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• Spectrum of synchrotron radiation: power-law because the electron energy 
distribution is a power-law.
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This Time
• Spectrum of synchrotron radiation: power-law because the electron energy 

distribution is a power-law.

• We will discuss how to measure the magnetic field strength from the 

observed synchrotron power.

• We will understand why synchrotron spectra really show low and high 

frequency breaks.
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Minimum energy
• By integrating the spectrum of a synchrotron emitting 

object, we can measure the total energy density emitted 
by the plasma (need an estimate for distance and size).


• But energy density is Utot = Ue + Umag

• To break this degeneracy, and therefore measure B-field, we can use the 
minimum energy method (Burbidge 1956)

Umag =
B2

2μ0

Ue = ∫ E(γ)
dN
dγ

dγ ∝ B−3/2

• Plasma presumably finds ~lowest 
energy state in equilibrium.



Minimum energy
• Minimum energy requirement:                   (equipartition).

• Will calculate true minimum energy relation for homework problem.

• Roughly equipartition values expected from particles jiggling around and 

sharing energy in the plasma.

• See https://github.com/robfender/ThunderBooks/blob/master/

Equipartition%20analysis.ipynb


Ue ∼ Umag

https://github.com/robfender/ThunderBooks/blob/master/Equipartition%20analysis.ipynb
https://github.com/robfender/ThunderBooks/blob/master/Equipartition%20analysis.ipynb
https://github.com/robfender/ThunderBooks/blob/master/Equipartition%20analysis.ipynb
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before escaping the plasma: the energy is instead 
transferred back to the electrons.

• Proper calculation of the absorption cross-section is difficult (see Longair 
and/or Rybicki & Lightman), but we can gain an intuitive understanding.

Absorption more efficient for lower 
frequency photons 

σν

ν



Self-absorption

Low frequency

Photons emitted from in here just 
exchange energy with electrons

Photons emitted from out here 
can reach the observer

• Only “see” photons from outskirts of the plasma cloud.

• Just like stars, we see photons from outer             .τ ∼ 1



Self-absorption

Low frequency

Photons emitted from in here just 
exchange energy with electrons

Photons emitted from out here 
can reach the observer

• Only “see” photons from outskirts of the plasma cloud.

• Just like stars, we see photons from outer             .τ ∼ 1

…aside: remember from Stars lecture that we 
see further into the core 



Self-absorption

Low frequency Intermediate frequency

τ ∼ 1
• Only “see” photons from outskirts of the plasma cloud.

• Just like stars, we see photons from outer             .

• Higher frequency photons can stream through more of 

the plasma, so we see higher flux of high frequency 
photons than of low frequency photons.



Self-absorption

Low frequency Intermediate frequency High frequency

τ ∼ 1

• The highest frequency photons can stream through the whole cloud: so we 
just see the synchrotron power-law for the highest frequencies.

• Only “see” photons from outskirts of the plasma cloud.

• Just like stars, we see photons from outer             .

• Higher frequency photons can stream through more of 

the plasma, so we see higher flux of high frequency 
photons than of low frequency photons.
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• Electron distribution not thermal, but can get correct form 

for self-absorbed spectrum by assigning electrons an 
effective temperature: kTeff = E ∝ γ
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• Radio spectrum: 

Iν ∝ Bν =
2h
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Self-absorption calculation
• Electron distribution not thermal, but can get correct form 

for self-absorbed spectrum by assigning electrons an 
effective temperature:


• Remembering that photon frequency emitted from 
electron with energy E is


kTeff = E ∝ γ

ν ∝ γ2 ⟹ kTeff ∝ ν1/2

• Trick: the most efficiently that electrons with effective temperature can emit is 
a blackbody function:


• Can just set:


• Radio spectrum: 

Iν ∝ Bν =
2h
c2

ν3

ehν/kTeff − 1

hν ≪ kTeff
⟹ Can use Rayleigh-Jeans approx: Iν ∝ Bν ≈

2kTeffν2

c2

kTeff ∝ ν1/2 ⟹ Iν ∝ ν5/2

∴ Iν(Teff) < Bν(Teff)
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…same result for more involved 
calculation

Self-absorption calculation



High frequency cut-off
• Upper limit for energy that diffusive shock acceleration 

can give to electrons: when the gyroradius:
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rg =
γmv
eB

is larger than the accelerating region, the electron can’t cross the shock 
front any more times to gain more energy.

• Leads to maximum energy of E~1015 eV in supernova remnants and E~1020 
eV in AGN (thus the highest energy cosmic rays thought to be from AGN)



High frequency cut-off
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Set by size of 
acceleration region
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High frequency cut-off
• But synchrotron radiation drains energy of electrons.

