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Synchrotron emission:

Tracing ordered and turbulent
magnetic fields



Total magnetic field strengths in M 51

Assuming equipartition between the energy densities of
total cosmic rays and total magnetic fields

LOFAR 150 MHz

Mulcahy et al. 2014

Calar Alto Observatory



The energy density of the total magnetic field 
is similar to turbulent kinetic energy density and

larger than the thermal energy density (low-β plasma)

Beck 2007

Assumptions:

vturb = 7 km/s

Ti = 104 K

Tn = 50 K



Can magnetic fields affect galactic rotation ?

 Magnetic forces may explain wiggles of the 

rotation curve, but not the general flatness

 Magnetic fields cannot replace dark matter

 Future work (SKA): measure magnetic forces to   

large distances

Elstner et al. 2014



Total radio synchrotron emission
NGC 6946 (VLA+Effelsberg 6 cm)

Beck 2007

≈ 20 kpc



Boomsma et al. 2006

≈ 100 kpc

Gas in the outer disk:
probably all magnetic

Synchrotron emission
limited by the lifetime
of cosmic-ray electrons
generated in the
inner disk

HI gas in NGC 6946 (WSRT)



Magnetic fields and star formation



The radio continuum - infrared luminosity
correlation of star-forming galaxies

 One of the tightest correlations

known in astrophysics

 Holds over a factor of (at least) 
105 in luminosity

 Holds from dwarf to starburst 
galaxies (Lisenfeld et al. 1996, Chyzy et al. 2006)

 Holds for distant galaxies
to (at least) z ≈ 3
(e.g. Ivison et al. 2010, Jarvis et al. 2010)

Bell 2003



 The radio-IR correlation (RIC) cannot be explained by 
thermal radio emission

 The RIC cannot be solely explained by cosmic rays 
generated in star-forming regions

 The RIC indicates that magnetic fields play a central role

Radio-infrared correlation
in star-forming galaxies



 Strong magnetic field: calorimeter model (Völk 1989)

Magnetic field strength and cosmic-ray density increase
with star-formation rate, but CR electrons fully lose their
energy within the galaxy
RIC holds only globally; slope: ~ 1.0

 Moderate magnetic field: equipartition model (Niklas & Beck 1997)

Total field strength increases with gas density or turbulence, 
cosmic rays in equipartition with the magnetic field,
energy losses of CR electrons dominated by escape
RIC holds globally and locally; slope: ~4/3

 Low star-formation rates (dwarfs): CR diffusion faster than 
replenishment (Schleicher & Beck 2016)

RIC holds globally and locally; slope: ~5/3

Radio-infrared correlation (RIC)
in star-forming galaxies



Equipartition model

Schmidt-
Kennicutt

Gas-field
coupling

Equipartition

Synchro-
tron

Dust
heating

The RIC is
the product
of gas-field
coupling

Niklas & Beck

1997



Slope of the global radio-infrared correlation

Li et al. 2016

NOT linear !



Model of the radio-IR ratio
for dwarf and spiral galaxies

Schleicher & Beck 2016

Break expected at around 10-4 Mo kpc-2 yr-1



KINGFISHER project:
Mid-radio continuum (MRC) bolometric luminosity

Tabatabaei et al. 2017

Star-formation rate can be measured by narrow-band radio 

luminosity, but MRC luminosity is preferable



Magnetic field strength and star formation rate

Tabatabaei et al. 2017

B ~ SFR 0.34±0.04



Local radio – IR correlations in M 51

Slope of the correlation is different in spiral arms,
interarm regions, outer disk, and the central region
→ different coupling between magnetic fields and gas

Dumas et al. 

2011



M51: Radio continuum        Molecular gas (CO(1-0))
(VLA 20 cm, 1.4" resolution)             (IRAM PdBI+30m, 1" resolution)

Schinnerer et al. 2013

Excellent radio-CO correlation on small scales (≈60 pc)

→ Coupling between magnetic fields and gas clouds,

as predicted by Niklas & Beck (1997)



Small-scale magnetic fields



Typical degrees of polarization in spiral galaxies
(spatial resolution: a few 100 pc)

Average: 5-10%

Spiral arms: 1-5%

Interarm regions:   10-40%

 Most of the magnetic fields in spiral arms 
are unresolved (turbulent or tangled)

 Large-scale ordered magnetic fields are 
stronger in interarm regions



Origin of unresolved magnetic fields
in star-forming regions

 There are two types of unresolved (small-scale) fields:

turbulent and tangled

 Small-scale dynamo action can amplify turbulent fields

 Shear and compression can generate tangled fields 

from ordered ones



Large-scale ordered magnetic fields



Face-on galaxy NGC 628 = M 74
Polarized intensity (VLA 10 cm) + optical image (Calar Alto)

Mulcahy et al. 

2017



 Magnetic filaments,
Different pitch angles,
partly related to
HI spiral arms

 Helically twisted
magnetic field around
NW arm

 Rudimentary
magnetic arm in NW

Beck 2015

IC 342
Polarized intensity (VLA+Effelsberg 6 cm)
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IC 342
Polarized intensity (VLA+Effelsberg 6 cm)

Beck 2015



Magnetic fields in the Milky Way:

Resolving small-scale fields?



High-resolution polarization observations:
Canadian Galactic Plane Survey

(DRAO+Effelsberg 21 cm)

Landecker et al. 2010

Depolarization in HII regions, SNRs, and “canals”
(signatures of MHD turbulence?) (Fletcher & Shukurov 2006)



Faraday tomography of a magnetic bubble
in the Milky Way

(LOFAR HBA 120-180 MHz, Faraday depths = -1 … -5 rad/m2)

Iacobelli et al. 2013



Depolarization filaments in the Milky Way
(LOFAR HBA 115-178 MHz, intensity at maximum Faraday depth)

Van Eck
et al. 2017

 Filaments of almost neutral gas, field strength 0.1 – 0.9 μG

 Very local, possibly at the edge of the local bubble

 Associated with HI filaments ? (see talk by Peter Kalberla)



Small-scale magnetic fields in the Milky Way

 High-resolution radio polarization observations show a 
wealth of detailed structures (e.g. filaments and bubbles), 
probably generated by shocks

 Submm and radio polarization features are similar
on large scales, but not on small scales (different field
components?)
(see talk by Thushara Pillai)

 No synchrotron emission from gas clouds without active 
star formation has been detected so far (e.g. Dickinson et al. 2015)



Future work

 Correlation between CO and total radio synchrotron emission 
in external galaxies at high resolution (ALMA, SKA)
(see talk by Sharon Meidt)

 Synchrotron-IR correlation in dwarf galaxies (VLA, uGMRT, 
MeerKAT, SKA)

 High-resolution radio polarization observations in spiral 
galaxies (VLA, MeerKAT, SKA) 

 Search for synchrotron emission (total and polarized) from 
molecular clouds in the Milky Way (Effelsberg, VLA, uGMRT, 
SKA)



M. Kierdorf & R. Beck

www.mpifr-bonn.mpg.de/atlasmag

Further reading


