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Shock waves

e So far, we have considered the properties of shocks in the case where there is no mag-
netic field in the fluid. We now explore what happens when we relax this assumption.
To begin with, we assume that ideal MHD applies everywhere but within the shock-
front itself, and that the velocities of the ions and the neutrals are the same (i.e. we
can treat them as a single fluid).

e We can use the MHD version of the fluid equations to derive jump conditions relating
conditions in the pre-shock gas to those in the post-shock gas. In the absence of a
magnetic field, the conditions that we arrive at simply require that the flux of mass,
momentum and energy is conserved across the shock. In the MHD case, however, we
also need to consider what happens to the magnetic field, and so it is useful to look at
the full derivation.
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Shock waves

The description of discontinuities in MHD is more complex of pure
hydrodynamics, due to the presence of magnetic fields.
The MHD shock waves form

However, in astrophysics exists the following circumstance that simplifies
considerably the problem

Except that around the pulsars, astrophysical fluids are never dominated by the
magnetic field, in the sense that the plasma-f§ parameter is such that

B2 ’yvi
— = < 0.1 — 0.3 (take the defs of o _ _ .
8tp  2c2 v_Aandc_s) This implies that the dynamical importance of

B field can be approximated as small

Thanks to this we can also neglect the fact that the
shock waves must be superalfvenic, that is V >v,

In effect, since v,= (B%/47p)"2 and from previous relation we have B?/8x < pc?,, the
condition V>v, is equivalent to V>c, which is absolutely necessary for shock wayes
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Equation of Motion

dv :
p— = —Vp + J}xB + pg
(1) (2) (3) (4)
. (2) 1% *
1) — = = > Plasma
(3) b B /(2u) beta
When p<<1, jxB dominates

. B
) (H)=Q@) =v=vy, = M*Alfvén
speed
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e We start by noting that the continuity equation has the same form regardless of whether
or not a magnetic field is present. Therefore, the associated shock jump condition in
the MHD case is the same as in the hydrodynamical case:

P1V1,1 = PaV2, 1. (422)

e The momentum equation, in the form that we derived it in lecture 2, is given by

1
(Bv +7- Vv) =—-Vp+ —

o (B VE-Lv (|§|2). (423)

81

In component form, this can be written as

p(av +v]81)z> = —0ip+ — !

_ » (@), (424)

1= (Bid;B)) — o
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e The left-hand side of this equation can be rewritten as

ov; 0 0
p (8— + w;0; v,) = 5 (pv;) — via—i + 0;pvjv; — v;0;pv;, (425)
= 9 v+ 0pum— v (22 46, (426)
- at PU; pUJU’L 8t pv]

The final term on the right-hand side of this expression is simply v; times the continuity
equation, and hence is zero. Therefore, the momentum equation becomes

G, B 1 1. =0
o (pu) + ypvy0 = —0p+ o (B;0;B.) — -_(8BP). (427)
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e The magnetic pressure term on the right-hand side can be written as

1 1
Since the magnetic field satisfies V- B = 0, we have 9;B; = 0, and hence can write the

momentum equation as

0 1 1 —

ot (pvi) + Ojpvjv; = —0ip + E(aijBi) - 8_7r(ai|B|2)' (429)
Finally, collecting terms together and using the identity 0; = 0;0;;, where 9;; is the
Kronecker delta, we arrive at the following form for the MHD momentum equation:

0
5z (Pvi) + 05 (pvjvi + pdij — Tij) = 0, (430)
where T}, is the Maxwell stress tensor
Tij = ;-\ BiBj — 5|Bl"di; ) - (431)
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e Now consider a small cylindrical volume with cross-sectional area A oriented perpen-
dicular to the shock, with one end in the pre-shock gas and the other in the post-shock
gas. From the above form of the momentum equation, we see that

0
[ ) aV == | 8, (puyoi+ 98— Ty) v (432
\%4 Vv

where V' is the volume of the cylinder. If we allow the volume of the cylinder to tend
to zero, then the integral of the time derivative term vanishes, and we have simply

/ Bj (,O’Uj’Ui +p5ij - T'ZJ) dV =0. (433)
1%
Applying Gauss’ theorem then yields
/ (pvyv; + pbs; — Tiy) nydA = 0, (434)
S

where 7 is the vector normal to the area element dA, and S is the closed surface of
the cylinder. Since we can make the length of the cylinder as short as we like, the only
surfaces we need consider are the two ends. We therefore find that

Alpvjv; + pdij — Tijl; — Alpvjvi + péij — Tijl, = 0, (435)

where the subscripts denote that the contents of the brackets are evaluated in the pre-
shock and post-shock gas, respectively. From this, our desired jump condition follows
trivially:

lovjvi + poi; — Tijly = [pvjvi + péi; — Tigl, - (436)



e To translate this from component notation back into something more useful, note that
we can locally decompose the fluid velocitv into two components, v, and v, where v, is
oriented perpendicular tothe normaldirection®  and v is ordered parallel to it. Similarly,

B can also be decomposed into perpendicular and parallel components, B, and Bj.

e If we let both 7 and j represent the perpendicular component, then ¢ = 5 and the jump
condition tells us that

1 1
p1'Ui_L +p]_ - .8—7'(' (B12,_L - B]2-a“) == p2'U§’J_ +p2 - 8—7'(' (Bg,_]_ - Bg,”) . (437)

Alternatively, if we let ¢ represent the perpendicular component and j represent the
parallel component, then 7 # 7 and the momentum jump condition yields

1 1
P1V1, 101, — EBI,LBLH = PaUs | Vo | — EB2,J_B2,||- (438)

* Normal direction with respect to the shock surface
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e A similar analysis applied to the constraint that V - B=0 gives us another jump
condition for the magnetic field

Bl,_l_ - Bg,_l_, (439)
and allows us to simplify the first of the momentum jump conditions to
PR+t Bl = ek +pt o B (440
’ gr bl ’ gr 2l

We therefore see that if the flow of the gas is perfectly parallel to the field lines, so
that the shock is oriented perpendicularly to them and B = 0, then the momentum
jump condition that we obtain is the same as in the hydrodynamical case. This makes
sense on physical grounds — in this scenario, the field exerts no net force on the gas,
so it is not surprising that the jump conditions remain unaltered. We also see that
when the parallel component of the field is non-zero, then our jump condition for the
momentum in the perpendicular direction does depend on the magnetic field, which
provides an additional source of pressure.
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e A further jump condition on the velocity and the magnetic field comes from the induc-
tion equation

%§+vx(§x@=w. (441)

If we consider the same small cylindrical volume as before and require the time deriva-
tive of the magnetic field to vanish within it, then it follows that

LVX(Ex@dvzg (442)

This can be converted to the following surface integral

Aﬁx(éx@dszm (443)

where 77 is the normal to the surface, and the vector identity

ax(bxé)=(

el
N
Sl
|
—~~
STl
S
~—
!

