± 0.03 −45.08 ± 0.23 1.54 ± 0.04 −55.99 ± 0.04 0.75 ± 0.01 
� 6.3GHz 1.11 ± 0.02 −41.23 ± 0.13 1.22 ± 0.02 −45.10 ± 0.02 0.88 ± 0.01 

Entire inner disc 
� 1.5GHz 1.60 ± 0.02 −58.48 ± 0.23 2.02 ± 0.02 −73.10 ± 0.04 0.76 ± 0.01 
� 6.3GHz 1.41 ± 0.02 −52.02 ± 0.13 1.58 ± 0.02 −57.98 ± 0.02 0.89 ± 0.01 

5.2 Comparison with molecular gas 

Studying the correlation between the RC emitting processes and the 
neutral gas is the first step towards understanding the pressure balance 
in the multiphase ISM. The TH RC component, which traces the ion- 
ized gas and can be used as a reference SFR tracer (e.g. Murphy11), 
is expected to correlate with neutral gas emission according to the 
Kennicutt–Schmidt (KS) star formation law (Kennicutt 1998 ). The 
NTH RC component, which traces the relativistic and magnetized 
ISM, is also stronger in star-forming regions and hence is expected 
to correlate with the neutral gas as well. Ho we ver, it is unclear 
whether the correlations for the NTH component are limited to star- 
forming regions only, particularly as there is observational evidence 
showing a tight RC–molecular gas correlation, which cannot be 
linked to massive star formation (Schinnerer et al. 2013 ; Tabatabaei 
et al. 2018 ). This moti v ates us to investigate these correlations in 
M 33, separately in star-forming regions and in other parts of the 
ISM. 

Fig. 9 shows that the RC emission agrees generally with the 
molecular gas traced by CO(2-1) line emission in most star-forming 
comple x es. Apart from this agreement, it is interesting to note 
that the correlation drops at the locations of SNRs: The CO 

emission drops to below a 3 σ level in most cases, particularly, 
for those SNRs indicated by crosses. Hence, a feedback from the 
SNRs is likely responsible for clearing the molecular gas in their 
surroundings. 

The CO emission is not only weak in the presence of the SNRs. 
For instance, no CO emission is found in IC131, another giant H II 

region, hosting no SNR. This source is, ho we ver, kno wn to be a 
strong X-ray emitter (T ̈ullmann et al. 2009 ). 

Quantifying the correlation in the inner disc of M 33, the RC and 
CO maps are cross-correlated after removing the radio BG sources 
and convolving to the same angular resolution. Table 9 lists the 
correlation coefficients and the RC versus CO power-law slopes 
obtained through bisector fits. 10 Errors in the Pearson correlation 
coefficients are given by �r c = 

√ 

1 − r 2 c / 
√ 

n − 2 , with n being the 
number of pixels in an image. 

In the star-forming regions, we find a modest RC–CO correlation 
with a Pearson coefficient of r SF � 0.60, which is similar at both 
frequencies (slightly tighter with the NTH RC, Fig. 10 ) at the pixel 
resolution of 15 arcsec. 

The observed RC emission changes with the CO emission through 
a sublinear relation with an exponent of b SF = 0.67 ± 0.02. A similar 
relation holds between the NTH RC and CO. Ho we ver, the TH–CO 

correlation is almost linear and agrees with the molecular K-S relation 
in the SINGS sample of galaxies (Bigiel et al. 2008 ). This correlation 
deviates from linearity ( b � 1.25) when also including other regions 

10 Since the correlated variables do not directly depend on each other, we 
fitted a power law to the bisector in each case (Isobe et al. 1990 ; Hoernes, 
Berkhuijsen & Xu 1998 ). 
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Figure 9. The CO(2-1) line emission in K km s −1 with contours of the radio 6.3 GHz emission o v erlaid. Contour lev els are 50 and 750 μJy per 9 arcsec angular 
resolution. Circle in the lower left corner shows the 12 arcsec resolution of the CO(2-1) map. Crosses show positions of the optically confirmed SNRs from 

Gordon et al. ( 1999 ). Many galactic SNRs are associated with giant star-forming regions. 