• Electrons lose energy at a rate:
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• Therefore, highest energy electrons in the population radiate all of their 
energy away first!

P =
4
3

σTc
B2

2μ0 ( v
c )
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Later still

More electrons have had 
time to radiate away all 

their energy
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High frequency cut-off
• Timescale to radiate away all energy:


• v~c


• Therefore:
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τ =
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=

γmc2(v/c)
(4/3)σTcB2/(2μ0)(v/c)2γ2

τ ∝ 1/(B2γ)⟹

γmax ∝ 1/(B2τ) νmax ∝ γ2
maxB ∝ 1/(B3τ2)⟹



Spectral Ageing
Black hole accretes gas via accretion disc.



Spectral Ageing
Launches jet that plows into the IGM (over-densities can 
bend the jet).



Spectral Ageing
Jet terminates eventually, strong shock forms at a hotspot. 
Fermi acceleration of electrons at shock.



Spectral Ageing
Plasma expands back towards the galaxy.



Spectral Ageing
Plasma expands back towards the galaxy.



Spectral Ageing

“Newer plasma” (shorter 
time since electrons were 

accelerated)

“Older plasma” (longer 
time since electrons were 

accelerated)
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Figure 3. Spectra fits in 3C289. Each spectrum corresponds to one 
curvature of the spectra with distance away from the hotspot. 

Spectral ageing in double radio sources 549 
3C289 East 

the strips shown in Fig. 15(a). Note the good fit and the increasing 

Table 4. The results. 

Source a0 5mu;6 

(nT) 
3C239 0.90 2.48 
3C245 0.78 1.31 
3C247 0.70 0.97 
3C254 0.80 0.96 
3C263.1 0.65 0.59 

3C266 0.80 1.64 
3C268.4 0.80 1.83 
3C270.1 0.75 2.02 
3C275.1 0.70 0.77 
3C280 0.70 1.27 

3C288 0.80 0.49 
3C289 0.70 1.23 
3C294 1.00 2.46 
3C299 0.70 0.59 

¿MnT) 
x-lobe y-lobe 

8.0Í0.5 5.5Í0.5 
11.2Í0.2 

4.5Í0.1 4.6Í0.2 
4.5±0.1 4.6Í0.1 
13.0Í1.0 ll.Oil.O 

11.8Í0.5 12.5±0.2 
5.0±0.2 5.0±0.3 
5.8±0.4 7.7±0.3 
3.3Í0.1 4.0±0.2 
4.5±0.5 6.0±0.5 

Vio6e(c) 
x-lobe y-lobe 

0.10Í0.03 0.13Í0.02 
0.18±0.04 

0.13Í0.01 0.10T0.02 
0.10±0.02 0.13Í0.02 
0.26Í0.10 0.18dh0.04 

0.16Í0.04 0.20±0.04 
0.24±0.04 0.15±0.03 
0.18Í0.03 0.15±0.03 
0.10±0.02 0.11±0.03 
0.12±0.02 0.13±0.02 

a**ak x-lóbe 
x-lobe y-lobe 

1.11 1.04 Nf 
0.96 W 

0.84 0.80 Nf 
1.04 0.85 E 
1.60 0.78 Nf 

1.53 1.29 N 
1.11 0.86 Nf 
1.10 0.86 Np 
0.73 0.96 N 
0.98 0.66 E 

0.87 0.77 N 
0.84 0.91 Sf 
1.10 1.28 Nf 
0.93 0.74 Nf 

2.1Í0.1 2.1Í0.1 0.05Í0.01 0.06±0.02 
4.8Í0.2 4.2Í0.3 0.10Í0.02 0.09T0.02 
6.0Í0.4 4.0Í0.1 0.14±0.03 0.18Í0.03 
5.5T0.5 2.8±0.1 0.2Ü0.05 0.03 ±0.01 

In general, electrons close to the hotspots appear younger 
than those further away. The synchrotron lifetimes are 
generally less than 3 x 106 yr, younger than those of the low- 
power sources of AL (5 x 107 yr). 

Straight-line fits to the plots of age versus hotspot distance 
for each lobe gives a characteristic speed, vXohQ, the speed 
separating the hotspot from the lobe material. The straight- 
line fits might be expected to go through / = 0 at the hotspots, 
the hotspot being the point at which particle acceleration is 
now occurring. However, no source shows zero age at the 
hotspot, and all of the sources for which we have three- 
frequency spectra at the hotspots show curvature (Liu & 
Pooley 1991a). Possible explanations include: (i) the hotspots 
have all been inactive for times ranging between 105 and 106 

yr; (ii) the spectra of the hotspots are contaminated by 

emission from the lobe material, or (iii) the magnetic fields in 
the hotspots themselves are substantially stronger than those 
in the more extended regions. We regard the first possibility 
as improbable, while (ii) is certainly the case with the current 
data, where the resolution corresponds to a linear scale of 
the order of several kiloparsec. Alexander (1987) argued for 
(iii) in his study of 3C234. 

