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Program

* Overview of the basic and conceptual aspects of the
following acceleration mechanisms:

— Fermi acceleration in turbulence and non-relativistic
shocks

— Acceleration during magnetic reconnection



Evidences of non-thermal

particles in the Universe

Direct detection of
non-thermal particles

Non-thermal radiation
from astrophysical
sources
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Energies and rates of the cosmic-ray paricles
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Particle energization:
thermal vs. non-thermal

Velocity distribution function f(v):

Bulk Acceleration Resonant Acceleration

(Treumann & Baumjohann 1997)

* We will focus on the generation of non-thermal distributions



Acceleration channels

Charged particles — electromagnetic mechanisms

Explosive energy-release phenomena in space, solar, and astrophysical
environments

Shocks:

— Earth’s bow shock, interplanetary shocks triggered by CME, SNR,
stellar winds, radio lobes of the AGN jets, intracluster medium of
galaxies

Magnetic reconnection:

— Earth’s magnetosphere, solar and stellar flares, magnetized AGN
jets, accredtion disks, pulsar magnetosphere, wind, PNWe



Dynamics of charged particle in EM fields
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— Electric field required for acceleration



Injection into the acceleration mechanism

The rate of particle energy gain must be faster than the rate of cooling:

dE B
E = aob — TCD-‘]C_}IE

Evolution of the distribution N(r, E, t):
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Evolution of the distribution N(r, E, t):

AN L0 N
E—DVN—(?—E (&—TDDIEN}—TEEC+Q(E)

Stationary solution (no diffusion or injection), N(r, E, t) = N(E):

d N
*@ (&_TCGGl EN}_TESCZO

Simple case when ot and Tt _/t_ have no dependence on E
esc esc cool
allows for a power-law solution:
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Maximum energy: Hilla’s diagram
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Acceleration in magnetic reconnection

* Electric field in the current sheet between two magnetized
regions of opposite polarity

— Source of free energy
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Magnetic reconnection rate

Laminar model Turbulent model
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Solar flares
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Coronal
Wind

(de Gouveia Dal Pino &

m Lazarian 2005)
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Adiabatic energization

 Reversible, conservation of adiabatic invariant

* First adiabatic invariant (magnetic moment):

o Pl _’ym’UL

=55~ 2B

* Energy evolution in the description of the particle's guiding
center:

de W (OB >
Z:qE”-VH | y (8t .UE-VB)+VmeU(uE"C)

Electric drift vel: ug = E x B/ B> Field curvature: Kk = b -V b



Electric drift vel: ug = E x B/ B> Field curvature: Kk = b -V b

de JB
— =|qE; - v||+ % (3_ + UE VB) =+ Vmevﬁ(“E - K)

] I |

Direct acceleration Betatron acceleration Fermi acceleration
() \/
v+ QuA/\
usually increases increases
less important perpendicular energy parallel energy

(Figures: Oka et al. 2023)
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Particle acceleration during reconnection

Data:

Magnetospheric
Multi-Scale (MMS)

events in the magnetotail

Less enhanced heating and turbulence
(2017 July 11 event)

More enhanced heating and turbulence

(2017 July 26 event)
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RMHD Simulations of Reconnection driven by Kink turbulence
in Magnetically Dominated Relativistic Jets

& Reconnection Particle Acceleration

Precession pertyrbanon o — B2 /,},2 ph ~1
causes lateral kink that

distorts the column:

-> turbulence / S e
-> Reconnection! e
-> Acceleration! -

10t

(de Gouveia Dal Pino et al. 2019)
(Kadowalki et al. 2021)
(Medina-Torrejon et al. 2021)
(credit: E. M. de Gouveia Dal Pino, IAG-USP) (Medina-Torrejon et al. 2023)



Identification of Fast Reconnection driven by

Kink in Relativistic Jets

» Search algorithm (Kadowaki et al. 2018) extended to 3D analysis
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2" order diffusive Fermi acceleration

Referential S (‘Lab’)

Particle initially with energy E and ®
momentum p in the system S; cloud
moving with velocityu =-ue_

Pe=pp —1<p<+1

Lorentz transformation to frame S’ moving
with velocity u where cloud is at rest:




2" order diffusive Fermi acceleration

: , . , Referential S (‘Lab’)
Lorentz transformation to frame S’ moving with @

. A o ‘ﬁ 3 L]
velocity u=-u e where cloud is at rest: E P

E' =~(E + Bep,) = v(E + Bepp) 47.