Table 9. Correlation between the molecular gas and observed (OBS), NTH, and TH RC emission in star-forming 
regions ( r SF ), remaining parts of the ISM ( r extended ), and the entire ISM ( r ) in the inner 18 × 18 arcmin 2 region of M 33. 
The corresponding power-law exponent b in the RC ∝ I CO 

b relation fitted is obtained using the bisector regression. 
Correlations refer to apertures of 15 arcsec. 

RC r SF b SF r extended b extended r b 

1.5 GHz 
OBS 0.63 ± 0.02 0.67 ± 0.02 0.45 ± 0.01 0.29 ± 0.02 0.61 ± 0.01 0.41 ± 0.02 
NTH 0.63 ± 0.02 0.65 ± 0.04 0.40 ± 0.01 0.29 ± 0.02 0.60 ± 0.01 0.50 ± 0.02 
TH 0.59 ± 0.02 0.96 ± 0.04 0.31 ± 0.01 ........... 0.59 ± 0.01 1.25 ± 0.04 
6.3 GHz 
OBS 0.62 ± 0.01 0.68 ± 0.02 0.49 ± 0.01 0.35 ± 0.02 0.62 ± 0.01 0.79 ± 0.02 
NTH 0.62 ± 0.01 0.62 ± 0.02 0.46 ± 0.01 0.33 ± 0.02 0.62 ± 0.01 0.65 ± 0.02 
TH 0.57 ± 0.01 0.90 ± 0.05 0.33 ± 0.01 ........... 0.59 ± 0.01 1.24 ± 0.04 

of the ISM in the inner 18 × 18 arcmin 2 disc, while the quality of the 
correlation remains unchanged. A super-linear correlation in M 33 
was already reported by Heyer et al. ( 2004 ), Verley et al. ( 2010 ), and 
Williams, Gear & Smith ( 2018 ), showing the mixing effect of diffuse 
and SF-related emission and the importance of performing structural 
decomposition in resolved studies. 

In regions where the RC emission has an extended/diffuse structure 
(indicated as ’extended’ in Table 9 ), no significant correlation holds 
between the TH RC and the molecular gas r extended � 0.30, while the 
observed and NTH RC emission are still correlated with it, r extended 

� 0.45. Hence, the RC–CO correlation is not solely due to massive 

star formation, as it can also hold in more quiescent regions of the 
ISM that is less efficient in forming those massive stars. A fine 
balance between the magnetic fields, CRes, and molecular gas must 
then hold in these regions (see e.g. Niklas 1997 ; Murgia et al. 2005 ; 
Tabatabaei et al. 2013a ), irrespective of the origin of the magnetic 
field. More detailed studies are needed to dissect the origin of the 
magnetic fields that are important in the observed NTH RC–CO 

correlation. While in star-forming regions, a correlation between 
turbulence and magnetic fields amplified by a small-scale dynamo 
can play an important role in preserving the RC–CO correlation, 
this process is likely not as efficient in more quiescent ISM (see 
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Figure 10. The 6.3 GHz RC correlation with the molecular gas traced by 
CO(2-1) line emission for the observed, NTH, and TH RC emission of the 
entire inner 18 × 18 arcmin 2 disc of M 33. Lines show the OLS bisector 
(solid) and OLS (dashed) fits for the observed (black), NTH (blue), and TH 

(red) RC–CO correlations. 

Section 5.3 ). Investigating the structure of the magnetic field traced 
in polarization helps understanding its amplification mechanisms. 
This will be further addressed in a forthcoming paper. 