(444)

then allows us to write this as

lé“ﬁiﬂ?—maéﬂd5=ﬁ (445)



e As before, we can choose our volume V' and surface S so that the only parts of the
surface integral that we need to worry about are the ends of the cylinder, and hence
can simply take 77 to be perpendicular to the shock front. We therefore have

v, B — B.7|dS =0. (446)
X

From this, we obtain the jump condition
U1, LBy = B1,101,| = 2,1 Ba | — By, 10y, (447)

(Taking the other component of the vector simply yields the trivial result that v; B) —
Biv; =0, and hence tells us nothing new).
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e Finally, it is possible to write the energy equation for the flow in conservative form as'®

9 (1 = +B2 V- i (B4 202 +1(B'><*)><1§ 0 (448)
— | zpv° + e+ — - | pU < — U =
ot \ 2" 8 P 2 ir
from which a final jump condition follows:
P1V1, 1L hl + 1’U2 — iC’Bl | = P2U2 | h2 + l’02 — iC’Bz I (449)
! 2°') 4w ’ 2%) dar OV

where C' = By vy — Bi,|v1,1. = Ba, 1V — Ba|v2,1 is conserved through the shock.
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P1V1,1
B 1

1
pviL+pi+ B
1
P1v1,101,| — 4_Bl,lBl,||
T
v1,1 B1) — Bi,1v1,

1

1
P11, 1 (hl + 5012) — ECBLII

e The full set of jump conditions for an MHD shock is therefore

pP2V2 1,
B2,_La
1

p2v3 | + P2+ 8_71'B2 I
P2V2,1 Vo | — %BZLBZH»
V9,1 By — By 1 vy,

1.\ 1
P2V2 | (hz + 5’02) — ECBZ“
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e It is clear from the form of these jump conditions that MHD shocks are considerably
more complicated than their hydrodynamical equivalents. On reflection, however, this
should not be surprising. In a hydrodynamical flow, we have only a single characteristic
velocity, the sound speed c,, at which signals can propagate. In an MHD flow, however,
there are three characteristic velocities: the sound speed, and also vg and vg, the speeds
of the fast and slow MHD waves. Shocks are associated with the jump of the flow
velocity from above the phase velocity of a given wave to below, and hence there are
siz possible types of MHD shock.
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e The first type of MHD shock is known as a fast shock. In this case, we have v; | > vp
and vp > v9 | > va 1, Where vy | is the Alfven velocity in the perpendicular direction.
The flow therefore jumps from above to below the velocity of the fast MHD wave, but
remains faster than the Alfven velocity.

e Another type of MHD shock is a slow shock, where vy | > v1,1 > vgand vy < vs. In
this case, both pre-shock and post-shock velocities are slower than the Alfven velocity.

e Finally, there are four different types of intermediate shock:

V1,1 > UF, VA,L > V2,1 > Us,
V1,1 > UF, V2,1 < Vs,
Up > V1,1 > VAL, VA,L > V2,1 > Us,
VUp > V1,1 > VAL, Vg, 1 < Us.

In all four of these shocks, the pre-shock flow is super-Alfvenic (i.e. faster than the
Alfven velocity) and the post-shock flow is sub-Alfvenic.
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e If B) =0, then the shock jump conditions reduce to

piv1i,L = P22, (456)

PlUi?,l +p1+ S%Bi” = pzvg,l + p2 + 8%33,”, (457)

vy, = Vg (458)

'Ul,J_Bl,H = 'U2,LB2,||7 (459)

P11, 1 (hl + lvf) + iB% |V,L = pP2U21 (hz + 1vg) + iBS (V2,1 (460)
’ 2 4o >0 7 : 2 e e

Using these, it is possible to show that in this case, the only type of shock that is
physically possible is a fast shock, with v; | > (vi, 11t 03,1) 2 The compression ratio
produced by this shock can be written as

p2 _ 2(y+1) (461)

P D+ [D2+4(y+1)2—- MY

where D=(y-1)+ (2M1_2 + ’YMX,21) ; (462)

and Mpa 1 = vy /va, is the Alfven Mach number of the shock. In the limit where
M >1and My > 1, D — (v —1) and the compression ratio becomes

pr_otl
pr y—1
just as for a purely hydrodynamical shock. For weaker shocks, however, it is clear that
we get less compression when the magnetic field is strong and M, ; is small than when
the magnetic field is weak or absent and My, ; is very large. This is a consequence

of the additional resistance to compression provided by the magnetic pressure in this
scenario.

(463)



e The other important special case is when Bj; = 0. In this case, the shock jump

conditions become

p1V1,L = pP2VU2,1, (464)
By, = By, (465)
1
PVl +p1 = pavs ) + P2+ S—WBQ‘Z,”a (466)
1

proLLvL) = pavava) — - B2 By, (467)
—Bi1v1 = va,1By — By, (468)

1, 1, 1
prv1,1 | b+ QU] = pavey hy + JV2 )~ EBLLB%II'ULII- (469)
Note that in this case, we cannot automatically assume that B, = 0, as B is not

necessarily conserved through the shock.

e One possible solution consistent with these jump conditions has B, | = 0. In this case,

the jump conditions simplify further, becoming the same as for a purely hydrodynam-
ical shock, and the magnetic field plays no role in determining the shock properties.
This “hydrodynamical” solution exists whenever v; > ¢ 1, and produces a compression
ratio, temperature ratio, etc. that are the same as in the absence of a magnetic field.
This hydrodynamical solution is a fast shock if ¢s; > va 1, and can be either a fast,

slow or intermediate shock if ¢51 < va ;.
E. Flandrini Cosmic Kays 192U
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Shock waves

The jump conditions at the discontinuity surface are the same as for hydrodynamics:
Conservation of:

i) mass flux
ii) momentum flux (parallel and normal flux)
iii) energy flux

w = specific hentalpy (previously
called “h” )= e + p/

t
Putting [X] = X, - X; We get
[pvn] =0

1 1
[p+ pvi + —(Bf = B))] =0 [pvavs+-—BiBn] =0
Sm 4
[pon(0?/2 4 ) + = (0u B — Bu(7- B))] =0
7T

There additional conditions due to electromagnetic fields:
From Maxwell eqns, at the discontinuity, B, and E, are continous -

[Br] =0 [Et] =0
Since we are in the ideal limit £ = —vx B/c (a)we get [Bnvt — Bion] =0

To get E,, multiply vectorially of (a) with n
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Shock waves

[pvn] =0

1 1 Bl =
[0+ pvis + 5 (B = BDI =0 [pvavi + —BiB] =0 [Bn] =0

[pon(v2/2 + w) + %(vnBz _ Bu(#-B))] =0 [Bnvt — Byvp] = 0

The analysis is simple in two limiting cases

The first is one in which the B field before the
shock is normal to the shock surface, B,=0

This case is called "parallel" shock since the B field is parallel to shock normal direction
In such a case it is easy to show that B,, =0 behind the shock

Since both B, and B, are continous with B, =B, , and B,=B,=0, it follows that the
parallel shocks reduce to the pure hydrodynamic case, as if the B field is not
present
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Shock waves

[pvn] =0
1 1

[0+ pvis + 5 (B = BDI =0 [pvavi + —BiB] =0
s 41

o022+ w) +,~(0aB? ~ Bl B))] = 0

The analysis is simple in two limiting cases

The 2nd case is when the B field is parallel to the shock surface, ie
perpendicular to the normal, B, =0

[Bn] =0

[ant — Btvn] =0

In such a case, from 3rd equation we see that v, is continous - therefore we can

choose a reference frame in which v,=0 and the shock is a normal shock

From [Bpvi— Bwp] =0 And [pvn] =0 We get

Bi1/Bi> = p1/p2 While the others reduce to
2 2
[pv] =0 [p—|—pv2—|—B—t]:O [1,2/2_|_w_|_B_t]:o
8m 4p

Which are the hydrodynamics eqgns with the additional magnetic
terms s meEMRNtYomieRE,/gnesaY flux
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If the plasma is made of electrons and protons (or ions), there is the question
about the particle temperature after the shock, that is if we have T_=T,

We have seen that what transforms the the ordered kinetic energy in internal kinetic
energy are not the collisions, but are time-varying induced electromagnetic fields

The electrons are subjected to same forces as ions, but, due to their much
lower mass, the accelerations are much higher

In there conditions, it is perfectly possible that electron irradiate so that they do
not retain, ie dissipate, the internal kinetic energy transferred by the shock
wave - it is possible that the electrons come out form shock front with T_<T, or
even T << T,

This means that the shock dissipates a fraction of its energy, but since before the
shock, where the kinetic energy is mainly ordered, the electrons have only a fraction
m.,/m, << 1 of the total energy, even if almost all this energy would be dissipated, we

have not important dynamic consequences on the jump conditions

We can say that, without radiative losses within the shock thickness and with no heat
transfer from protons to electrons, the electron temperature behind the shock is a factor

m./m, lower than for protons, which is the temperature we get from RH conditions
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Consider a subsonic disturbance moving through a conventional
neutral fluid. As is well-known, sound waves propagating ahead of the
disturbance give advance warning of its arrival, and, thereby, allow the
response of the fluid to be both smooth and adiabatic. Now, consider a
supersonic disturbance. In this case, sound waves are unable to
propagate ahead of the disturbance, and so there is no advance
warning of its arrival, and, consequently, the fluid response is sharp
and non-adiabatic. This type of response is generally known as a
shock. Let us investigate shocks in MHD fluids.

