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Anomalies in the details
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Sun

EGRET

 from  
CR distribution

ϵγ

pulsar and
up-scatter

ing the cos
mic microwave

backgroun
d (CMB) photon

s. Geminga was p
re-

viously det
ected at tera–ele

ctron volt energi
es by

theMilagro obse
rvatory, w

ith a flux a
nd angula

r

extent con
sistentwit

h theHAWCobservatio
n but

with lower stat
istical sign

ificance (1
3). Here we

show that the H
AWC observatio

n of the spec
tral

and spatia
l propertie

s of these s
ources can

be used

to constrai
n their con

tribution t
o the posit

ron flux

at Earth (Fig. 1B).

A diffusion model of th
e spatial and

spectral

morphology
(12) is fit to

the gamma-ray fluxN
as

a function
of angle q f

rom the source
and gamma-

ray energy
E as

d2N

dEdW
¼ N0

E

20TeV

! ""a

#
1:22

p3=2qdðEÞ½q
þ 0:06qdðEÞ(

e½"
q2=qdðEÞ

2 ( ð1Þ

using amaximum likelihood
technique.

N0 is the

flux normalization at 20 TeV, and
W denotes a

solid angle
. The diffus

ion angle qd
is proporti

onal

to the square
root of the

diffusion coefficient
D,

and both v
arywith en

ergy. Them
odel values

from

the fit are
given in Table 1. Th

e spectral
indices a

and observed fluxes are
similar to those of ot

her

tera–electr
on volt PWNe (14), but t

he luminos-

ities are lo
wer, primarily becau

se of their
nearby

distance and larger app
arent size

. The energy

range is es
timated by inc

reasing (de
creasing) t

he

minimum (maximum) energy of
an abrupt cut

off

in the power
law spectrum until the s

ignificance

of the fit d
ecreases b

y 1s.

Assuming that all
theobserve

dgamma-ray emis-

sion at tera–ele
ctron volt energ

ies is prod
uced
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Table 1. Pulsar
parameters, val

ues of param
eters from the model fittin

g to the observed
extended

gamma-ray emission, an
d assumed parameters

of our model. Puls
ar parameters are from (15).

Geminga
PSR B0656+1

4

Pulsar pa
rameters

.. .. ... ... .. ..
. .. ... ... .. ...

... .. ... .. ... .
.. .. ... ... .. ..

. ... .. ... .. ...
... .. ... ... .. .
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... .. ... ... .. .
.. ... .. ... .. ..

. ... .. ... ... ..
... ... .. ... .. .

.. ... .. ... ... .
. ... .. ... ... ..

... ... .. ... ...
.. ... .. ... ... .

. ... ... .. ... ..
... ... .. ... ...

.. ... ... .. ... .
. ... ... .. ... ..

. .. ... .. ... ...
.. ... ... .. ... .

.. .. ... .. ... ..
. .. ... ... .

(Right asc
ension, de

clination)
(J2000 source location)

(degrees)
(98.48, 17

.77)
(104.95, 1

4.24)

.. .. ... ... .. ..
. .. ... ... .. ...

... .. ... .. ... .
.. .. ... ... .. ..

. ... .. ... .. ...
... .. ... ... .. .

.. .. ... ... .. ..
. ... .. ... ... ..

... .. ... ... .. .
.. ... .. ... .. ..

. ... .. ... ... ..
... ... .. ... .. .

.. ... .. ... ... .
. ... .. ... ... ..
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.. ... .. ... ... .

. ... ... .. ... ..
... ... .. ... ...

.. ... ... .. ... .
. ... ... .. ... ..

. .. ... .. ... ...
.. ... ... .. ... .

.. .. ... .. ... ..
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tc (chara
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. .. ... ... .. ...

... .. ... .. ... .
.. .. ... ... .. ..

. ... .. ... .. ...
... .. ... ... .. .

.. .. ... ... .. ..
. ... .. ... ... ..

