
Radio Continuum Emission from “Normal” 

Galaxies

“If the radio energy source in a galaxy is not a 

supermassive black hole or related nuclear monster, then 

that galaxy is called normal, regardless of its optical 

morphology.” (Condon, Ann. Rev. A.A. 1992, 30,575)



Spiral Galaxies : radio emission

Diffuse emission:

•Disk emission coincident with the optical disk (non-

thermal and thermal component)

•Halo component presents at low frequency (<1 GHz) 

(non-thermal component)

Discrete sources:

•Non-thermal component from SNRs and RSNs 

(synchrotron emission)

•Thermal component from HII regions 

(bremsstrahlung)

•Central source



Radio-FIR spectrum of M82

For majority of spiral galaxies:

•In the (non-thermally dominated) low 

frequency regime

•S(thermic)/S~0.1 at 1.4 GHz

)10.0(75.0  sigma
S

Solid line sum of synchrotron 

(dot-dash), free-free (dashed), 

dust (dotted) components

HII regions in the bright starburst 

galaxies start to become opaque below 

~1 GHz, reducing both free-free and 

synchrotron flux densities. The free-free 

component is largest only in the poorly 

observed frequency range 30-200 GHz. 

Thermal radiation from T~45 K dust 

with opacity            swamps the radio 

emission at higher frequencies.
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HII regions

HII regions, where star formation takes place, affect the 

thermal interstellar medium through the ionizing 

radiation of the young stars.  

The radio spectrum of a region 

emitting via bremsstrahlung grows:

in the optically thick regime

in the optically thin case

Turnover at frequency << 1 GHz

(Longair, 1994 High Energy 

Astrophysics, vol.2, Cambridge 

University Press)
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Flux density versus frequency for the Orion Nebula



HII Regions

Spectral lines of different 
molecular species:

high densities and high 
kinetic temperatures insure 
that many transitions are 

excited.

Orion  hot core spectrum
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Supernovae and their radio emission

SNs are expected to become strong radio 

sources when the SN envelope interacts with 

the circumstellar material that has been 

ejected by the stellar winds of the progenitor 

star before the explosion.  

In the high-density and magnetized interstellar 

medium present in the nuclear regions of 

spirals, instabilities in the circumstellar shell 

could drive the turbolent motions that would 

amplify B, accelerate e and enhance the 

emission of synchrotron radiation at radio 

wavelengths (Chevalier 1982, ApJ 257, 790 

and 259, 302).

One of the major arguments in favor of the first-order Fermi shock acceleration as 

a mechanism for producing these e distributions has been the prediction of the e

spectrum with energy power-law exponent:

6.22218.05.0  
(Jones&Ellison 1991,Space Sci. Rev. 58,259)



Radio supernovae and supernova remnants

•NGC 7714: multiwavelength study (HST UV spectrum, Groud-based optical 

spectrum, HST images, near-IR photometry, K-band spectroscopy, far-IR, X-ray and 

radio) Lancon+ 2001, ApJ 552,150 

•NGC 4945: VLBI observations (Australian Long Baseline Array) at 2.3 GHz with 15 

mas resolution. 13 sources: 10 supernova remnants, 3 probably thermal radio emission 

(Lenc&Tingay, 2009, AJ 137, 537)

•NGC 253: LBA at 2.3 GHz with 15 mas resolution.20 sources: 9 thermal radio 

emission, 11 supernova remnants (Lenc&Tingay, 2006, AJ 132, 1333)

•M 82: The protptypical starburst galaxy. ~40 SNRs (MERLIN at 5 GHz) (Muxlow+ 

1994, MNRAS 266, 455)

•Milky Way:  1275 discrete sources: ~450 HII and ~45 planetary nebulae (VLA at 5 

GHz) (Becker+ 1994, ApJS 91, 347)

Catalog of 1442 HII regions with fluxes, diameters, magnitude etc, Paladini+ 2003 

A&A 397, 213

•NGC 2146:  18 sources (CLA-MERLIN at 1.6 GHz and 5 GHz) (Tarchi+ 2000, A&A 

358, 95)



Thermal non-thermal components

Spectral index distribution for (a) HII regions, (b) 

SNR candidates, and (c) background sources. There is 

a trend to steeper spectral indices from HII regions to 

background sources; however, the large overlap in 

spectral indices between the various types limits the 

usefulness of the spectral index in identifying SNRs. 