Since information in such fluids is carried via three different waves--
namely, fast or compressional-Alfvén waves, intermediate or shear-
Alfvén waves, and slow or magnetosonic waves we might expect MHD
fluids to support three different types of shock, corresponding to
disturbances traveling faster than each of the aforementioned waves.
This is indeed the case.
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(iv) Shock Waves

Nonlinear sound wave can steepen to a shock wave
-- propagates at speed > c,

In MHD 3 modes:

(1) Slow-mode shock
- propagates faster than slow-mode speed
- turns B towards normal

(2) Fast-mode shock
- propagates faster than fast-mode speed

- turns B away from normal
(3) Finite-amplitude Alfvén Wave

E. Fiandrini Co.imic Rays 19
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« The jump conditions are a set of 6 equations. If we want to find
the downstream quantities given the upstream quantities then
there are 6 unknowns ( o,v,,,v,p,B,,B;)

 The solutions to these equations are not necessarily shocks.
These are conservation laws and a multitude of other
discontinuities can also be described by these equations.

Types of Discontinuities in Ideal MHD

Contact Discontinuity

Vn=0 )Bn;éo

Density jumps arbitrary,
all others continuous. No
plasma flow. Both sides
flow together at v..

Tangential Discontinuity

Complete separation.
Plasma pressure and field
change arbitrarily, but
pressure balance

Rotational Discontinuity

Vn?fo 9Bn¢0

Vn =l3n/(1u0p)é
E_EiandriniC e R 1920

Large amplitude
intermediate wave, field
and flow change direction

but not magnitude. 2




Types of Shocks in

Ideal MHD

Shock Waves Flow crosses surface of
v, =0 discontinuity accompanied by
compression.
Parallel Shock B B unchanged by shock.
( along shock B =0
normal)
Perpendicular P and B increase at shock
Shock B, =0
Oblique Shocks B =0,B =0
Fast Shock P, and B increase, B bends away
from normal
Slow Shock P increases, B decreases, B bends
toward normal.
B rotates 1800 in shock plane.
Intermediate [p]=0 non-compressive,
propagates at u, density jump in
Shock ’

E. Fiandrini Cosmic Ray
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*Configuration of magnetic field lines for fast and slow shocks. The
lines are closer together for a fast shock, indicating that the field
strength increases.

Perpendicular

* n
I o
1
1 o
: -
*
e
_od
-
-
. o
-
— (o}
eBn‘— 90

Parallel Oblique Slow Oblique Fast
| } }
: | : Ulpstream
: B1 eanl ‘
.w__y_du_% |
B,
l Downstream
BE R BRI
6g,=0° 0°<8,4,<90° 0°<85,<90°
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Fquazione di propagazione (1)
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Formation and Interactions of CR's

Energy Supply: gravitational, nuclear, ELM,...
1 Provide energy for particles

Shock & Hydromagnetic waves, ELM Fields, Turbulent B fields,... \
| Store and transport energy |

Processes transfer a fraction of E to particles: injection and acceleration

4

Relativistic particles = Cosmic rays

Particles interact with ( 1 ’

“interstellar, :
Matter interg;}aegﬁcemaew Photons

:\Cl)niTatiODt . Synchrotron & Inverse Compton &
BUC eartlnrﬁrac lons curvature radiation Thomson Scatterifg
remsstraniung Self-Absorbtion




Formation and Interactions of CR's

Particles get accelerated at
astrophysical sources

They leave sources and propagate
in the ISM
They interact with the ISM particles

and/or decay producing new
particles

They loose energy in the ISM by
elm processes (brems, IC, sync)

They are bent randomly by ISM
magnetic field

Until they reach the galaxy border
and escape the galaxy

Therefore: Their spectum and
composition at the Earth location
are not representative of the source
spectrum
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Proton flux
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He Flux

Transition energy R, and

smoothness parameter s are the

same as for protons
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Comparison between gxperimental results
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Electron/Positron fluxes:

No sharp structures
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Accelerazione di particelle

m L accelerazione di RC da parte di un qualche
meccanismo Galattico (o extragalattico) deve tener
conto det seguenti fatti sperimentali:

® Lo spettro di potenza (per tutti i RC) del tipo dN/dE~E™ con
y=2.7 pet p sino a E~4x10" eV e y=3.1 per e+ ed e- )

= o spettro alle sorgenti ha un indice spettrale prossimo a 2
» L’ energia massima misurata (E~1020 eV)

= |e abbondanze relative tra gli elementi, tenendo conto degli
effetti di propagazione
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. _ 1 E
Larmor 300 ZB

Confinamento: (eV | Gauss) o)

m Utilizziamo i valori tipici del campo B (3x10° G) galattico per
protont:

(E=10"elV) =10"cm=3-10"" pc
r, =l(E=10"eV) =10"ecm=0.3 pc
(E=10"eV) =10""cm =300 pc

® [ p hanno un raggio di Larmor sempre minore dello spessore del
disco galattico (300 pc) se E<10'® eV. Per questo motivo tutti i RC
(meno quelli di energia estrema) sono confinati nel piano Galattico

dal campo magnetico.
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|sotropia dei RC

* | RC primari al di sotto di 10" eV hanno una
distribuzione di arrivo completamente isotropa sulla
sommita della nostra atmosfera. Qualé il motivo?

= Campi magnetict galattici:
m B=3x10°G
m coerenti su scale di distanza 1-10 pc
# NOTA: 1 pc=3x%10'® cm
m Galassia= disco di raggio R=15 kpc, spessore h=300-1000 pc
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Richiamo: moto di un RC nel campo magnetico (Galattico

2
/r=pv/r=_ZevB/

WIS PO S SERIE (10%eV) =10"cm =3x10~ pc

r=pclZeB 15 18 -1
r=>10"el)=10"cm =3x10" pc

B 1 E(@V) 18 1021
r(cm) = (10°eV) =10"cm =300pc
300 ZB(G)
1018eV 1019V 10"20eV_

v
R
—
~all 1 X
HY - 7J' V.V
] o ‘\~-;

Y[kpe]

Le particelle diffondono e vengono isotropizzate dalle irregolarita’ del campo magnetico grazie
a tisonanze (es. di ciclotrone) quando p, ~ A delle onde di alfven con una lunghezza di

diffusione A, = p,(B,/0B(k))* con 8B (k) =Jw(k)dk, w(k) ~ k* densita’ spettrale di potenza
Il processo €’ quindi diffusivo con D= cA/3 ~ D_(R/R_)*?



Volume di confinamento

Le particelle attraversano in media E=50 kgm= di ISM
E=pct =2 otteniamo P< 1 pcm™ tipico del disco galattico

Questo implica che le part viaggino anche in regioni meno dense
di quelle tipiche del disco (dove le abbondanze non cambiano)
con un percorso casuale "tortuoso” per via delle irregolarita’ del
campo B galattico. St puo' dire che esse non sono libere di
stuggire liberamente

E' importante quindi stimare quanto €' grande il volume in cui 1
CR sono confinati
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Volume di confinamento (2)

m [l volume puo' essere:

m 1l disco della galassia, cioe' approx un disco di raggio 10-15 kpc e spessote

300-500 pc

m oalassia + alone, una regione meno densa di raggio ~15 kpc che circonda
il disco di forma sfetico-ellissoidale =»

Alone

Disco

Other evidence of galactic halo: 408 MHZ map of the sky :
synchrotron emission
of few GeV electrons in the galactic magnetic field 45



Potenza delle sorgenti dei RC

m 11 confinamento det RC ci induce a sospettare che le sorgenti siano di
origine GGalattica (tranne che per 1 RC di energia estrema).