... .. ... ... .. .
.. ... .. ... .. ..

. ... .. ... ... ..
... ... .. ... .. .

.. ... .. ... ... .
. ... .. ... ... ..

... ... .. ... ...
.. ... .. ... ... .

. ... ... .. ... ..
... ... .. ... ...

.. ... ... .. ... .
. ... ... .. ... ..

. .. ... .. ... ...
.. ... ... .. ... .

.. .. ... .. ... ..
. .. ... ... .

T (spin period)

(seconds)
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... ... .. ... ...

.. ... ... .. ... .
. ... ... .. ... ..

. .. ... .. ... ...
.. ... ... .. ... .

.. .. ... .. ... ..
. .. ... ... .

d (distance)

(parsecs)
250

þ120
"62

288
þ33
"27

.. .. ... ... .. ..
. .. ... ... .. ...

... .. ... .. ... .
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. .. ... .. ... ...
.. ... ... .. ... .

.. .. ... .. ... ..
. .. ... ... .

dE/dt (en
ergy loss rate due to pulsar’s spin slowing)

(×10
34 ergs per secon
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3.8
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. ... .. ... .. ...
... .. ... ... .. .

.. .. ... ... .. ..
. ... .. ... ... ..

... .. ... ... .. .
.. ... .. ... .. ..

. ... .. ... ... ..
... ... .. ... .. .

.. ... .. ... ... .
. ... .. ... ... ..

... ... .. ... ...
.. ... .. ... ... .

. ... ... .. ... ..
... ... .. ... ...

.. ... ... .. ... .
. ... ... .. ... ..

. .. ... .. ... ...
.. ... ... .. ... .

.. .. ... .. ... ..
. .. ... ... .

Model valu
es
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q0 (qd for 20
-TeV gamma ray)
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(×10
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D100 (diffusion
coefficien
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V electrons

from joint fit of
two PWNe) (×10
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Fig. 1. Sp
atial morphology

of Geminga and PSR B0656+1
4. (A) HA

WC

significanc
e map (between

1 and 50 TeV) for th
e region around Geminga

and PSR B0656+14
, convolve

d with the HAWC point spre
ad function and

with contours
of 5s, 7s,

and 10s for a fit to the diffusion model. R.A.
, right

ascension
; dec., dec

lination. (
B) Schem

atic illustration
of the observed

region and Earth, sho
wn projected

onto the Galactic plane. The
colored

circles correspon
d to the diffusion distance of leptons

with three different

energies from Geminga; for c
larity, only

the highest en
ergy (blue) is shown

for PSR B0656+14
. The balance between diffusion rate and cooling effects

means that tera–
electron volt partic

les diffuse the farthest (f
ig. S1).
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CR spectrum at Earth =

Acceleration at 
the Sources

Transport across 
our Galaxy
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CR production up to high energies
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CR production up to high energies
vshock ∼ 10000 km/sShock

Shock

CR

UpstreamDownstream

vupvdown

1 GeV

Φ

E1010 GeV

CR accelerated flux
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Transport in the Galaxy



Ottavio Fornieri - Science Fair 2023

Gyro-motion of charged particles

mγ
dv
dt

=
q
c (v ∧ Btot)
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̂z

̂x

v2
0 = v2

∥,0 + v2
⊥,0

=
∀z

v2
∥ + v2

⊥

v2
⊥,0

B
=
∀z

v2
⊥

B(z)

Δ(v2
∥) = v2

⊥,0 (B0 − B(z)) ⋅
1
B0

A little complication: magnetic bottles
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What is CR diffusion?