Morphology can help : shell structure

but plerions, young SNRs

Spectral index

N



M 82

(Muxlow+94, Fenech+2008)

Observations carried out 

with MERLIN in 1992 and 

2004 :

50 discrete sources (37 SNR 

and 13 HII regions)

SNR

5 GHz data 



NGC 4945 (Lenc+2009)

ATCA observations at 2.3 GHz with resolution of 15 mas (0.3 pc). 

In fig.: red Halpha, green K-band 2 micron All Sky Survey IR, blue Chandra soft 

X-ray. In the inset HST image and ATCA contours.   

15 sources were detected.



NGC 4945 (Lenc+2009)

From morphology and radio spectra for 13 sources:

• 10 associated with SNR

• 3 probably HII regions

+4 diffuse sources



Milky Way: the southern sky 

• Survey at 1.4 GHz with 30m 

radio telescope in Argentina 
http://www.mpifr-bonn.mpg.de/survey.html

S 

General properties of the radio spectral index:

•Disk global value

-0.5 +/- 0.1 at frequency <400 MHz

~ -0.8 at frequency > 400 MHz 

•Halo global value >-0.8 at frequency > 80 MHz



Milky Way: spectral index of the disk radio emission 

• L(disk)~ 1038 erg/s (integral of the synchrotron emission over the 

whole radio range) 

B(freq)

Frequency (GHz)

~- 0.5

~ - 0.8

-0.9:-1.0

Thermal emission concentrated within b +/- 2 deg. 

0.4 1

At 1GHz thermal emission ~ non-

thermal emission 



Milky Way: spectral index of the Galactic radio 

emission

 BT

In the next table a summary of the results for beta:

2;    S

Rogers+Bowman (2008) found beta=2.5 (alpha=0.5) 

between 100-200 MHz at high Galactic latitude.



Milky Way: spectral index of the Galactic radio emission

Reference Date
Freq.M

Hz

Spectral 

index
Comments

Turtle 1962 100 2.5+/-0.1

176 2.9+/-0.1

Andrew 1966 10-178 2.43+/-0.03

Purton 1966 10-300 2.51+/-0.05

Bridle 1967 81.5 2.38+/-0.03 Anticenter

81.5 2.46+/-0.04 Inner arm

Webster 1974 408-610 2.80+/-0.05 Increases above 400 MHz

Sironi 1974 81.5-408 2.41+/-0.04
Average over regions out of 

plane

151.5-408 2.49+/-0.04

Rogers+ 2008 100-200 2.5+/-0.1

Bowman 150-408 2.52+/-0.04



The Radio Sky

•The maps show (from left- to 
right-hand side, top to bottom) are 
the 0.010, 0.0135, 0.0175, 0.022, 
0.026, 0.0345, 0.038, 0.045, 
0.0815, 0.085, 0.150, 0.176, 
0.400, 0.404, 0.408, 0.820, 1.42, 
2.326 GHz, and the CMB-free 
WMAP foreground maps at 23, 
33, 41, 61 and 94 GHz. All the 
maps are in Galactic coordinates 
and shown in Mollweide 
projection, where the Galactic 
Centre is at the middle of the map 
and Galactic longitude increases 
to the left-hand side. (de Oliveira-
Costa et al. 2008, MNRAS 388, 
pag. 247)