» Qual & / energetica delle sorgenti? (necessaria per individuatle).
m [l tempo di confinamento dei RC: t= 3x10" y (calc. Fra poco)

m Volume della galassia (con o senza alone) :

— (15kpc)2 -r-300pc = 6x10°cm’
vir =4/3-7(10kpc)’ =10 cm’

m Potenza necessaria per mantenere uno stato stazionario di RC:
Weg(erg /em’) - V46 (cm’ ) 10 x1.6- 10_12(erg) _101 98
7(s) 3-10" x(3.15-10"s) s
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Esiste un meccanismo con una potenza tale
da sostenere il flusso dei RC nella
Galassia?
m Una esplosione di Supernova libera:

m 10°! erg/esplosione
m [a stima della frequenza di SN nella nostra Galassia ¢

mf =1/t =1/30y!
m Sinoti che T < T =10"y. Le SN sono un fenomeno quasi

continuo su scala det tempi del confinamento dei RC.

m Potenza energetica liberata dalle SN:

W. = IOSIerg =10%ere/s
N 30%3.15:107s &

m Perché il quadro sia coerente, occorre trovare un meccanismo

che trasferisca al piu il 10% di energia dalle supernovae in energia
cinetica di particelle (i RC)=> Meccanismo di Fermi .



Leaky Box Model

A useful approximation is the following:

Assume there 1s no diffusion (eg D=0)

CR propagate freely in the galaxy volume, uniformly filled with ISM and
regular B, until they reach the “border” and escape

A CR has a probability per unit of time to escape the galaxy p = 1/t
where T 1s the measured residence time of CR 1in the galaxy

Then

esc?

As the diffusion coefficient D is energy dependent, also the characteristic

escape time of CRs from the Galaxy T . = T _ (E) 1s energy dependent

€SC
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Leaky Box Model

m  The transport equation becomes

i _ M0
dt T OE

N Pj;
[b(E)A(E)]+ QO — — Z T—Jﬂj

Jj>i J

m The leaky-box model provides the most common description of CR
transport in the Galaxy at energies below ~ 107 eV. The model is based
on particles injected by sources ¢ distributed uniformly over the galactic
volume (the box) filled with a uniform distribution of matter and
radiation fields. The particles get-away from this volume with an escape
time independent of their position in the box. The escape time T _ (E)
depends on the particle energy, charge, and mass number, but it does not
depend on the spatial coordinates. Secondary nuclet are produced during
the propagation as a function of the path length
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Spettro dei RC alle sorgenti

m || modello Leaky Box permette di collegare lo
spettro osservato a Terra con quello alle sorgentt

® [n assenza di tutti 1 processi € 10 uno stato
stazionario, tranne che la fuga dalla galassia, il

modello ci da N(E)

0=0Q(E)- B

N(E)=Q(E)T(E)

m [n questa approssimazione, lo spettro a Terra e’ quello delle
sorgentt Q(E) modificato dall’effetto della propagazione,

descritta dal termine T(E) o



R | Dipendenza del rapporto r vs. E
m [ dati sperimentali

confermano questa ipotest.

m In particolare, si ottiene che
la probabilita di fuga dalla
Galassia dipende dall’ energia

come:

10

E[GeV/n]
NB: 8 = a—2 e D ~ H?/7, H spessore dell’alone, percio’ la misura di § da informazioni sulla natura
della turbolenza del campo magnetico al queste scale di energia

Valori tipici §, = 11.8 gr/cm,, R, =5 GV/c, 0 = 0.6

[indice spettrale 0 ha un’incertezza piuttosto grande. Il suo valore €’ compreso in un
intervallo 0.15-0.8 a seconda del modello. Per esempio un regime in cui D o T dipendono
dalla posizione, come modelli a doppia regione (disco+alone), effetti non lineari,... *°




Spettro dei RC alle sorgenti

m [l risultato appena ottenuto ¢ estremamente importante, petrché
permette di avere informazioni sullo spettro energetico det RC
alle sorgenti.

®m Poiché il flusso dei RC sulla Terra € stazionario, vi deve essere
equilibrio tra:

Spettro energetico misurato: D(E)x E7 (erg/cm’ - GeV)
Spettro energetico alle Sorgenti: OQ(E) x E™'(erg/s-GeV')

0.6
Probabilita di diffusione: T(E) < E77(s)

O(E)T(E)

Volume

hidd fCIJ(E)dE S
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Spettro dei nuclei alle sorgenti
O(E)-T(E) .

il f(I)(E)dE [

Volume

® Quindji, inserendo le dipendenze funzionali:

m [l modello che descrive le sorgenti di RC nella Galassia, dovra
prevedere una dipendenza con 1" energia del tipo ~E2.

m Occorre trovare un processo che produca uno spettro di
questo tipo alla sorgente.

m [l modello di Fermi prevede proprio un andamento

funzionale di questo tipol! 50



Elettroni e positroni

DN 3 (B 6NJ—*.?_(B;N") + My r\"~ -X = 4. -\-M
g‘t 2t ! j.Cl T

O, ¢' la sez d'urto per il processo perProy 2 TE2?UE 2 et ed n €' la densita'
di p nell ISM, N_i e'la densita' di elettroni

Da dove vengono gli elettroni?

Da interazione dei RC con 1 protonit del mezzo interstellare

Da sorgenti primarie, cioe’ siti di accelerazione

Da sorgenti esotiche(?)

Per ¢li elettront, a differenza della componente nucleare, sono important i
processi di perdita di energia durante la propagazione. 1l termine che

descrive le perdite di energia continue non puo' essere trascurato ma anzi
diventa dominante



Toy Model

6 (aso semplice di: — soluz, slazionaynie dAN/dt = o

x C'e' una distvih it a e unforme dh sorﬂev\t' che \mettanp
e~ con spettro di miezione Q) -k £°P

— La diffusione won e \WWbovtante =D L'equ. divent a
c' = £ -
_cl?[\alc)u(c)] JRCICRN Jcl[h(E)N(E)]”SQ(‘)"E

x Assumiamo N(e)— 0 Pey € — =D
1)

N(f) = kE ®-D doye \J(E) - A4(8\A_§_ .4—44,8)4- AZE e A;Ez
(p-1)b(E) m

> Se dowmina (oMt N(E) « E-(P-ﬂ - spetiro di € pu‘\ FualTo

Se ™ Brems N(E£) x ¢ F lo spettvo non cambia

(0 adiab. IOSS)

- (P4l
Se TC o sty dowunawne N(f) < E (P )

speftvo \on} Vibido

La diffusione non e’ importante perche’ se c’e’ una distribuzione infinita e uniforme di sorgenti non ci
sono gradienti di densita’ spaziale, a regime



Spettro degli e+,e- alle sorgenti
O(E)-T(E) .

il f(I)(E)dE [

Volume

® Quindji, inserendo le dipendenze funzionali:

m Anche per gli elettroni di alta energia lo spettro alle sorgenti
e’ compatibile con -2
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o Nel caso di dilfusione, le pavticelle st spostano w media

\ €
A /\’,:,’ (ZD?)h 7(€) 4 . -"/2
5 e D(E) dE
oIn gevevale D=D(E) => A(g,€,)" SD“)“” B g NG
0 %o

I

x Dz 10 om's (val. medio galattico) => A = 10 kpe G 4 GoV

(Sol:o/z\( - S-'au:} Ve, T lef-,,>

« Trascuvando 12 dipend. di D da € ) < € —>
Lospettvo degli ¢” nei diffevent. intevvally dienevgia dipend,
alle condizion: medie &, \wo\;agatuone neh' 1SM 1n una reog\owne
di vaggio R~ A(E)

« Esempio: ber e on ES> 164V | Ale) £ 40 Kpe = Rgy

= Gl e~ sono 33]&”16.

