
Lecture 4 261017 

•  Slides will be available at:  
•  https://www.fisgeo.unipg.it/~fiandrin/

didattica_fisica/cosmic_rays1718/ 
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Galactic magnetic field is difficult to study (we can’t put there a magnetometer) 
The average galactic magnetic field  is ≈3-6 x10-10 T(or 3 µG) (±100%) directed 

along the galactic plane with large local irregularities  

B field is present in the halo too as revealed by synchrotron emission of e- 
It is important for cosmic ray confinement in the galaxy and for their diffusion  

Galactic magnetic field 

E. Fiandrini Cosmic Rays 17/18 



Galactic Magnetic Field 

•  Galactic magnetic field is irregular in the sense 
that it shows different intensities and directions 
distributed randomly in the galaxy 

•  Usually, B is decomposed in two components: 
– Regular, large scale average field Bo 

– Random small scale irregularities δB(x) of the 
field 
  B(x) = Bo + δB(x) 
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Magnetic field probes 
•  Magnetic field is determined indirectly by measurements of 

light:  
•  Faraday rotation of background radio sources and pulsars. 
•  Zeeman splitting of radio spectral lines. 
•  Polarization of starlight. 
•  Polarization of infrared emission from dust grains and 

molecular clouds. 
•  Synchrotron radiation intensity and polarization. 

•  Note that each probe can reveal only one of the three 
components of magnetic field (except Zeeman splitting). 
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Faraday rotation 
•  Any linearly polarized wave can be considered as a 

superposition of two counter-handed circularly polarized 
waves of the same amplitude. 

•  These waves have slightly different velocities while 
propagating through the medium (different refractive 
index). Hence a difference in phase appears. 

•  Faraday rotation is the phenomenon that rotate the 
orientation of wave’s linear polarization while propagating 
in a medium with magnetic field. 

•  The rotation angle is directly proportional to the parallel 
component of the field as well as to the square of 
wavelength                                (1) 2RMβ λ= ⋅
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Faraday rotation 
    where RM is the Rotation Measure, a parameter which 

indicates the strength of the effect and depends on the 
numerical density of electrons and the magnetic field. 

 
                                                                               (2) 
                                                                              
 
•  The effect caused by free electrons: the electric field of a 

circularly polarized wave cause circular motions of 
electrons which in turn yield a new field parallel or anti-
parallel to the external field. 

•  Thus, by assuming the electron density we compute the 
magnetic field strength in the line-of-sight  Bp     . 
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Faraday rotation 
 
 
 
 
 
 
 
 
 
 
 
•  Vital probe from extragalactic sources and pulsars in our 

galaxy, mainly for the magnetic field of our galaxy. 

Figure 2: Faraday rotation in a magnetized gas. 
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Faraday rotation 
•  Specifically as for the pulsars, which are widely spread in our 

galaxy, we can use another tool which is the Dispersion 
Measure DM: 

                                                                               (3) 
                                                          
•  DM is a parameter which indicates the delay of arrival pulses 

from a pulsar at a range of radio frequencies. Note that each 
pulse is composed of a wide range of frequencies but each one 
travels with different speed. 

•  Thus, combining (2) and (3):                                 (4) 
    This estimation is not dependent on electron density model. 
•  Only regular fields give rise to Faraday Rotation while 

random or anisotropic do not. Proof of large-scale pattern. 

0

l
eDM n dl= ∫

1.232 RMB
DM

= ⋅P

E. Fiandrini Cosmic Rays 
17/18 

8 



Faraday rotation 

Figure 3: Pulsar and extragalactic sources distribution in our galaxy. 
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Zeeman splitting 
•  A probe which is widely used for measurements of the 

parallel component of the field, in our galaxy, in starbursts 
galaxies and few nearby galaxies Bp. 

•  It’s a way to determine field strength in gas clouds from 
the emission line of 21 cm, or from maser emission from 
dense core like galactic nuclei (Heiles & Robishaw 2009). 