Berkhuijsen, Beck & Tabatabaei ( 2013 ) showed that the correla- 
tion between the NTH RC and dust emission flattens due to diffusion 
of CRes. This can explain the relatively flat NTH RC–CO correlation 
obtained in the extended/diffuse RC emitting regions ( b extended = 0.29 
compared to b SF = 0.67, Table 9 ) as there the population of CRes is 
dominated by those that are diffused away from star-forming regions. 

The resolved RC–CO correlation in more massive spiral galaxies, 
such as M51, is found to be tighter than in M 33 (Paladino et al. 2006 ; 

Figure 11. The NTH spectral index (obtained above a 2.5 σ cut-off) becomes 
flatter with � SFR traced by the 24 μm emission in star-forming regions 
(orange). Lines show the OLS bisector (OLSB, solid) and OLS (dashed) 
regressions. The Pearson correlation coefficient r is also indicated. No 
significant correlation holds in the extended/diffuse regions (violet points). 

Schinnerer et al. 2013 ). This can be linked to a different molecular 
gas fraction and/or different physical conditions of the gas in these 
galaxies (e.g. mid-plane pressure; Mac Low & Glo v er 2012 ). The 
ISM is dominated by the atomic H I gas in M 33, unlike in M51 
(Scoville & Young 1983 ). As shown by Druard et al. ( 2014 ), the 
molecular H 2 forms quiescently from the denser atomic clouds in 
M 33. Investigating the correlation between the RC and the HI-21 cm 

line emission in M 33, we find a large scatter ( r < 0.33) and the 
correlations with the total neutral gas (H I + H 2 ) are weaker than 
those with the molecular gas. This is expected if most of the RC 

emission emerges from the star-forming regions in the molecular 
phase rather than in the atomic phase. 

5.3 Impact of star formation on CRes and magnetic field 

Massive star formation activity can change the physical state of the 
surrounding ISM by heating, ionization, and powerful winds. It can 
also inject turbulence, as well as high-energy particles and CRes with 
a flat spectrum. The latter can be investigated by mapping the pure 
synchrotron spectral index αn in galaxies. This map obtained for 
M 33 (Section 4.3 ) already indicates that the CRe energy spectrum 

is flatter in M 33’s giant H II regions (Fig. 6 ). We further investigate 
if there is an o v erall trend between αn and � SFR in this galaxy. For 
this purpose, we use a different SFR tracer, the 24 μm emission. 11 

A correlation is found between αn and the 24 μm intensity, I 24 μm 

, 
with a Pearson coefficient of r = 0 . 57 ± 0 . 02 (Fig. 11 ). For star- 
forming regions, i.e. after subtracting the diffuse emission, we find 
the following relation for 15 arcsec pixels 12 

αn = η + ζ . log 

(
I 24 μm 

MJy sr −1 

)
, (10) 

with η = −0.536 ± 0.003 and ζ = 0.39 ± 0.01 using the 
bisector regression. We note that a flatter variation is found, ζ = 

0.21 ± 0.01, using the OLS fitting. This shows that the flattening 
of the synchrotron spectrum with star formation is a general trend 
in the inner disc of M 33. The slope of variation ζ agrees with our 

11 The use of RC or H α emission as SFR tracer may inject artificial 
correlations for this specific comparison. 
12 αn is recalculated using intensity maps with 15 arcsec pixels. 
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Figure 12. Left: the magnetic field strength versus � SFR traced by the 24 μm emission. A bi-modal behaviour is found at I 24 μm 

≥ 3 MJysr −1 (magenta 
points) and below (blue points), i.e. depending on the SFR regime. Lines show the fits to the entire data (black) and the high-SFR regime (blue). No significant 
correlation is found in the e xtended/diffuse re gion (c yan points). Right: the magnetic field strength increases with the gas turbulent velocity (of H α lines) in a 
sample of bright star-forming regions. These regions are shown in the left-hand panel (orange points) as well. Lines show the OLS bisector (OLSB) and OLS 
regressions. The Pearson correlation coefficients r are also indicated. 