Quindi lo spettro osservato cambia parecchio durante la
propagazione




75,000 ly

Nuclear bulge

~10%1ly @ 1 TeV
~3.16x10° ly @ 100 GeV
~10*ly @ 10 GeV
~3x10*ly @ 1 GeV

Gli elettront
engono da vicinol!



Time(years)

SNRs vicine

Vicino al noi ci sono numerose potenziali sorgenti di
elettroni

0. Gemingo
1 TeV
¢ Monogem
10 Tev
o--G65:3+5.7
Cygnus HB3 W51
¢ Velo G13’5_1'1‘E4OO A
PKs 120§-35°40
Kes 67
o S147 Pup A
100 TeV
HB21
o SN185X¥%3 AT
SN1006
3CB391
S IX’ﬂ oer
Rew183
1 1 A 1 A L 1 t A 1 1 1 1 A 1
1

1
Distance (kpc)

LisT oF Mearay SME=

TaBHLE 1

[Mstnce Ape o™
SNRE (kpc) {¥n (TeV) Reference
O L 0.9s 1.8 = 108 L7 = 102 1
L I (.80 46 = 1 63 2
HE 21 (.80 19 = e 14 1,4
GES 35T 080 20w 10 13 5
Cyemus Loope... . (.44 20 = I 13 [
Weld oo .30 10 = 104 25 &
MOnOESI e 0.30 g6 = I 28 9
IS 1) [T 017 20 o= 1 1.2 10
GREMINEL e eeees 0.4 14 = IWF 067 11

* Maximum enerzy limited by the propagation of electmns in the case of the prompt release

after the explosion. The delay of the relesse time gives the larger value,

Bemmmces.—{1 ) Strom 1994; (2) Braun et al. 1989; (2 Tatematsu et al. 199%0; (4) Leahy &
Aschenbach 1996; (5) Green 1988, (6) Mivataet al. 1994; (7) Blair et al. 1999 (8) Camveo et al.

2000; 9) Plucinsky et al. 1996; (107 Egger & Aschenbach 1995; (11 Caraveo et al. 1996



Eccesso rispetto a cosar

Produzione secondaria nel’ISM di e+
ed e-

Sorgenti primarie di e-: n (E)=K_,
N(E) + 0, . ngyc n.,(E), K, =107
No sorgenti primarie di e+: n (E) =

0'pe+nISMC ncr(E)

Leaky box equilibrium density n_(E) = N_(E)t...(E), T

o
)
(52

o
)

IIII I | =

Positron Fraction ®(e')/(d(e')+D(e))

o
o

lllllllnlllll

0.05

0.15F

lll

@ HEAT
@ AMS-02
+ PAMELA

S
A —{— 4
L —— 4
N PR I F_jo-E I | S II L1 11 I | N | I—

€sC

(E) = 1, B

Energy (GeV)

n_(E)/n+(E) = (Kep Ncr(E) + 0'pe-nISMC Ncr(E)Tesc(E) )/ovpe+nISMC Ncr(E)‘cesc(E) =

= 0I)e-/o'pe+ + Kep/Tesc(E)

n,(E)/(n.(E) +n(E)) =1/(1+ n(E)/n,(E)) =1/(1+0,./0,cs + K., /Teoo(E) )

Ope/Oper = 0.5-0.3 > n (E)/(n,(E) + n(E)) = 1/(15 + (K,,/To)E?)

= Senza produzione primaria di e+ alle sorgenti la frazione decresce con energia
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Comparing our data with a minimal model, as an example.

In this model the e* and e™ fluxes, ®_, and ®_, are parametrized as the sum of
individual diffuse power law spectra and the contribution of a single common source

of e*:
ot = Cos E‘Ye*' pulsar source  Eq(1)
Dark matter source

®,. =C.E¥ +CEvet/s (E inGeV) Eq(2)

Coefficients C_, and C__ correspond to relative weights of diffuse spectra for positrons
and electrons.

C. is the weight of the source spectrum.
Y. Yo. and y, are the corresponding spectral indexes.
E_is a characteristic cutoff energy for the source spectrum.

With this parametrization the positron fraction depends on 5 parameters.



Possiamo dare un quadro generale degli spettri alle
sorgentt:
Per la componente nucleare p=2

Per la componente e™ p=2.1
Fino ad almeno qualche centinaio di GeV

Gli spettri alla sorgente sono differentt per e- e
protoni (cum grano salis)



Per entrambe le componenti c’e’ evidenza
sperimentale di hardening dello spettro a qualche

O(100 GeV)

Per e+ ed e- 'evidenza e’ netta: c’e’ una sorgente
che immette e+ ed e- di alta energia nel’ISM

Per 1 nuclet la situazione e’ piu’ incerta: nuova
classe di sorgenti? Effetto di propagazioner
Servono piu’ dati.

Le pulsar accelerano e+ ed — ma non protoni (per
esemplo)



Accelerazione det ragei cosmict

Per costruire un "acceleratore cosmico" abbiamo bisogno di:

2. Power Source

Emission

4. Propagation

3. Acceleration
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How might such cosmic accelerators work?

Man-made accelerators

-
>

No. of particles

v

Energy




How might such cosmic accelerators work?

Man-made accelerators Nature’s accelerators
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In ambiente astrofisico (in presenza di particelle ionizzate, plasmi)
campi elettrostatici non possono essere mantenuti a causa dell alta
conducibilita dei plasmi stesst

Sono possibili meccanismi in cui f.e.m. sono prodotte tramite

VxE=0B /0t

Il meccanismo *idrodinamico’ descrive accelerazione stocastica di
RC da parte di ripetuti urti delle particelle con un onda di shock, ad
esempio emessa dall” esplosione di una SN.

Questo meccanismo venne utilizzato per 1 RC per la prima volta da
parte di E. Fermi (1949), e prende per questo il suo nome.

e patticelle cariche sono riflesse da “specchi” magnetici dovute alla

Le particell h flesse da specch gnetict dovute all
). . .

presenza dell irregolare campo magnetico galattico.

Ad ogni riflessione, le particelle guadagnano (in media) energia

Il meccanismo predice il corretto andamento del flusso zs. B
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Electromotive Acceleration

Fundamentally, Lorentz Force law =
%(-ﬁrf'rz:zﬁ) =e(lL+UND)

But, on macroscopic scales, no electrostatic fields, 1.e., (E) = 0.
Also, for a stationary B, %m = ().
Need “moving” magnetic fields, 1.e., acceleration by electromotive force.

Expect, rate of energy gain by relativistic particles = work done by the

electromotive force = ff_i = (ecB.c, with £ < 1.

Fermi’s original suggestion: Encounters of charged particles with moving,

magnetized. interstellar clouds.

Post MSc lectures, SINP, December 2012



Electromotive Acceleration

rticle with charge Ze is

J

. 1 OB . e=electrical field
VXE=——— induced in a region
C ot | of length L

We obtain E, =[Ze-e-dc=Ze-BwlL-L/c

ax

E. =Ze Blay - Zefp,BLRE (EeV)=Z[ B(uG)L(kpc)
c
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acceleration mechanism, there is a simple

v cl fastropﬁysical objects as possible sources capable of
g particles to a given energy.