 
•  The interacting energy U between the external magnetic 

field and the magnetic dipole ‘nuclei-electron’ is: 
     
 
                                                              B

l

U m B
Lm

L m

µ

= − ⋅

= − ⋅

= ⋅
h

h
l BU m Bµ= ⋅ ⋅ Which is the energy difference 

between the two splitted lines. 

E. Fiandrini Cosmic Rays 
17/18 

10 



Zeeman splitting 
•  Let        be the frequency of the unshifted spectral line, 

then the frequencies of the splitted lines will be: 
                                      
                                       (5), hence measuring the 

frequencies of the spectral lines, the parallel component 
of the field is defined. 

 
•  From the change of the circular polarization we 

extract the average field direction. 
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Polarized emission at optical, infrared 
and radio synchrotron emission 

Starlight polarization: 
•  Optical linear polarization is the result of scattering from 

elongated dust grains in the line-of-sight, which are 
collimated in the interstellar magnetic field (Davies-
Greenstein effect). 

•  Dust grains are not spherical, their long axis is 
perpendicular to the field and they are spinning rapidly 
with rotation axis along the magnetic field. 

•  E vector runs parallel to the field because grains tend to 
absorb light polarized at the direction of the long axis,   
thus we measure the vertical component        . 

•  Measurements from thousand of stars 
•  Reliable detector for distances <3kpc and mainly for 

small-scale fields. 

B⊥
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Polarized emission at optical, infrared 
and radio synchrotron emission 

Infrared polarized emission of clouds and dust: 
•  The same grains that polarize starlight also radiate in 

the infrared. This thermal emission is polarized owing to 
the shape of grains as presented above. 

•  Similarly we estimate the vertical component of the 
magnetic field      .  

Synchrotron emission: 
•  Accelerating electrons gyrating magnetic field lines 

radiate radio synchrotron emission.  

B⊥
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Polarized emission at optical, infrared 
and radio synchrotron emission 

•  Significant tracer of magnetic field’s strength and orientation, 
of external galaxies (Beck 2009) and our Milky Way, by 
measuring the total radio intensity and polarization 
respectively. 

•  Polarized emission traces ordered fields while unpolarized 
synchrotron emission indicate turbulent fields with random 
directions. 

•  We estimate the vertical component of the field     . 
•  The estimation is based on the distribution of relativistic 

electrons in a range of energies: * widely assumed power 
law distribution of electrons combined with the equipartition 
of energy density between magnetic field and cosmic rays 
lead to: 
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Polarized emission at optical, infrared 
and radio synchrotron emission 

 

 
Τable 1: Detectors of galactic magnetic fields. 
Best probes for a large-scale field in our galaxy: 
RM and Zeeman splitting. 
The other probes good at revealing field details. 
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Magnetic field structure of Milky Way 
Galactic disk: 
•  Ordered (regular or anisotropic) and turbulent field 

components. 
•  Large-scale pattern in disk has a strong azimuthal 

component. 
•  Small-scale structures also appear. 
•  Approximately the field follows the logarithmic spiral arms  

having a pitch angle 10o . Parallel to the adjacent gas. 
•  Always clockwise in the arm region. Anti-clockwise in the 

interarm regions displaying field reservals. 
•  Stronger field and polarized emission in interarm regions . 
•  Strength near the sun             (Beck 2009). 
•  Norma arm            .   
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Magnetic field structure of Milky Way 
•  Magnetic field in arms is passive to dynamics. 

 

Figure 5: Field orientation in arm and interarm regions in Galaxy. 
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Coherent on 1-10 pc scales 
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•  Intensità media nel piano galattico:     3-6 µGauss 
•  Coerenti su scale di 1-10 pc 

D. Di Bari, Tesi di laurea, 2015 
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•  9000 stars have polarization 
measured 

•  mostly nearby (1~2kpc) 
•  polarization percentage increases 

with distance 

Zweibel & Heiles 1997, Nature 385,131 Berdyugin & Teerikorpi 2001, A&A 368,635 

Polarizzazione della luce delle 
stelle:  local field // arm 
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•  Each line represents the polarization measurement for a star; length is proportional to 
the fractional polarization and orientation is in the max polariz., which is || B. 