" Ep
Py =7ps+BE/c) =~(pp+ LE/c) @&

Referential S’

1
7= (1 _ u2/62)1/2

B=u/c

Upon elastic collision in S’: p;.; — —P;.;

New energy in S after scattering: F" = Y {EJr — 56(—29:3)}



E' =~(E + Bepe) = v(E + Bepp)

Py = V(pe + BE/c) = v(pp+ BE/c)

E" =y {E" - fe(-p,)} =7°F (1 + 6%+

=v°E (1+ %+ 2Bvp/c)

E'—E AE

E

E

Referential S (‘Lab’)

,},2

1

(1—-52)

=145+ 0(8")

=~* (1+ 8%+ 28vu/c) — 1

= (1+ 82+ 0(8"Y) (1+ B%+28vp/c) — 1




E'"—FE AFE
= — =77 (1+ "+ 2Bvp/c) — 1

E E
= (L+ 82+ 0(8Y) (1 + 82 + 2Bvp/c) — 1

AE

& = 268% +2Bvu/c+ O(5) —l<p<+1

Probability of scattering for different particle’s directions:
Referential S (‘Lab’)

® .
PCDH(/LL) o TC;:III(I‘L)P(#) X Uappro}((ﬂ)P(IJ’) HH*:;.
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Referential S (‘Lab’)

=7 — 98 1 2Bufe + O(F

+1

Peon(p) = %(Prﬁﬂ): (/ dpPeon(pt) = 1)

1

AE I
(55 = [ duPant {26° + 280m/c} = 35°

Change in energy proportional to the second order in the
Small parameter 3 = u/c

= Fermi second order acceleration



(AE) = 2B

dE 4 B _
= E — g/BgTscalttE = akb (U/l) — Tsc;tt
[ ~ distance between clouds
More generally: % = ol — TC;;E

In the diffusion-loss equation for the distribution N(E):

AN, 0 » N
E_Dv N_(?_E (&_TCGDI)EN}_TESC +Q(E)




In the diffusion-loss equation for the distribution N(E):

AN L0 N
E—DV N_Q_E (&_T{:DDI EN}—TEEC+Q(E)

Looking for the stationary solution (no diffusion or injection):

d N

a— T )ENY — — =0

cool

~ a5\ -

Power-law solution:

1 Oln(a — 7%

NE)=KE™', I'=1+
(E) ’ Oln FE

cool
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Adding the diffusion term in the energy space:

N 2 P B N 1 9°
3 = DV = g {0 = ) ENY = — + Q(B) 37

{DpN}

Referential S (‘Lab’)

Dy = < (A E)2> .\u,*]i’::‘p’,

d
dt
)

EH L
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(AE)Q _ 462U2M2/62E2 +O(,83) ~ 4/82/-L2E2

Repeating the average over the probability for the collision
direction,

Peon() o< 7o (1) P(1) X Vapprox (1) P(1) = Peon(p) = %(Hﬁu)

+1 4
A Peon() {482 %} = 252

(e = [

—1

d 4 , _
Dp =+ ((AE)") = gﬁgTscalttEg




4 order Fermi acceleration: turbulence

Diffusion in the energy space can be related to the diffusion
in the momentum space:

d
Dg <> Dy, Dy, = a7 <(Ap)2> ~ [T scattp

For turbulence plasma waves: Ressonance condition:

?__1 (6Bres
scatt,QLT ~
By

2
) Q [w—kvuﬂm, n=0,1,2,3,...]

Electron Motion Wave Propagation
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Diffusion in the energy/momentum of the CR distribution
function f(p,t) describes the 2™ order Fermi acceleration:

of 10/ 5, 0f\_J
ot~ p2ot \U TP o

TE SC

Allows a power-law for stationary solution:

Dy, xp? = f(p)oxp "
N 1/2
g+ 1 g+1\?  Tace p?
F — I L + > Tacr: —
2 2 Tesc DPP
assumption: Tace (P) — const

Tesc (p)
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Diffusion in the energy/momentum of the CR distribution
function f(p,t) describes the 2™ order Fermi acceleration:

(Treumann &
Baumjohann 1997)



Test particles in MHD turbulence

ic Energy [r*'[,]

Normalized Kine

(Kowal et al. 2012)

Time [tuen)



Shock Acceleration

(Caprioli & Spitkovsky 2014)
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mechanism for gcceleratlon (Uzdenskii+ 1990)
CRs up to energies ~PeV

Converging flow at the
shock & Fermi reflection
across the shock front




Diffusive Shock Acceleration:
1* order Fermi acceleration

Upstream
Region 1

Downstream
Region 2
----_»- -------- L
X = + o0 X
uw,=(1/r) u,

I: compression ratio

strong non-relarivistic shocks
(monoatomic gas): r — 4

Transport equation in the diffusion approximation:

af

E+V*(Uf)+vp'(

L) =v- 09

f(x,p,t) = f(z,p)



Particle scattering:

After a round trip (1 — 2 — 1), relative energy gain:

AFE _4 _4(’11;1—152)
<7>—§5—§ :

Change in energy proportional to the first order in the
small parameter 3

= Fermi first order acceleration



Relative gain in momentum (v ~ €):

4 (ul — ’{Lg)

(Ap) = gp

Time to cross the distance Ax around the shock:

Axr 1 Ar 1
Teross — |
2 (Vie) 2 (Vo,1)

Approx. the same average v, speed In each side:




1 1 <V > 1 /1 du P, :
T = — A = A Ar
CTOSS A 1—2 r Jq HEpop 4 Ax
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Upstream
Region 1

E+V*(Uf)+vp-(

- Downstream
Region 2
-------- — e
X = + o X
i u,=(1/r) u,
Shock
x=0 I: compression ratio
dp
—f)=V-(DV)

f(x,p,t) = f(z,p)

dp_ (
dt

ou

ox

p

)V+u

= (ug — uy)o(x)

(35



Upstream Downstream

Region 1 Region 2
----- e = = =t e = = = = = = =
X = -0 X > + o0 X
u u=(1/r)u
1 Shock ’ 1
x=0 I': compression ratio

Stationary 1D transport equation:
6f 1 1 0,4
Us — Up)0(x)— —
o (DEL —ur) = gl —wo) L 671)
Continuous, no divergent solution across x=0:

f(p.z <0) = Ci(p) +{C2(p) — Ci(p)} exp (ull)x)

f(p,x>0) = Cy(p) (simplification: D constant)



Upstream Downstream

Region 1 Region 2
----- —— e = e = — =
X = - X =2 + o0 X
u u=(1/r)u
: Shock ’ :
x=0 I'. COmpression ratio

Stationary 1D transport equation:

of I 1o,
o (DEL —ur) = gl —wo) L 671)

Integration around the shock:

(whof ~ {05} =gl ) —o




Continuous, no divergent solution across x=0:

F(p.x < 0) = Ci(p) +{Ca(p) = C1(p)} exp ()

f(pam > 0) — CZ(p)

Integration around the shock:
8f (ug —uy) 1 0 , 4 B
(wof ~ {5t} =2 (P -

.. leads to the dependence on p:

ng 31 SN
| Cy = C
P dp  (ug — ) 2 (ug — 1) 1




Solving for C,(p):

C1(p) = Cod(p — po)

Co P -
Co(p>po) =T— | —
Po \ Po

r— 3’U,1 B 3’1&1 /“USQ B 37
(ug —ug)  (ug/ug—1) (r—1)
I: compression ratio

strong non-relarivistic shocks
(monoatomic gas): r — 4




Back to energy, in the ultra-relativistic case (E, >> mc?):

N(E) = Co(I' + 2)E; ! (E%) - — | N(E) x B2

Non-relativistic case (in kinetic energy):

1 Ey, (D 1.5
N(Ey) = Cy(T/2+ 1)Ep, (Em) — |N(E},) < E7Y

* No dependence on the details of the scattering process
oE 7

X



PIC simulation - non-relativistic shock, non-relativistic
energies (Caprioli & Spitkovsky 2014)
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PIC simulation - non-relativistic shock, non-relativistic
energies (Caprioli & Spitkovsky 2014)

Efficiency for different magnetic field angles:

Efficiency (%)




Non-linear theory of Diffusive Shock
Acceleration

PIC simulations show that up to 10-20% of the shock energy can be
channeled to accelerated = particles particles dynamically important in the
shock evolution

To achieve ~PeV, amplification of the ambient magnetic field by a factor of
dozens is needed in the pre-shock (to increase confinement):

— Amplification by non-resonant streaming instabilities?

— Amplification by a CR driven dynamo in the precursor?

Nature and evolution of the scatters: self-generated waves, role of pre-
existing turbulence and inhomogeneities, CR induced turbulence, damping
processes, role of reconnection in the turbulence

Needs self-consistent approach, covering plasma phenomena in several
scales = computationally challenging

See e.g. Malkov & Drury 2001; Schure et al. 2012; Blasi 2013; Bykov et al. 2013, 2018;
Caprioly & Spitskovsky 2014a,b,c; del Valle at al. 2016; Inoue et al. 2021; Caprioli 2023



Diffusive reconnection acceleration?

* First order diffusive process aroung the converging flows in the turbulent
reconnection process (de Gouveia Dal Pino & Lazarian 2005)

c =200V,

WM@MM 1]

1 0

10" 107 10 107

(del Valle et al. 2016)



To remember

Efficient particle acceleration during magnetic reconnection occurs mainly due to Fermi
reflection and the betatron effect. Direct acceleration on the current sheet is secondary.

Magnetic reconnection is thought be present in a large number of astrophysical sources and is
likely turbulent. Still the subject of intense research.

Astrophysical systems are almost always turbulent. The 2nd order Fermi diffusive process
due to particle scattering by MHD turbulent waves can produce non-thermal particles with a
power-law in energy.

First order Fermi diffusive acceleration occurs in shocks (DSA) and produces non-thermal
particles. Basic theory predicts a power-law index -2, without dependence on the details of
the scattering process.

The complexities of the DSA scenario involve the maximum energy achieved by the particles,
the production of waves, the magnetic amplification and the modifications of the shock
evolution. The approach to these problems require self-consistent approaches.

Numerical simulations using PIC (plasma + self-consistent fields) or Test-Particles have been
fundamental for testing theories and exploring systems with complex configurations.
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