global finding in the Key Insight in Nearby Galaxies Emitting in 
Radio (Tabatabaei et al. 2017 ) sample of g alaxies: g alaxies with 
higher � SFR have a flatter synchrotron spectrum. This flattening was 
linked to the pitch-angle scattering of high-energy CRes in turbulent 
magnetic fields that is likely stronger in galaxies with higher SFRs. 
This might also explain the observed trend in M 33, as the magnetic 
field strength B increases with � SFR . Fig. 12 (left-hand panel) shows 
B versus � SFR as traced by the 24 μm intensity, plotted using a 5 σ
rms cut. A best-fitting OLS bisector regression in the log-log plane 
results in the following relation 

log 

(
B 

μG 

)
= a + b × log 

(
I 24 μm 

MJy sr −1 

)
, (11) 

with a = 0.94 ± 0.01 and b = 0.12 ± 0.01 and a Pearson correlation 
of r = 0.76 ± 0.01 [black lines in Fig. 12 (left)]. Ho we ver, a steeper 
variation is inferred at SFRs higher than a certain level. In other 
words, the power-law proportionality of B ∝ � 

b 
SFR has a bi-model 

variation with 

b = 0 . 26 ± 0 . 01 , I 24 μm 

≥ 3 MJy sr −1 , 

b = 0 . 10 ± 0 . 01 , I 24 μm 

< 3 MJy sr −1 , 

where the fits use the OLS bisector regression (indicated as OLSB 

in Fig. 12 ). The power-la w inde x of � 0.26 obtained is close to 
the theoretical value of 0.3 proposed for the amplification of the 
magnetic field by a small-scale dynamo in SF regions (Schleicher & 

Beck 2013 ). This mechanism seems, ho we ver, not to be efficient in 
amplifying B at low SFRs as indicated by the flatter power-law index 
of � 0.10. If the magnetic field in SF regions is mainly amplified by 
the action of turbulence, a positive correlation is expected between 
B and gas turbulent velocity. We further investigate this by using the 
H α velocity dispersion measured for bright star-forming regions of 
M 33. The right-hand panel in Fig. 12 indeed shows a positive and 
linear correlation (OLSB fit) between the magnetic field strength and 
the turbulent velocity. Hence, star formation feedback increases the 
turbulent velocity of its surrounding gas. This turbulent energy is 
converted into magnetic energy, e.g. due to the dynamo action. This 
results in a turbulent and tangled magnetic field enhancement in the 
ISM. 

As already mentioned in Section 1 , previous studies show a 
relatively flat NTH spectrum in complexes of star-forming regions 

where the magnetic field is strong (Tabatabaei et al. 2007c , 2013a ; 
Hassani et al. 2022 ), in agreement with our findings. This may 
seem counter-intuitive because synchrotron loss should increase with 
increasing magnetic field strength, assuming that the field is uniform. 
Ho we ver, our studies sho w that the magnetic field is strongly tangled 
and non-uniform in star-forming comple x es and, hence, CRes can 
experience pitch angle scattering (e.g. Tautz et al. 2013 ). These 
energetic CRes tend to stream in related dense plasma at a speed 
larger than the local Alfv ́en speed (which drops with density ρ
as v A = B/ 

√ 

4 πρ), causing streaming instabilities (e.g. Marcowith, 
van Marle & Plotnikov 2021 ). As a result, the synchrotron emission 
observed in star-forming complexes is due to CRes with a short 
residence time in regions of strong turbulent magnetic fields. This 
results in a relatively flat spectrum because CRes do not have enough 
time to cool do wn ef ficiently by the magnetic field. These energetic 
CRes can have an important consequence for the energy balance of 
the ISM in star-forming regions, causing strong winds and outflows 
as a result of a pressure gradient imposed by them. The existence 
of an NTH halo in M 33, indicated through a detailed study of the 
radio-IR correlation (Tabatabaei et al. 2013b ), is consistent with such 
a feedback. Observations of edge-on galaxies also agree with the 
cosmic ray-driven winds related to star-forming regions in galactic 
discs (Heesen et al. 2018 ). 