CR

δB

Sun

We call “CR diffusion” the random motion resulting from the scattering of 
charged particles against turbulent magnetic fluctuations.
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Pitch-angle scattering on -fluctuactionsB

rL ∼
1

kfluctuation
→ B0 + δB

rL ≫
1

kfluctuation
→ B0

rL ≪
1

kfluctuation
→ δB
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Generation of turbulence
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Generation of turbulence in ISM
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Generation of turbulence in ISM
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Linj ∼
1

kinj

Turbulent cascade in the inertial range
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Turbulent cascade in the inertial range
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Linj ∼
1

kinj
ℓ1 ∼

1
k1

ℓ2 ∼
1
k2

Turbulent cascade in the inertial range
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Linj ∼
1

kinj
ℓ1 ∼

1
k1

ℓ2 ∼
1
k2

rL, CR ∼ ECR

ℓdamp ∼
1

kdamp

Turbulent cascade in the inertial range
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MHD decomposition along the cascade

Magnetized medium MHD equations

ω2 − k2v2
A − k2

⊥c2
s 0 −k⊥k∥c2

s

0 ω2 − k2
∥v2

A 0

−k⊥k∥c2
s 0 ω2 − k2

∥c2
s

δux

δuy

δuz

= 0
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MHD decomposition along the cascade

• Alfvén modes
transverse 

amplitu
de

B0

δB

k

longitudinal 
amplitude

• Magnetosonic modes

B0

δB

k

Magnetized medium MHD equations

ω2 − k2v2
A − k2

⊥c2
s 0 −k⊥k∥c2

s

0 ω2 − k2
∥v2

A 0

−k⊥k∥c2
s 0 ω2 − k2

∥c2
s

δux

δuy

δuz

= 0
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Distribution of the turbulent power

MA,inj = 0.2 MA,inj = 0.2

MA,inj = 0.9MA,inj = 0.9

Alfvén modes Fast modes

MA,inj = 0.4

MA,inj = 0.7

MA,inj = 0.4

MA,inj = 0.7
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D(E) =
1
3

⋅
c rL

kres ⋅ E(kres)
⇒ D(E) ∼

rL

r−1
L ⋅ rα

L
D(E) ∼ E2−α ≡ Eδ

100 102 104

E [GeV]

1029

1031

1033
D

(E
)
[c

m
2
·s

°
1 ]

d = 0.33
d = 0.5
d = 1.0

From turbulence to CR diffusion
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Damping of turbulence

100 102 104

E [GeV]

1028

1029

1030

D
(E

)
[c

m
2
·s

°
1 ]

d = 0.33
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Damping of turbulence

100 102 104

E [GeV]

1028

1029

1030

D
(E

)
[c

m
2
·s

°
1 ]

d = 0.33

developing cascade
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100 102 104

E [GeV]

1028

1029

D
(E

)
[c

m
2
·s

°
1 ]

MA = 1, b = 0.1, Linj = 100 pc

Halo

Fornieri et al.

100 102 104

E [GeV]

1028

1029

1030

D
(E

)
[c

m
2
·s

°
1 ]

d = 0.33

Damping of turbulence
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Cosmic-ray phenomenology

Conclusion…
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Resulting CR diffusivity

10°1 100 101 102 103 104 105

E [GeV]

1027

1028

1029

1030 Halo - Fast+Alfvén modes

Linj = 100 pc

b = 0.1

MA = 0.5
MA = 1
MA = 2

1032

1035

1038

1041 Halo - Alfvén modes

Linj = 100 pc

b = 0.1

MA = 0.5
MA = 1
MA = 2

D
(E

)
[c

m
2
·s

°
1 ]

Ottavio Fornieri - Science Fair 2023





Take-home message

Accurate measurements 
require detailed knowledge of 
the microphysics of CR 
transport in our Galaxy.