Milky Way: disk radio emission 

• Model: two components at certain wavelengths the thermal gas is 

optically thick to the synchrotron emission : gas disk ~ 300pc 

synchrotron disk ~ 1000pc (halo with a diameter of ~ 25 kpc) 

Radio sky at 408 MHz

Width depends on the frequency: smaller at larger wavelength



Milky Way: disk radio emission

At 1 GHz the global T is 10-20K 

Te =electronic T of the ionized gas

Tnt =T of the synchrotron brightness  

max. .m opt depth 

Given Te ~ 104K: 

KTT ntem 105~~ 

410)105(/)1(  entm TTGHz

r  optical depth

Given the distance Sun-Galactic centre and

(see thermal bremsstrahlung, Z and nZ ion 

type and ion density) a mean electronic 

density can be derived: 0.05 – 1 cm-3

ffze

kTh gZnnTeT 222/33/2/1 018.0)1(    



Radio Halo

• Halo is evident in external 

galaxies edge-on at low 

frequency

• At 85 MHz J(halo)~1/30 J(disk)

• L(halo) ~ 1.5x1038 erg/s 

NGC 3079 at 326 MHz, GMRT (at different resolutions) 

Milky Way: HI with GBT in 

a region 2kpc above the 

galactic plane 



Outflow from the centre of Milky 

Way
Recent observations have revealed regions of gamma-ray emission 

reaching far above and below the Galactic Plane (the so called Fermi 
Bubbles). Images of two giant, linearly polarized radio lobes, closely 
correlated to the Fermi Bubbles, were extracted from the S-band 
Polarization All Sky Survey (S-PASS), that mapped the polarized radio 
emission of the entire southern sky at 2307 MHz. 

Carretti et al. 2013, Nature 493, 66

Linearly polarized intensity P at 

2307 MHz from S-PASS. The 

thick dashed lines delineate the 

radio lobes, while the thin 

dashed lines delimit the gamma-

ray Fermi Bubbles.



Outflow from the centre of Milky 

Way

The spectral index (2.3-23.0 GHz) which is -1.0/-1.2 steepening with 
projected distance from the Galactic plane and  the high polarization 
fraction(~ 25-31%) indicate that the lobes are due to cosmic-ray 
electrons, transported from the plane, synchrotron-radiating in a partly 
ordered magnetic field. The radio lobes originate in a biconical, 
star-formation driven (rather than black-hole-driven) outflow 
from the Galaxy’s central 200 parsecs that transports a huge 
amount of magnetic energy, ~ 1055 ergs, into the Galactic halo. 

The Polarized intensity and magnetic 

angles at 23 GHz from WMAP. The radio 

lobes at 2.3 GHz are shown by the black 

solid lines. The magnetic field intensities 

are 6-12 microG for the lobes and 13-15 

microG for the ridges.



Milky Way: X-ray emission

Poin-like sources: neutron stars, 

black holes , white dwarfs, 

foreground stars and backgroung 

galaxies 

Chandra observations of the 

galactic center, region of ~130 ly : 

red 0.5-2.0 keV, green 2.0-4.0 keV, 

blue 4.0-8.0 keV

Diffuse emission: the spectrum is consistent 

with a hot gas cloud that contains two 

components: 106 K and 107 K. The diffuse 

X-rays appear to be the brightest part of a 

ridge of X-ray emission that stretches for 

several thousand ly along the disk of the 

Galaxy. Shock waves from supernova 

explosions are the most likely explanation 

for heating the 106 K gas, but how the 107 K 

gas is heated is not known. 