Hillas-plot

|n \/ stat acceleratlon (candidate sites for E=100 EeV and E=1 ZeV)
mechanism, there must be a magnetic | "o

field, B, to keep the part ~Ies confined \RB

within the a flon site. The size R N W+

Protons
r a

of the acceleration region must be
larger than the diameter of the orbit of
the particle. One gets the general
condition

E(EeV)<Z 8 B(uG)R(kpc)

v
White
dwarf

Fe (100 EeV)

-~
0
0
=
[
o
o
-
3
-
w
O
-
+
Q
g
E?
=
-
=}
-

Galactic s
ha

The above condition also applies to
direct acceleration scenarios in which
the electric field arises due to a R TR B TR
moving magnetic field. . " og(size, kmy T 1T




Magnetic Confinement

Magnetic Field Strength
“Hillas Plot” 1d%

Minimum size of B field to

contain particles being cills )
accelerated. TEVATHON ‘f\
SppS Ite Dwarts
Achievable energy: -
1G
E [EeV] ~ Z R [kpc] B [uG]

The Hillas plot must be interpreted

carefully. It represents a necessary | D_GG Interplanetary space S
. s . Galactic Eluste
.condltlon.to reach the maximum energy Galaotic Hak .
in a cosmic accelerator but it may be not ]
) ] I T N T T T I S [ ¢ |
sufficient since there are other processes 1k 10%m | 1pc  1kpc 1Mpc 1Gpe
that prevent to reach it, e.g. radiative T

Size

losses, escape form acceleration region,
age of the source...



Tra 1 siti possibili di accelerazione det ragei cosmici possiamo
includere (ad energia crescente):
1 venti stellari
le esplosiont di Supernovae
le “remnants  di tali esplosiont: stelle di neutroni ruotanti,
pulsar con nebulose, ...
altri oggetti esotict, quali 1 “mini-black holes”, se esistono.

[ ragei cosmici osservati con energiec E>10" eV, potrebbero
essere statt accelerati da meccanismi extragalattici, quali jets di
nuclei Galattici attivi o GRB

Il meccanismo di Fermi puo essere attivo in molte di queste
situazioni astrofisiche, e lo analizzeremo in qualche dettaglio
per le esplosioni di Supernovae

Il fattore comune a queste classi di sorgenti €’ la presenza di

onde di shock e/0 zone di campo magnetico turbolento in
moto (SAB>=0, ma <AB*>#0)
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Reprinted from Physical Review 75, 8, April 15, 1943, by Permission

On the Origin of the Cosmic Radiation

Exmuico Feaw
Instilute for Nuclear Studies, University of Chicago, Chicage, Ilimois
(Received January 3, 1949)

A theory of the origin of cosmic radiation is proposed according to which COSMIG, rays are originated
and accelerated primarily in the interstellar space of the galaxy by collisons against moviag mag.
metic fields. One of the features of the theory is that it yields naturally an inverse power law for the
spectral distribution of the cosmic rays. The chief difficulty is that it fails to explain in a straight-
forward way the beavy nuclei observed in the primary radiation

L INTRODUCTION

IN recent discussions on the origin of the cosmic
radiation E. Teller' has advocated the view
that cosmic rays are of solar origin and are kept
relatively near the sun by the action of magnetic
fields. These views are amplified by Alfvén, Richt-
myer, and Teller.? The argument against the con-
ventional view that cosmic radiation may extend
at least to all the galactic space is the very large
amount of energy that should be present in form of
cosmic radiation if it were to extend to such a huge
space. Indeed, if this were the case, the mechanism
of acceleration of the cosmic radiation should be
extremely efficient.

I propose in the present note to discuss a hy-
pothesis on the origin of cosmic rays which attempts
to meet in part this objection, and according to
which cosmic rays originate and are accelerated
prinfarily in the interstellar space, although they
are assumed to be prevented by magnetic fields
from leaving the boundaries of the galaxy. The
main process of acceleration is due to the interaction
of cosmic particles with wandering magnetic fields
which, according to Alfvén, occupy the interstellar
spaces.

Such fields have a remarkably great stability
because of their large dimensions (of the order of
magnitude of light years), and of the relatively high
electrical conductivity of the interstellar space.
Indeed, the conductivity is so high that one might
describe the magnetic lines of force as attached to
the matter and partaking in its streaming motions.
On the other hand, the magnetic field itself reacts
on the hydrodynamics® of the interstellar matter
giving it properties which, according to Alfvén, can
pictorially be described by saying that to each line
of force ane should attach a material density due to
the mass of the matter to which the line of force is
linked. Developing this point of view, Alfvén is
able to calculate a simple formula for the velocity
V of propagation of magneto-elastic waves:

Ve=H/(4xp)}, (1)

! Nuclear Physics Conference, Birmingham, 1948,

i LAdI!v(n. Richtmyer, and Teller, Phys. Rev., to be pub-

lished.
*H. Alfvén, Arkiv Mat. {, Astr., 0. Fys. 208, 2 (1943).

where H is the intensity of the magnetic field and
p is the density of the interstellar matter.

One finds according to the present theory that a
particle that is projected into the interstellar
medium with energy above a certain injection
threshold gains energy by collisions against the
moving irregularities of the interstellar magnetic
field. The rate of gain is very slow but appears
capable of building up the energy to the maximum
values observed. Indeed one finds quite naturally
an inverse power law for the energy spectrum of the
protons. The experimentally observed exponent of
this law appears to be well within the range of the
possibilities.

The present theory is incomplete because no
satisfactory injection mechanism is proposed except
for protons which apparently can be regenerated at
least in part in the collision processes of the cosmic
radiation itself with the diffuse interstellar matter,
The most serious difficulty is in the injection
process for the heavy nuclear component of the
radiation. For these particles the injection energy
is very high and the injection mechanism must be
correspondingly efficient.

II. THE MOTIONS OF THE INTERSTELLAR MEDIUM

It is currently assumed that the interstellar space
of the galaxy is occupied by matter at extremely
low density, corresponding to about one atom of
hydrogenper cc, or to a deasity of about 107™ g/cc,
The evidence indicates, however, that this matter
is not uniformly spread, but that there are conden-
sations where the density may be as much as ten
or a hundred times as large and which extend to
average dimensions of the order of 10 parsec.
(1 parsec.=3.1X10* cm=3.3 light years.) From
the measurements of Adams* on the Doppler effect
of the interstellar absorption lines one knows the
radial velocity with respect to the sun of a sample
of such clouds located at not too great distance from
us. The root mean square of the radial velocity,
corrected for the proper motion of the sun with
respect to the neighboring stars, is about 15 km /sec.
We may assume that the root-mean-square velocity

“W. S, Adama, A.p.J. 97, 105 (1943).

Il meccanismo di Fermi

Una “collisione” con una nube
magnetica puo causare un
aumento dell’ energia della
particella. Un gran numero di
collisiont possono far crescere

I’ energia fino a valori molto
elevati. Guadagno di energia per
collisione:

AE/E=¢
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The most likely hypothesis is that this acceleration is due to electromagnetic fields present in
astrophysical sources or in the interstellar medium. In the interstellar medium however the mean
electric field (E) = 0 since the interstellar ionized gas is almost perfectly conductor and globally
neutral. Transient electric fields can be found for instance in solar flares (due to very complex
magnetic reconnection phenomena) or as a result of locally varying magnetic fields. Finally, strong

and lost lasting electric field are mostly found in the vicinity of neutron stars.

On the other hand, magnetic fields are found in all high-energy astrophysics sources as well as
in the interstellar medium and are generally invoked in the most popular theoretical scenarios for
cosmic-ray acceleration. This statement might look puzzling at first sight. Since the Lorentz force
F = qU X B does no work and then can in principle not be invoked to accelerate particles. However,
as recalled above a time varying magnetic field induces an electric field as formalized in Maxwell’s
equation V xE=-0B /0t. Moreover, a pure magnetic field B'in a given reference frame is seen
as a magnetic field B and an electric field E in another reference frame moving relative to it, as

implied in electrodynamics by the Lorentz transformation of the electromagnetic tensor F#¥.



The original idea proposed by Fermi in 1949 for cosmic-ray acceleration was based on the fact
that the interstellar medium is filled with "clouds" of ionized gas in movement with respect to
the "Galactic frame". These clouds are carrying a magnetic field! and can in principle reflect the
incoming charged particles (see Fig. 3.1). The acceleration mechanism based on moving "magnetic

clouds" can be understood with a trivial but meaningful analogy with an idealized tennis game.