•  Within 10o from galactic plane, B is generally || to the galaxy plane 
•  Can be used to derive Bo/δB from uniformity of the optical pol data: Bo/δB  ~ 0.3 – 1. 
•  At positions at  10o off the gal plane there is a considerable small-scale structure 
•  At high gal latitudes several local interstellar bubbles each produced by multiple 

supernovae (eg Loop I) 
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Magnetic field structure of Milky Way 
Halo: 
•  Weaker fields in halo and less complex. 
•  Has a significant vertical component                  . 
•  Best evidence in such a halo is total radio emission at 

408 and 1420 Hz, diffuse polarized emission and RM 
distribution from extragalactic sources. 

•  Reserval field below and above the disk which is also 
consistent to the dynamo configuration. 

0.2zB Gµ;

Figure 6: Field configuration for A0 
dynamo. Halo field shown. E. Fiandrini Cosmic Rays 

17/18 
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Magnetic field structure of Milky Way 
Central region: 
•  A few hundred pc region. 
•  Toroidal field: 
      * field indicated by polarized emission from central   

ring-like molecular cloud zone, Zeeman effect an OH 
maser emission. 

      * field strength: 0.1 mG  
      * field orientation: parallel to the galactic plane. 
•  Poloidal field: 
      * field indicated by polarized radio filaments. 
      * field strength: few tens of µG.  
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Magnetic field structure of Milky Way 
    * field orientation: along the filaments perpendicular to 

the galactic plane. 
•  Toroidal fields in the clouds are sheared from poloidal 

fields. 
•  Smooth transition from toroidal to poloidal fields at 

latitudes of               . 
•  Both consistent to large-scale bi-symmetric field. 
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Figure 4: Toroidal and poloidal fields. E. Fiandrini Cosmic Rays 
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Random field δB 

•  Measurements (eg starlight polariz.) 
shows that the random field exceeds the 
mean field by a large factor 

•  The random field lies mainly parallel to the 
mean field, while the perp component is 
much lower <δBp>/<δBn> ~ 4 

•  However from the measurements it’s hard 
to determine the B field power spectrum 
density 
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Power Spectrum 

E. Fiandrini Cosmic Rays 17/18 30 

q  Power spectrum is the Fourier transform of the random field. 
q  Field is described as a superposition of plane waves 
q  It gives the energy of the Fourier component at a given wave number k and/

or at a given frequency w. 
q  The wave number k gives the scale of length λ = 2π/k over which the k-th 

component is ≠ 0 
q  The highest is k, the smallest is the region where the perturbation δB(k) 

acts 



Power Spectrum 
•  Most turbulence theories 

involve the processes by which 
energy injected into a medium 
at large spatial scales is 
converted into motions at 
smaller and smaller spatial 
scales (or eddies) until 
reaching scales at which the 
turbulence energy interacts 
directly with individual plasma 
particles and causes heating. 

•  Generally speaking, the PSD 
is described by power laws in 
k, that depends on k. 
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Magnetic field power spectrum of solar wind 



Power Spectrum 
•  The process by which wave energy moves 

to smaller wavenumbers is sometimes 
called a “turbulent cascade”. This process 
can be mimicked to some degree by stirring 
a fluid and watching it come into 
equilibrium. The range of wavenumbers 
over which the turbulence energy cascades 
to smaller wavenumbers is called the 
inertial range. Using both gasdynamic (GD) 
and MHD theory, it can be shown using 
energy balance arguments that the power 
spectrum in the inertial range should be a 
power law with spectral index in the range 
3/2 - 5/3.  