Milky Way: X-ray emission

Low Mass X-ray Binary: companion Moptical <1Msol

High Mass X-ray Binary: companion Moptical >10Msol 

in the galactic plane



Milky Way: gamma-ray emission

Initial all sky exposure 

done in 4 days, achieved 

Egret 1 year source 

sensitivity 

GLAST= FERMI

2 instruments: 

Large Area Telescope  in the 

range 20 MeV – >300 GeV

GLAST Burst Monitor in 

the range 8 keV – 30 MeV

August 2008

3C454.3

center

Vela pulsar

Diffuse emission 

(E>70MeV) with a width 

of ~+/-150pc (disk) + 

sources (supernovae, 

pulsars…)  



Milky Way: gamma-ray emission

Longair High Energy Astrophysics, vol. 2 pag. 302

Mechanism:

•Collisions between cosmic rays (protons) 

and atmos/molecules of the interstellar gas 

 decay 

•Relativistic Bremsstrahlung between 

cosmic electrons and interstellar material

•Inverse Compton between stellar photons 

and photons of the cosmic background 

  ,,0

  

  

 0
Energy ~10 MeV – 500 MeV, with a peak at 

~70 Mev (see figure)

  

ee

  

ee

e+/- contribute to the 

electronic component 

at low energy of the 

cosmic rays



Milky Way: gamma-ray emission

At E> 0.1 GeV decay is dominant

At E<0.05 GeV brems. is important 

•Gamma produced by the brems. have 

energies similar to those of the electrons 

from which they originate, then the 

cospicuous flux of gamma with these 

energies means a cospicuous flux of 

electrons with energies < 100 Mev.

•Furthermore the spectrum of the 

radiation is ~1.7, then the distribution in 

energy of the electrons is: 7.21 el



Magnetic Fields in Galaxies 

Magnetic fields in external galaxies can 
be observed with the same methods as in 
the Milky Way, except for extragalactic 
pulsars which have been found so far 
only in the Magellanic clouds. The 
spatial resolution of the telescopes is 
much worse in galaxies, and the detailed 
structure of extragalactic fields on scales 
below about 100 pc is still invisible. On 
the other hand, the large-scale field 
properties, like the overall pattern and 
the total extent, can be best measured in 
external galaxies. Observations in the 
Milky Way and in external galaxies are 
complementary.

Barred galaxy M83. Polarized radio intensity (contours) and B-vectors at 

4.86 GHz (6.2 cm), combined from observations with the VLA and 

Effelsberg telescopes (Beck et al., unpublished). The background optical 

image is from Dave Malin (Anglo Australian Observatory).



Thermal/non-thermal emission in Galaxies 

The observed radio emission from 
galaxies has a contribution of thermal 
emission from ionized gas (and at 
frequencies beyond about 50 GHz also 
from dust) which needs to be 
subtracted to obtain the pure 
synchrotron part. The mean thermal 
fraction is about 10% at 21 cm and 
about 30% at 3 cm, but may increase to 
≥ 50% in star-forming regions. A 
proper subtraction of the radio thermal 
intensity needs an independent thermal 
template, e.g. the Hα intensity 
corrected for extinction with help of a 
dust model based on far-infrared data 
(Tabatabaei et al. 2007). For a crude 
separation of thermal and synchrotron 
intensity components, comparison of 
the observed radio spectral index with 
an assumed synchrotron spectral index 
is sufficient.

Spiral galaxy M51. Total equipartition magnetic 

field strengths (in μG), corrected for the

inclination of the galaxy (Fletcher et al. 2011)



Field Strength in Galaxies

• The average equipartition strength of the total 
field (corrected for inclination) for a sample of 
74 spiral galaxies is B = 9 ± 2 μG (Niklas 1995). 

• Dwarf galaxies host fields of similar strength as 
spirals if their star-formation rate per volume is 
similarly high. 

• Blue compact dwarf galaxies are radio bright 
with equipartition field strengths of 10–20 μG 
(Klein et al. 1991). 

• Spirals with moderate star-forming activity and 
moderate radio surface brightness like M31 and 
M33, our Milky Way’s neighbors, have B ≈ 6 
μG. 

• In “grand-design” galaxies with massive star 
formation like M51,M83 and NGC6946, B ≈ 15 
μG is a typical average strength of the total field.

