Non-Thermal Particles in the Universe-
what are they good for?

Discovered in optical by Caroline Herschel in 1783

Galaxy: NGC 253
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NGC 253 Viewed Iin Non-
Thermal Emission
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Why Do Thermal Particles Exist?

WARNING- EXISTENCE QUESTIONS ARE HARD!

3
August, 2024 Andrew Taylor DESY.



Thermal Particles
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Why the Exponential Cutoff?

Random elastic collisions between particles to maximise entropy:
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Why the Exponential Cutoff?
6/7

p17E1 T

-

P2, E2

In the Center-of-Mass frame, /

L

August, 2024 Andrew Taylor DESY.



Why the Exponential Cutoff?

Ensemble of particles exchanging energies:
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Why the Exponential Cutoff?

Ensemble of particles exchanging energies:

100000 T
10000 |

1000 |

dN/dE

100 |

10 |

1000

August, 2024 Andrew Taylor DESY.



What Do Shocks Do?
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Reminder: Shocks

The fastest speed information in plasmas can be transmitted is
the sound speed. When plasmas travel faster than this, they set

up a shock- the upstream region is not able to know what is
coming (a surprise!).

downstream upstream
(P2, p2) (P1, p1)
G S
V2 Vi

Shock converts ram pressure ( ,OV2 ) into thermal pressure ( p )
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Collisional Shock-
Conservation Conditions

downstream upstream
(P27 ,02) (Pla ,01)
S <=
Vo Vi
Number Flux: P1V1 — P2V

2 2
Momentum Flux: P1 + p1Vy{ = P2 + p2V5

. 1 1
Energy Flux: w1vy + 5/01":13 — WoVo + 5P2V§’
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Collisional Shock- Enthalpy
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Collisional Shock- Cold
Shock Case

Momentum Flux:

Energy Flux: 1 3 (

2
2
Y Pava _ (1 (2) ) _ (1_2> <1+2>
v —1 p1vy \'%2 \'21 Vi

August, 2024 Andrew Taylor DESY.




Collisional Shock- Cold

Shock Case

So what are collisional shocks good for?
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Collisional Shock- Cold
Shock Case

So what are collisional shocks good for?
Stimulating the unstimulated degrees of freedom in the

system where energy can be stored
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Collisional Shock- Partition
of Momentum and Energy

Downstream Momentum Partition:

3 2
P2 = Z,Olvl
Downstream Energy Partition:
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Collision Time
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How are Collisionless Shocks
Different to Collisional Shocks?

Magnetic fields and Non-thermal particles also part of the system-
ie. modifies shock conservation conditions

Number Flux: P1V1 =— P2V
Biviy = Bavsy

B2 B2
Momentum Flux: T — 4
p1+ p1vi + 3. P2 + pava + 2
Energy Flux:
N 1 N B? N 1 5 Biv,
W1V V —V — WoV Vo
1V1 2,01 1 A 1 2V2 2,02 2 A
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Energy Exchange at Shocks

Collisional Shock
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Why do Non-Thermal Particles
Exist?
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But we don’t always observe
an exponential cutoff
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The Origin of the Power-law
Tail

Fermi’s original hypothesis
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Green’s Function for
Stochastic Acceleration
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How Are Non-Thermal Particles
Produced at Shocks?

An iteration on Fermi’s original hypothesis
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Non-Thermal Particles?
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The Injection Scale

1
V = ZmAv?
2

pZdN/dp
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The Origin of the Power-law
Tail

downstream
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downstream

Ez = T?E1(1 — Bua)(1 + Bus
/ :U_ﬁ
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Fermi Acceleration

Energy
ﬁ _ 4v _ fﬁ(energv gain)
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So n~1/P crossings are needed

before the particle population is
significantly altered

Number
AN B _4V o _45 (advection
N  3c 3" downstream)

Mo (1)

4 1n
3

SNRs have v, ~10°km s
so B~10-2
Andrew Taylor Y



Fermi Acceleration
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Fermi Acceleration
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How Do Non-Thermal Particles
Propagate?
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Transport (Continuity) Equation
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Charged Particle Motion in
Turbulent Magnetic Fields
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The propagation of cosmic rays is dictated by the magnetic field landscape
they live in.
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Note- a lot of what you may have studied about charged particle propagation in
magnetic fields likely assumed magnetic field variation was on much longer length
scales than particle Larmor radius.
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Random Walks

l(t+1)=t!
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0
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Saturation of Time Integral

Integrate the Green’s function over
time (constant source term) until the

F (R ) = f (R N )dt system reaches steady state
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Steady state CR distribution
around non-thermal sources
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Steady state CR distribution
around non-thermal sources
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Where do Non-Thermal Particles
Eventually Die (an Example)?
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Where do Non-Thermal Particles Make
a Difference in this System?
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Energy Deposition Distance?
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Energy Deposition Distance?
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Energy Transport in the
Heliosphere

Ly = 10%° erg s'?

M=10'B M. yr't

i i Vi 2
10' 8 M yrtl 400 km s'1
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Ly = 104" erg s'?
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Physics of the Heliosphere
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Pressures in the Heliosphere
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Which Form of lonising  Energy
Dominates Far from the Sun?
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Cosmic Rays Unique Properties
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Conclusions
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Why the Exponential Cutoff?

Random elastic collisions between particles to maximise entropy:
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