Ottavio Fornieri - Science Fair 2023

Backup slides
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CR production up to high energies
vshock ∼ 10000 km/sShock
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CR production up to high energies
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Shock

CR

UpstreamDownstream

vupvdown
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CR flux at 
Earth

1 GeV 106 GeV 109 GeV103 GeV

10000 CR per m2 per second

1 CR per m2 per second
Φ

E

1 CR per km2 per year

Resulting CR spectrum
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CR flux at 
Earth

1 GeV 106 GeV 109 GeV103 GeV

10000 CR per m2 per second
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Φ
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1 CR per km2 per year

Resulting CR spectrum
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Turbulent cascade in the inertial range
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Turbulent cascade in the inertial range
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Turbulent cascade in the inertial range

EK/V
τturn

∼
ρv2

ℓ

ℓ/vℓ
= const

v3
ℓ ∼ ℓ ⇒ vℓ ∼ ℓ1/3 ⇒ vk ∼ k−1/3

k ⋅ E(k) ∼ ρv2
k ⇒ E(k) ∼ k−5/3

Kolmogorov’s approach



Ottavio Fornieri - Science Fair 2023

•

• Very energetic particles

• Unique probe of extreme astrophysical 
phenomena

dN
dE

∝ E−γ 2.7 ≲ γ ≲ 3.1

CR 
E ∼ 1020 eV fixed target

v

CR target

v′ v′ 

s ∼ 400 TeV

Why studying CR physics?
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Damping of the fast modes

+q
-+ -+ -+ -+

-
+

-
+

-
+

-
+

-+

ℓturn

λCoul

Coherent-light cone
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1.3 ⋅ 102 pc ≃ Linj

• Collisional damping

• Collisionless damping
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π0 → γγπ+ π−

π0 → γγ
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CR

Inferred CR density from pion decay
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π0 → γγπ+ π−

π0 → γγ

π0 → γγ

π0 → γγ π0 → γγ

π0 → γγπ−

π−

π−
π+

π+

π+

CR

⟨Eγ⟩ ≃ 0.1 ECR

Inferred CR density from pion decay

Eflux = ∫
Emax

Emin

dE E ⋅

Φγ

(
dNγ

dE
c

4π ) [ E
L2 ⋅ T ]

⇒ Lγ = Eflux ⋅ 4πd2 [ E
T ]
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Lγ( ≥ Eγ) ≈ ηN ⋅
Wp( ≥ 10 Eγ)

τpp→π0
= ηN ⋅

Wp( ≥ Eγ)

1.6 ⋅ 108 yr ( cm−3

nH )
ωCR ≡

Wp( ≥ 10 Eγ)
Vcrossed

=
Wp( ≥ 10 Eγ)

Mtot
⋅ nH ≈ 1.8 ⋅ 10−2 ( ηN

1.5 )
−1

(
Lγ( ≥ Eγ)

1034 erg ⋅ s−1 ) ( Mtot

106M⊙ )
−1

erg ⋅ cm−3

⟨Eγ⟩ ≃ 0.1 ECR

Inferred CR density from pion decay

Eflux = ∫
Emax

Emin

dE E ⋅

Φγ

(
dNγ

dE
c

4π ) [ E
L2 ⋅ T ]

⇒ Lγ = Eflux ⋅ 4πd2 [ E
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Inefficiency of Alfvén modes

∫ dk∥ E(k∥) = ∫ dk⊥ E(k⊥)

k∥ ∼ k2/3
⊥ ⇒ k3/2

∥ ∼ k⊥
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dk⊥

dk∥
=
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∥ =

3
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∥

∫ dk⊥ E(k⊥) = ∫
3
2

k1/2
∥ dk∥ E(k⊥) =

=
3
2 ∫ k1/2

∥ dk∥ k−5/3
⊥ =

3
2 ∫ dk∥ k1/2

∥ (k3/2
∥ )

−5/3

EGS(k⊥) ∼ k−5/3
⊥
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Inefficiency of Alfvén modes

∫ dk∥ E(k∥) = ∫ dk⊥ E(k⊥)
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∥ (k3/2
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−5/3

EGS(k⊥) ∼ k−5/3
⊥

But   …Dμμ ∝ Rn(k∥v∥ − ω + nΩ)EGS(k∥) ∼ k−2
∥

EGS(k⊥) ∼ k−5/3
⊥ = k−1.67
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