Spiral galaxy M51. Total radio intensity 

(contours) and B-vectors at 4.86 GHz (6.2 

cm), combined from observations with the 

VLA and Effelsberg 100-m telescopes 

(Fletcher et al. 2011). The background 

optical image is from the HST (Hubble 

Heritage Team).



Field Strength in Galaxies

• In the density-wave spiral arms of M51 the total 

field strength B is 25–30 μG.

• The strongest fields in spiral galaxies (50–300 

μG) are found in starburst galaxies like M82 

(Klein et al.1988), the “Antennae” NGC4038/9, 

in nuclear starburst regions, like in the nuclear 

rings of NGC1097 and other barred galaxies, 

and in nuclear jets.

Central star-forming ring of the barred galaxy NGC1097. 

Total radio intensity (contours) and B-vectors at 8.46 GHz 

(3.5 cm), observed with the VLA (Beck et al. 2005a). The 

background optical image is from the Hubble Space 

Telescope.



Energy densities in ISM

The relative importance of various competing 
forces in the interstellar medium can be 
estimated by comparing the corresponding 
energy densities. 

In the local Milky Way, the energy densities of the 
stellar radiation field, turbulent gas motions, cosmic 
rays, and total magnetic fields are similar (Boulares 
& Cox 1990). The mean energy densities of the 
total magnetic field and of the cosmic rays in 
NGC6946 and M33 are ≈ 10-11 erg cm-3 and ≈ 10-
12 erg cm-3, respectively (Beck 2007; Tabatabaei et 
al. 2008), similar to that of the turbulent motions of 
the cold, neutral gas with density ρ across the 
starforming disk. The turbulent energy may be 
underestimated if vturb is larger than 7 km/s or if the 
warm gas also contributes. The energy density of 
the warm ionized gas Eth with electron density ne is 
one order of magnitude smaller than that of the total 
magnetic field EB, which means that the ISM in 
spiral galaxies is a low-β plasma (β = Eth/EB), 
similar to that of the Milky Way (Boulares & Cox 
1990). Hot gas also contributes to Eth, but its 
contribution is small. 

The overall dominance of turbulent energy is 
surprising because the supersonic turbulence should 
heat the gas, but is also derived from numerical 
ISM simulations (de Avillez & Breitschwerdt 
2005). Further investigations with higher resolution 
are needed.

Spiral galaxy NGC6946. Radial variation of 

the energy densities of the total magnetic field 

EB (B2/) 8π, the ordered (mostly regular) 

magnetic field (Breg
2 /8π), the turbulent motion 

of the neutral gas Eturb (0.5 ρn vturb
2, where vturb

≈7 km/s), the thermal energy of the ionized gas 

Eth (0.5 ne k Te) and the thermal energy of the 

molecular gas En (0.5 ρn k Tn), determined from 

observations of synchrotron and thermal radio 

continuum, and the CO and HI line emissions 

(Beck 2007).



Turbulent/ordered Fields

In spiral arms of galaxies the typical degree of 
radio polarization is only a few %. The typical 
ratios of turbulent fields to ordered fields are ≥ 
5 in spiral arms and circumnuclear starburst 
regions, 0.5–2 in interarm regions and 1–3 in 
radio halos. Turbulent fields in spiral arms are 
probably generated by turbulent gas motions 
due to supernovae (de Avillez & Breitschwerdt 
2005) or by spiral shocks (Dobbs & Price 
2008), driving a small-scale dynamo.

The strength of the ordered (regular and/or 
anisotropic) fields in spiral galaxies is 
determined from the total equipartition field 
strength and the degree of polarization of the 
synchrotron emission. Present-day observations 
with typical spatial resolutions of a few 100 pc 
give average values of 1–5 μG. The ordered 
field is generally strongest in the regions 
between the optical spiral arms with peaks of 
about 12 μG. 