We note that a flat synchrotron spectrum can also be maintained 
through other processes in the star-forming regions. As shown in 
Fig. 6 , a fraction of the flat-spectrum regions appears as shells 
around the SNRs and giant H II comple x es (with αn > −0 . 5). Such 
features can be produced if CRes have gained additional energy 
due to re-acceleration in related shock fronts. Taking into account 
the resolution (pixel scale of ≤20 pc) of this study, detecting these 
features is not far from expectation, particularly in large complexes 
of star-forming regions in M 33. 

6  SUMMARY  

We study the structure and origin of the RC emission from the 
ISM of M 33 down to linear scales of � 30 pc (9 . ′′ 3) and 50 pc (15 
arcsec) by combining VLA interferometric observations at C and 
L bands with single-dish observations from the 100-m Effelsberg 
telescope . The RC emission emerges from three main structural 
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components: bright star-forming re gions, e xtended structures, and 
a diffuse disc. Separating these components helps in calibrating the 
SFR and addressing the effect of diffuse emission when using the 
RC maps. We also disentangle the TH and NTH processes in the 
star-forming and diffuse parts of the gaseous ISM. This helps us 
investigate the impact of massive star formation on the magnetic 
field and CRes and further resolve the nature and origin of feedback 
in M 33. The most important results and conclusions are summarized 
as follows. 

(i) Radio sources contribute about 36 per cent (46 per cent) of the 
total RC emission at 1.5 ĠHz (6.3 GHz) in the inner 18 × 18 arcmin 2 

disc of M 33 at 15 arcsec (50 pc) resolution. About half of these 
sources are H II regions (contributing 57 per cent and 74 per cent in 
total source emission at 1.5 and 6.3 GHz, respectively) and the rest, 
SNRs and background radio sources. 

(ii) The diffuse RC emission has two different structural compo- 
nents, an extended structure with a spiral pattern covering parts of the 
optical arms and almost filling the inter-arm regions, and constituting 
� 20 per cent of the total RC, and a diffuse disc ( + halo) component 
of � 40 per cent contribution. Both these components are dominated 
by the NTH synchrotron emission, particularly at the lower frequency 
of 1.5 GHz. 

(iii) Excluding the diffuse components, we find a linear correlation 
between non-radio SFR tracers and the observed RC emission, based 
on which radio SFR calibration relations are provided. 

(iv) Both the mean NTH synchrotron spectral index obtained 
between 1.5 and 6.3 GHz ( αn � −0.7, I nt ∝ ναn ) and the mean 
equipartition magnetic field strength (B � 7 μG) agree with those 
obtained by Tabatabaei et al. ( 2007b , 2008 ) based on previous VLA 

observ ations. The VLA observ ations unco v er variations in αn and B 

on spatial scales about 10 times smaller than observed before. We 
find that αn becomes flatter with � SFR , indicating the escape and re- 
acceleration of CRes. The magnetic field strength also increases with 
� SFR , following a bimodal relation, i.e. changing the slope abo v e a 
SFR threshold. 

(v) Comparing the observed RC with the molecular gas emission, 
we find a tighter correlation in star-forming regions than in other 
regions. No significant correlation is found between the molecular 
gas and TH RC in the more quiescent and lower-density regions of 
the ISM. The NTH emission is, ho we ver, still correlated with the 
molecular gas in these regions. The TH RC–CO correlation in star- 
forming regions is in fa v our of a linear KS star formation law. This 
is in contrast with previous studies in M 33 where diffuse emission 
was included. 

Similar studies in large samples of galaxies will shed light on the 
interplay between massive star formation and the ISM and its role 
in the evolution of SFR. The upcoming sensitive surveys with the 
Square Kilometer Array and the ngVLA will enable mapping the RC 

emission from diffuse ISM not only in nearby galaxies but also at 
higher redshifts. 
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