•  Kinetic theory is required to understand the 
dissipation of the turbulence in the so-called 
``dissipation range'' at small spatial scales.  
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Typical spectrum of interplanetary magnetic power 
spectrun in a given period of the solar activity 



Power Spectrum 

•  The power spectrum of the 
random component of the galactic 
magnetic field is essential to 
explain to diffusion of cosmic rays 
in the galaxy through collisionless 
scattering over the irregularities 
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Typical spectrum of interplanetary magnetic power 
spectrun in a given period of the solar activity 
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The Galactic Center 

Wide-angle optical view of the GC region 

Galactic center 

Our view (in visible light) towards the galactic center (GC) 
is heavily obscured by gas and dust 

Extinction by 30 magnitudes  

ó Only 1 out of 1012 optical photons makes its 
way from the GC towards Earth! 
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Radio 

Sub-mm 

Mid-IR 

Near-IR 

Optical 

X-ray 

E. Fiandrini Cosmic Rays 17/18 



36 

Need to observe the GC in the radio, infrared, or X-ray range 

Infrared images 
Central 2 pc 
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Image from the  
Very Large 
Array (VLA) 
radio telescope 
in New Mexico. 
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Radio View of the Galactic Center  
Many supernova remnants; 

shells and filaments 

Sgr A 

Arc 

Sgr A*: The Center of our Galaxy 

The Galactic Center contains a supermassive 
black hole of approx. 2.6 million solar masses.  

Sgr A 

E. Fiandrini Cosmic Rays 
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The central radio emission consists of three parts:  
Sagittarius A East (blue): a supernova remnant, which was produced by a 
violent explosion only several tens of thousands of years ago. The origin is 
unknown. Explanations range from a star disrupted by a black hole to a chain 
reaction of ordinary supernovae or even a gamma-ray burst.  
Sagittarius A West or Minispiral (red): Gas and dust streamers ionized by 
stars and spiraling around the very center, possibly feeding the nucleus.  
Sagittarius A *: A bright and very compact radio point at the intersection of the 
arms of the Minispiral (difficult to see in this image)
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Fast rotation of 
spiral filaments 
around Sgr A* 
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If one looks at this region with big 
telescopes and near-infrared cameras 
one can see lots of stars. If one takes 
pictures every year it seems that some 
stars are moving very fast (up to 1500 

kilometers per second). The fastest 
stars are in the very center - the 

position marked by the radio nucleus 
Sagittarius A* (cross).  

Distance between stars is less that 0.01 pc 
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Evidence for a Supermassive Black Hole at 
the Galactic Centre


Genzel et al. 2003 

M= 3.6 x 106 Solar Masses 
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What about X-ray emission due to accretion? 

Rather weak X-ray 
source 

Chandra X-ray image of the Sgr A West region 
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Explanation: the dark mass ~ 2.6 million solar masses 

Rotation curve for the Galactic Center 

Is this a black hole?!  
With that mass in a so small volume can be only a black hole 
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Cores of other galaxies show an accretion disk with 
a possible black hole 
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X-ray View of the Galactic Center 

Chandra X-ray image of Sgr A* 

Supermassive 
black hole in the 
galactic center 
is unusually faint 
in X-rays, 
compared to 
those in other 
galaxies 

Galactic center 
region contains 
many black-hole 
and neutron-star 
X-ray binaries 
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Evidence for a black hole of ~ 3-4 million solar 
masses: 

 
•  Rotation curve indicating an ultra-compact object 
•  No motion of the central object 
•  Rapid variability 
•  Dense stellar population 
•  Radio jets 

Radio jets but rather weak X-ray emission 
 
Other galaxies contain much heavier black holes 
and stronger activity  
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What we have learnt: 

•  Milky way structure: thin spiral disk with a 
nulear bulge and a large halo 

•  Cold and Hot gas (mainly H, HI e HII) in 
the InterStellar Medium (ISM) 

•  Stars: exploding they supply ISM with 
matter and energy 

•  Magnetic fields: large scale structure with 
many random turbulent irregularities 

•  Supermassive black hole in the center (?) 
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