Magnetized clouds of velocity V in the interstellar medium




Let us assume a tennis ball is thrown, with a velocity v, on a steady racket. Ignoring the possible
heat dissipation during the shock, the ball is simply reflected with the same velocity and no net
energy gain, as it would be on a wall (see Fig. 3.2). Let us now assume that the racket is moving
with a velocity V' toward the ball (which still has a velocity v with respect to the tennis court). In
the racket frame, the ball has a velocity v + V' and, assuming a perfectly elastic shock, the ball
is reflected with the same (but opposite) velocity. Back to the court frame (adding V to the
ball velocity in the racket frame), after the shock the ball has been accelerated to a velocity v 4+ 2V
due to the head-on collision between the ball and the racket (see Fig. 3.3a). This result has been
obtained with a double change of reference frame : court frame — racket frame — court frame.

Let us now consider a dropshot, meaning that the racket is now going away from the ball with a
velocity V' with respect to the court frame (see Fig. 3.3b). With the exact same calculation we

conclude that the ball has been decelerated to a velocity v — 2V, in the court frame after the shock.
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These simplistic analogies are enough to catch the essential origin idea behind Fermi’s acceleration
mechanism : one simply has to replace the tennis ball by a charged particle (a cosmic-ray) and
the racket by a "magnetic cloud". Particles will be accelerated by each encounter with a magnetic
cloud coming toward them and decelerated by the encounters with magnetic clouds going away
from them. The energy gain (or loss) for each encounter can be calculated by a double change of

reference frame, Galactic frame — cloud frame — Galactic frame.

Note that in this scheme the magnetic field is only the agent of the charged particles reflexion by
the moving cloud. In the absence of magnetic field in the cloud the particles would just go through
the moving cloud (as if the ball was going through the tennis racket) without any energy change
(ignoring interactions with the cloud particles). We then expect the energy gain we will calculate

in the following for some idealized cases to be independent of the magnetic field.

As mentioned above, another possible way of working out the acceleration the to calculate the
electric field seen in the Galactic frame by Lorentz transformation of the pure B field seen in the
cloud frame. Since the two approaches must be equivalent the acceleration and the energy gain of
the particle must also be independent of the cloud magnetic field in this case. This result is however

far less intuitive with this approach.
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Let us consider the case of an idealized reflexion (for which the reflexion angle is equal to the
incidence angle, see Figs. 3.1 and 3.4) of a particle (with a velocity ¢) by a cloud coming toward

it with a velocity 17, the incidence angle 6 is then given by V.% = —cosf. Moreover for typical
galactic magnetic cloud V <<c and V<<v

We use as a convention, primed quantities for the cloud frame and unprimed for the Galactic frame.
Passing from the Galactic frame to the cloud frame we have :

E;n = 'Ycloud(Ein - P:nv) = ')’claud(Ein - IDJLV) (3 1)
Pl = Yetoua(Pl, — % Ein)
where 7.ouq is the Lorentz factor of the cloud in the Galactic frame, the subscript in refers to the

properties of the incoming particle and the parallel symbol "||" refers to the projection along the

cloud velocity vector.



Inside the cloud, we assume (and it is in principle a good approximation) the particle is just reflected

and does not loose or gain energy so we have E! , = E! , where the subscript out refers to the

wmn?

properties of the outgoing particle. Moreover, we assumed the encounter with the cloud leads to a
al

. /|
perfect reflexion so we have P, = —PF, .

We now come back to the Galactic frame with the inverse Lorentz transformation :

Eout = '7cloud(E¢Imt + P(;Utv) (3 2)
P(|)|ut = 7cloud(P¢;111!t + %/TE:mt)
by substitution we get :
2 v I
Eout = Yaoud lEm(l + §) - 2P,V (3.3)
and since PJL = —Ei%fosa (the minus sign comes from the above definition of ) to first order in
V/e we get :
20.V cos 6 AE E,, —E; A
Eout =FBin |1+ —— | & == T =2 3.4
out % ( + c2 ) E Ez' c2 ( )

This final result leads to the following conclusions :
e The energy gain is proportional to the initial energy (AE/E is independent of E).
e The energy gain is positive for a head-on collision (1717 < 0).

e The energy gain is independent of B’, as anticipated, the magnetic field mediates the reflection

but it does not appear in the Lorentz transformations.



Alternative approach using the induced E field

We place ourselves in the same configuration as before as schematized in Fig. 3.5. The electromag-
netic tensor in the cloud frame can be transformed to the Galactic frame to obtain the electric field

—

F:

El = ’Yczoud(E_i —V x B_;l) (3.5)

since E' = 0 by hypothesis and to first order in V/c we get :

E,=-VxB) (3.6)

with this calculation of the electric field in the Galactic frame we can calculate the energy gain

during the encounter :

AE = F.dl=qE .dl =

inside the cloud

qE 11y (3.7)

the segment I.J being the projection of the circular trajectory along the electric field vector (see
Fig. 3.5) and ¢ = Ze the charge of the particle. We have :
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FiG. 3.5: Action of the induced electric field during the reflexion of a charged particle by a moving

magnetic cloud.

lrg =2rg sin(g —6) = 2rp, cosb (3.8)

where r;, = % = ZET”J is the Larmor radius or the particle with energie E, momentum P, velocity

v and charge Ze in the magnetic field B.
We finally get :

Ev 9=2EV'vcos9=_2E1

cos s —
ZeBc? c? c? E

This results is equivalent to that obtained in Eq. 3.4, with the method of the double change of

7V AE A%

AE = ZeVB x 2 =2 (3.9)
C

reference frame. We also find that the magnetic field B is eliminated from the equation which is a
lot less obvious in principle than when the calculation is performed by double change of reference
frame. In the following will only consider the latter method which leads to much simpler calculations
although it takes no account of the induced electric field which is physically the true responsible for

the particles energy gains.



So far we have studied single encounters with a cloud in the case of an idealized perfect reflexion.
We saw that, indeed, a head-on collision was leading to an energy gain but also that energy can be
lost if the cloud is moving away from the particle. The essence of Fermi’s acceleration mechanism
by interactions with moving Galactic magnetic clouds is that charged particles will suffer a series
of encounter while propagating in the interstellar medium. Head-on collisions will lead to energy

gains while energy will be lost when the cloud is moving away. All the point (which might not seem

so intuitive at first sight) is that head-on collisions are in average more frequent so that in average

particles do gain energy with this mechanism.

Why are head-on collisions more frequent? To understand that we can make a simple and familiar
analogy with a car cruising on the highway. The car obviously crosses more cars coming toward
than it overtakes cars going in the same direction. This is all a question of relative velocity and
the same will be true with magnetic clouds. Moreover, on the highway the lower the velocity of the
other cars the lower will be the difference between the number of car crossed and the number of

cars overtaken. The same will be true for the magnetic clouds.




We now relax our simplifying hypothesis of a perfect reflexion and place ourselves in the case
of Fig. 3.6a. We now assume that the magnetic field is turbulent so that charged particles are
isotropized inside the cloud and that the angle of the particle escaping from the cloud @), is
random (the subscript "1" refers to our subscript "in" in Fig. 3.6a). To simplify our derivations
we now assume that the particles are already ultra-relativistic, i.e £ ~ Pec. The double change of

reference frame gives :

(v - Vcos0)At VcosOAt

out? pout

O El’ Py ) (v - VeosB)At

Fic. 3.6: Left : Schematic view of the "interaction" of a charged particle with a magnetic cloud.
The particle enters the cloud and is isotropized by the magnetic turbulence. Right : Schematic view
explaining the distribution of the incidence angle of particles with magnetic clouds : if the clouds
velocity distribution is isotropic in the ISM and the density of cloud making an angle # with the
particle velocity vector is uniform the average number of clouds encountered during a time interval

At is proportional to (v — V cos6).