5.1 Notes on individual sources 
3C239. In the low-resolution 1.4-GHz map of this source 
(Fig. 4a) there is some radio emission at the 2.5 o level coinci- 
dent with the position of the associated galaxy; since it is not 
visible on the 5- and 15-GHz maps, it is unlikely to be core 
emission. The hotspot in the eastern component is at one 

© Royal Astronomical Society • Provided by the NASA Astrophysics Data System 
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Figure 15. (a) Total intensity maps and (b) strip profiles of total intensity at 1.4 GHz, spectral index and age along the lobe axes indicated by 
the letters in (a), for 3C289. See the caption to Fig. 4 for further details. 

© Royal Astronomical Society • Provided by the NASA Astrophysics Data System 

Break frequency really is lower in 
plasma further from hotspot: this 
plasma has cooled via synchrotron 
emission.

Liu & Pooley (1992)



Spectral Ageing
• Estimate magnetic field strength 

from minimum energy method:
 τ ∝ B−3/2ν−1/2
max
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Figure 1:5 - continued 

(a) 3C294 5GHz I 
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Figure 16. (a) Total intensity maps and (b) strip profiles of total intensity at 1.4 GHz, spectral index and age along the lobe axes indicated by 
the letters in (a), for 3C294. See the caption to Fig. 4 for further details. 
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Figure 16. (a) Total intensity maps and (b) strip profiles of total intensity at 1.4 GHz, spectral index and age along the lobe axes indicated by 
the letters in (a), for 3C294. See the caption to Fig. 4 for further details. 

© Royal Astronomical Society • Provided by the NASA Astrophysics Data System 

• Estimate magnetic field strength 
from minimum energy method:


• Plasma typically expands at ~0.01c; 
most extreme examples ~0.1c.


• Growth speed ~constant throughout 
lifetime of source.


• Oldest (i.e. largest) sources have 
ages of ~few 108 years.

τ ∝ B−3/2ν−1/2
max



Spectral Ageing

19
 92

M
NR

AS
.25

1. 
.5

45
L 

Figure 1:5 - continued 

(a) 3C294 5GHz I 

34 25 48 

34 25 36 

14 04 35.00 14 04 34.00 14 04 33.00 14 04 35.00 14 04 34.00 14 04 33.00 

34 25 48 

34 25 36 

14 04 35.00 14 04 34.00 14 04 33.00 

3C294 15GHz I 

cs 

O 

0 

° • i ) c o 

o 

3C294 1.4GHz I 

Figure 16. (a) Total intensity maps and (b) strip profiles of total intensity at 1.4 GHz, spectral index and age along the lobe axes indicated by 
the letters in (a), for 3C294. See the caption to Fig. 4 for further details. 
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Figure 16. (a) Total intensity maps and (b) strip profiles of total intensity at 1.4 GHz, spectral index and age along the lobe axes indicated by 
the letters in (a), for 3C294. See the caption to Fig. 4 for further details. 
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• Estimate magnetic field strength 
from minimum energy method:


• Plasma typically expands at ~0.01c; 
most extreme examples ~0.1c.


• Growth speed ~constant throughout 
lifetime of source.


• Oldest (i.e. largest) sources have 
ages of ~few 108 years.

τ ∝ B−3/2ν−1/2
max

⟹
The most powerful radio sources are short-
lived (tiny fraction of Hubble time), probably 
limited to accretion episodes. Given that we 
see lots of these sources out to high 
redshift, this is likely a phase that most 
massive galaxies go through at some point 
in their lifetime.



Weaker sources

FR I

FR II

• Only the most powerful sources have 
bright lobes ~tens of kpc away from 
galaxy (bottom).


• Farenhoff & Riley (1974) noted that 
weaker sources have more centrally 
peaked morphology (top).


• They introduced the FRI, FRII 
classification.


• Spectral ageing can’t be used on FRI 
sources — plasma is gently “blowing 
away” from the host.


• We therefore have no idea of the age of 
FRI sources.



Simulations of Tchekhovskoy & Bromberg (2016)

movie at: https://youtu.be/ErmoeAk8MvA

FRI - FRII Dichotomy

• Makes sense that weaker jets 
cannot punch as far into the IGM.


• Difference in jet power due to 
magnetic field strength? Black 
hole spin?


• Different environment?

• Or are FRI sources remnants of 

FRII sources whose jets have 
powered down?

https://youtu.be/ErmoeAk8MvA