Spiral galaxy NGC6946. Polarized radio 

intensity (contours) and B-vectors at 4.86 

GHz, combined from observations with 

the VLA and Effelsberg 100-m telescopes 

(Beck 2007). The background Hα image 

is from Anne Ferguson.



Field Reversals

Large-scale field reversals were discovered from 
pulsar RMs in the Milky Way, but nothing 
similar has yet been detected in spiral galaxies, 
although high-resolution RM maps of Faraday 
rotation are available for many spiral galaxies. A 
satisfying explanation is still lacking. 

Reversals on smaller scales are probably frequent 
but difficult to observe in external galaxies with 
the resolution of present-day telescopes. Only in 
the barred galaxy NGC7479,where a jet serves 
as a bright polarized background (Fig. 50), 
several reversals on 1–2 kpc scale were detected 
in the foreground disk of the galaxy (Laine & 
Beck 2008).

Barred spiral NGC7479 with two jets. 

Total radio intensity (contours) and B-

vectors at 8.46 GHz, observed with the 

VLA (Laine & Beck 2008). The 

background shows a Spitzer/IRAC 

image at 3.6 μm (NASA/JPL-

Caltech/Seppo Laine)



Barred Galaxies

• In galaxies without bars and without 
strong density waves the field lines have a 
spiral shape, they do not follow the gas 
flow and are probably amplified by 
dynamo action. In galaxies with massive 
bars or strong density waves the field lines 
mostly follow the flow of the diffuse 
warm gas. Near the shock fronts galaxies 
with strong bars and with strong density 
waves reveal a similar behaviour.  
Turbulent fields are coupled to the cold 
gas, are shocked and become anisotropic, 
while regular fields are coupled to the 
warm diffuse gas and hence avoid the 
shock.

Barred galaxy NGC1365. Total 

radio intensity (contours) and B-

vector at 4.86 GHz, observed with 

the VLA (Beck et al. 2005a). The 

background optical image is from 

Per Olof Lindblad (ESO).



Interacting Galaxies

Polarized radio emission is an 

excellent tracer of tidal effects 
between galaxies and of ram 
pressure in the intracluster 
medium. As the decompression 
and diffusion timescales of the 
field are very long, it keeps 
memory of events in the past, up 
to the lifetime of the illuminating 
cosmic-ray electrons. Tidal tails 
from interacting galaxies may 
also constitute a significant 
source of magnetic fields in the 
intracluster and intergalactic 
media.

Stephan's Quintet of interacting galaxies. 

Total radio intensity (contours) and B-

vectors at 4.86 GHz (6.2 cm), observed with 

the VLA (from Marian Soida, Kraków 

University). The background optical image 

is from the Hubble Space Telescope.



Galaxies with jets

Nuclear jets are observed in several spiral galaxies. 
These jets are weak and small compared to those of 
radio galaxies and quasars. Detection is further 
hampered by the fact that they emerge at some angle 
with respect to the disk, so that little interaction with 
the ISM occurs. Only if the accretion disk is 
oriented almost perpendicular to the disk, the jet hits 
a significant amount of ISM matter, cosmic-ray 
electrons are accelerated in shocks, and the jet 
becomes radio-bright. This geometry was first 
proven for NGC4258 by observations of the water 
maser emission from the accretion disk (Greenhill et 
al. 1995). NGC4258 is one of the rare cases where a 
large radio jet of at least 15 kpc length is observed 
(van Albada & van der Hulst 1982; Krause & Löhr 
2004).The magnetic field orientation is mainly along 
the jet direction. The equipartition field strength is 
about 300 μG (at the resolution of about 100 pc), 
which is a lower limit due to energy losses of the 
cosmic-ray electrons and the limited resolution.

Spiral galaxy NGC4258 with 

two jets. Total radio intensity 

(contours) and B-vectors at 8.46

GHz (3.5 cm), observed with the 

VLA (Krause & Löhr 2004). 

The background Hα image is 

from the Hoher List 

Observatory of the University of 

Bonn.