The double change of frame gives
Ez{n = A,"(:loudEin(l — Peloud COS 9[71)
Eout = "]“(:loudE(/mt(l + “3(:loud COs Hi)ut)

using E. = E! , and dropping the subscript "cloud" we get :

Eout = f~,r-'2E,-n,(1 — Bcosbin)(1 + Bcos 0 )

out

out

E Ein N ]. - }32

AE  Eout — Ein 3% — Bcos b, + Beosh. , — 3% cosb;, cost , (3.1

-~
to get the average energy gain, we need to average the above expression. By hypothesis, the

/

out) = 0. We now need to calculate (cos#;,),

particles are isotropized in the cloud, hence (cos#
the probability to have an encounter with an incidence angle 6;,, should be proportional to the
relative velocity between the particles and the cloud (think of the car on the highway) in the case
of uniformly distributed clouds. It gives (see Fig. 3.6b) : P(6;,) x v — V cos#;, (v ~ ¢ and V still

being respectively the velocity of the particle and the cloud). We then have :

(cos b;p) f_ll cos Oin (v — V cos 0;p,)d cos i, —2V/3 —2V/3 I}
cosb;,) = _ N B
[_11 (‘U - V COS gin )d COS gin 2v 2¢

(3.13)

substituting in Eq. 3.12 we finally get :

(AE/E)= [ : P(Q)%(cos 6) dQ

<AE> B+ B3 4B
E’ - 3




* Relative velocity

Urel = |"U(:l()ud — Upartitrln'

\/(c — v cos ;)2 + v? sin® f;

c \/(1 — Bcosb;)? + 32 sin? b,

¢ \/1 + 32 — 283 cos 6;

g \/(1 — 23 cos b;

Taylor expansion to 1st order

c(1—p cosb;) B« 1




2nd order acceleration

We get an average energy gain which 1s indeed positive hence
Fermi’s mechanism is truly an acceleration mechanism for
charged particles.

The average fractional energy gain is proportional to 3* of
the cloud so this mechanism is often called second order
Fermi mechanism.

This mechanism is stochastic by nature, the average energy
gain 1s positive but for a given particle, the energy gain can
vary depending on the configuration of the series of

cncountetrs.
83



Acceleration time

The fact that the mechanism proposed by Fermi leads to a net energy gain in average does not mean
that this mechanism is responsible for the production of the Galactic cosmic-rays we observe. In
particular, to be a good candidate this mechanism must be sufficiently fast at accelerating particle
to the very high energies measured by cosmic-ray observatories. To get a quantitative answer to

this question, we need an approximate estimate of the particles acceleration times.

We start by giving the definition of the acceleration time 4. :

~1
1 dE
tacc(E ) =\~
E dt
Let L be the typical distance between two clouds and let us assume there is no magnetic field
between two cloud (our estimate then becomes a lower limit), then the average time between two

encounters will be (t.,;) = (L neglecting the time spent by the particles inside the cloud we then

get :




Power law spectrum

Let us consider the acceleration time %,.., defined in Eq. 3.15, and the escape time t.,.. The latter
would be the average time for the particles to leave the region of the Galaxy where the magnetic
clouds are present. Let us assume, to simplify the calculation that ¢,.. and .. are both independent
of the energy. It would make sense for our simple model since we have assumed that the medium
was not magnetized and neglected the duration of the interaction between particles and clouds.

Assuming particles are injected at t = 0 at an energy Ej then :

E(t) = Eyexp <tL> (3.17)

‘acc
it means that particles with an energy E have been in the acceleration site for a time t(F) =
tace N(E/Ey) and that particles with energy between E and E + dE have been injected at a time
between t(E) and t(E + dE) = t(E) + dt earlier, with dt = %dE = 2= dF (using the definition of
ta‘(:(:)'

Moreover, during a time dt, the escape probability is Pes. = t(#.' Let us call Ny, the injection rate,

the amount of particles injected during the time interval dt is Nodt. Among these particles, only a
_H(E)
te.sc

fraction f = exp ( ) are still in the system after a time #(E) and are able to reach an energy

E. So the number of particles between E and E + dFE is :

tH(E)

y ’ | ¥ ta(:(:
n(E)dE = Nodt exp (—%) = Np i3 exp (

(3.18)

B fa(_-(_. lll(E/E()) > dE

té.’S(.'

and we then get (taking the log of both sides)

N
n(E) = =2

with,




Power law spectrum

. tE - tace ta(:cl E/Ey
n(E)dE = Nodt exp (— ( )> dE = Ny E exp <—M> IE

N, -
n(E) = "0 e £
Ey Ey

t(l cc

and we then get

with,
=1+
‘eSC
We see that we indeed obtained a power law shape for the spectrum of accelerated particles, which
is in principle a good point in favor of this mechanism. However, the exact shape of the spectrum
depends on the t4../tesc which cannot be predicted in principle since it will depend on the exact
configuration of the region where one can find a large concentration of magnetic clouds. It is

moreover likely that different regions in the Galaxy would accelerate cosmic-ray with different

power law shape and the sum of the contribution would not be likely to give a global power law as

observed for Galactic cosmic-rays detected on Earth.




Orders of magnitude

We can now apply our results to the case of the Galactic interstellar medium where Fermi’s magnetic

2 ~ 10~® and the

cloud —

typical distance L ~ 1pc. Using these number one rapidly understands that with this acceleration

cloud are found. The typical velocity of a cloud is Beoua =~ 10~* which means 3

mechanism it would take almost a billion year for a particle to double its energy. This is way
too long to reach the very high energies observed for Galactic cosmic-rays. Moreover, we have
neglected energy losses which might take place in the interstellar medium (such as ionization losses
or spallation) and it turns out that for GeV nuclei, for instance, the energy loss time in the interstellar

medium would be shorter than the acceleration time we just calculated.

We must conclude that the original acceleration mechanism presented by Fermi is far too slow to
account for cosmic-ray acceleration (at least as the dominant process). We must not however forget
the vertues of this pioneering idea, this mechanism indeed leads, in principle, in average to a net
energy gain for the accelerated particle. Moreover although this scenario predicts a power law shape
for the spectrum of accelerated particles, a robust prediction of the shape of the spectrum is very
difficult to obtain. Despite its failure, Fermi mechanism is in fact the seed of most of the modern
acceleration mechanisms which have been proposed since Fermi’s pioneering work. Diffusive shock
we will study in the next section, directly inherit of the basic ideas we discussed in this section,
we will see that this mechanism manages to overcome quite elegantly most of the problems of the

original Fermi mechanism.
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Diffusive Shock Acceleration

Astrophysical shocks provide in principle such a mechanism, the so-called
Diftusive Shock Acceleration (DSA)

Astrophysical shocks exist everywhere in the
universe, from the solar system to more extreme objects such as supernova remnants, active galactic
nuclei or gamma-ray bursts. We furthermore know particles are accelerated at these shocks as we
detect radiation (from radio frequencies to v-rays) from these object most often interpreted as the

result of energy losses of accelerated electrons (see next chapter).

Astrophysical shock waves obey the same macroscopic rules as shock waves on Earth. They origi-
nate from outflows propagating with velocities larger than the local speed of sound. A shock front,
through which physical quantities are discontinuous?, forms. However, unlike "terrestrial shocks",
the main difference is that astrophysical shock waves are in most cases collisionless, i.e the shock and
the energy dissipation processes do not take place through particles collisions or coulombian interac-
tions. The shock formation is due to the "interaction" of particles with the ambient magnetic field.
Without the fields, supersonic outflows would just pass "unnoticed" through the ambient medium
without the formation of any shock. Beyond these very simple considerations, the microphysics of

astrophysical shocks is extremely complicated and far beyond the scope of this course.




Diffusive Shock Acceleration

shock front

downstream medium upstream medium

shocked (immaterial surface) Un-shocked

FiGg. 3.7: Schematic view of a shock wave propagating in a medium, as seen in the shock rest
frame. The shock is at rest and the upstream medium is coming toward it with a velocity v; while
the downstream medium is going away with a velocity v2. Physical quantities are discontinuous

through the (immaterial) surface of the shock.




