Effects of self generated turbulence on
Galactic Cosmie Rays propagation




Diffusion i the Galactic Halo

To infer the spectrum injected by sources we need to understand the CR diffusion in the
Galactic halo.

The most widely used model is the leaky-box with the following properties

® The diffusion coefficient D(E) is assumed constant everywhere in the halo
® The CR distribution vanish at z = H (H~3-4 kpc inferred from diffuse synchrotron

emission) o
@® Which is the physicalmeaning of H?
This picture is unsatisfactory for at least two reasons: <
@ What generates the diffusion?




Beyond the leaky-box model

A more realistic model should account for important physical ingredients:

® Better description of the escaping process
A transition between the acceleration region and the Galactic diffusion

® Generation of turbulence by SN explotions
A dependence of D(E) on galactocentric radius

® Cascade of the turbulence
A dependence of D(E) on galactocentric radius and altitude

® Galactic wind (possibly driven by CRs)
A advection of particles
A energy dependent halo size H(E)

® Role of self-generated turbulence



Role of self-generated turbulence

Whenever the CR gradient is different from zero, magnetic turbulence is produced.

Resonant streaming instability Non-resonant Bell instability

VPCT'l b= _jr;”r’ X 0B

P=DPres
Self-generated turbulence plays a major role in determining the diffusion properties of CRs
(see talk by P. Blasi)

» During the acceleration process A Both resonant and non-resonant
\

» During the escaping from the sources

» During the propagation through the Galaxy > Only resonant modes are important

» Propagation close to molecular clouds Typically 0 B< B,
A linear theory can be used

But damping processes are important




Effect of self-amplification near the CR
sources

Runaway CRs

During the process of escaping, CR can excite magnetic
turbulence (via streaming instability) that keep the CR
close to the SNR for a long time, up to ~10° yr
[Malkom et al. (2013)
Nava et al. (2015)]
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The region where this can happen is at most of the order
of the coherence-length of the magnetic field

(after this distance the diffusion becomes 3D and the
CR dendity drops rapidly below the average Galactic
value)

During the time CR spend in the vicinity of sources
they can produce diffuse emission viat’ —y y

Simulation from Nava & Gabici (2012)



Effect of self-amplification near the CR
sources

Runaway CRs

During the process of escaping, CR can excite magnetic

turbulence (via streaming instability) that keep the CR Foiai gty
close to the SNR for a long time, up to ~10° yr

[Malkom et al. (2013)

Nava et al. (2015)]

\. J
N6

In this region CRs
can excite waves

The region where this can happen is at most of the order
of the coherence-length of the magnetic field

(after this distance the diffusion becomes 3D and the
CR dendity drops rapidly below the average Galactic
value)

During the time CR spend in the vicinity of sources
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If a molecular cloud is close enough the enhanced y-
ray emission will be seen for long time

CTA will probably discover tens of
SNR-MC associations

Simulation from Nava & Gabici (2012)



Effect of self-amplification near the CR
sources: basic equations
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Effect of self-amplification near the CR

sources: basic equations

CR transport equation in 1-D Runaway CRs ¥
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Resonant amplification:
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Effect of self-amplification near the CR
sources: damping mecanisms

Non-linear Landau damping
(Zhou & Matthaeus, 1990; Ptuskin Zirakashvili, 2004)
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Damping due to anisotropic cascade (wave-wave interaction)
(Farmer & Goldreich, 2004)

= o 1
k Bo “ E n; e
= 12 el | e ( ) ~1
L0 T ¢ (3;@) (10G6V) 05 ¢
i 2

Lyrap = Le

Damping due to ion-neutral friction
(Kulsrud & Pearce, 1969; Kulsrud & Cesarsky, 1971; Drury et al., 1996)
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Fivolution of CR density close to the source

(D'Angelo, GM, Amato, Blasi, in preparation]
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Fivolution of CR density close to the source

(D'Angelo, GM, Amato, Blasi, in preparation]

Escape time as a function of particle's energy
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Diffuse Galactic emission

FermiLAT all sky map FermiLAT diffuse emission

Subtracting
known sources
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Contribution of the escaping CRs to the
diffuse GalaCtiC emiSSion (D'Angelo, GM, Amato, Blasi, in preparation]

We assume the SNR distribution

e : , according to the model by Green (2015)
Distribution of SNR in the galactic plane

during the last ~10° yrs using a rate of
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Contribution of the escaping CRs to the
diffuse GalaCtiC emiSSiOH (D'Angelo, GM, Amato, Blasi, in preparation]

Distribution of SNR in the galactic plane Fermi-LAT data analized by Yang et al.

during the last ~10° yrs using a rate of (2016)
1 SN/(30 yr)
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Contribution of the escaping CRs to the
diffuse GalaCtiC emiSSiOH (D'Angelo, GM, Amato, Blasi, in preparation]
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The radial gradient problem

The CR density inferred from the gamma-ray emission in the Galactic
disk is much more weak dependent on the galactocentric distance
than the CR sources

This result is well known since SAS-2 data (Stecker & Jones, 1997)
COS-B (Bath et al. 1986, Bloemen et al. 1986)

Confirmed by EGRET (Strong & Mattox 1996; Hunter et al 1997) and
more recently by Fermi-LAT (Ackermann et al 2011, 2012)

This analisys was done only for the external Galaxy
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The problem of the cosmic ray gradient in the

Galactic plane seen by Fermi-LAT
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collaboration on the CR distribution
in the Galactic plane

[Acero et al. arXiv:1602.07246]

- In the outer region (R > 8kpc) the
CR density at ~20 GeV is flat

(i.e. decreases much slower than the
source distribution)

- In the inner region the CR density
has a peak at ~ 3 kpc



The problem of the cosmic ray gradient in the

Galactic plane seen by Fermi-LAT
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The problem of the cosmic ray gradient in the

Galactic plane seen by Fermi-LAT
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Recent results from FermiLAT
collaboration on the CR distribution

in the Galactic plane
[Acero et al. arXiv:1602.07246]

- In the outer region (R > 8kpc) the
CR density at ~20 GeV is flat

(i.e. decreases much slower than the
source distribution)

- In the inner region the CR density
has a peak at ~ 3 kpc

- The slope @ 20 GeV is not
constant

This scenario is difficult to
accommodate in a standard
leaky-box model



Possible solutions

In the context of leaky-box model several solution have been proposed:

® Extended halo, H >4 kpc
(Dogiel, Uryson, 1988; Strong et al.,1988; Bloemen, 1993,
Ackerman et al., 2011)

A predices a flat spectrum (but not flat enough)
A cannot explain the denity bump in the inner Galaxy

@ Flatter distribution of SNR in the outer Galaxy
(Ackerman et al., 2011)

® Enhancement of CO/ H, density ratio (X : O) in the outer
Galaxy (Strong et al., 2004)

® Injection dependence on the ISM temperature
(Erlykin et al., 2015)

® Advection effects due to the Galactic wind
(Bloemen, 1993; Breitschwerdt, Dogiel, Voelk, 2002)

None of these ideas can
simoultaneously account
for all signatures

- flatness R > 8 kpc,
- peak at R~3-4 kpc,
- variation in the slope

CAN SELF-GENERATED DIFFUSION EXPLAIN THE OBSERVATIONS?



Spectral breaks as signatures of CR-induced
turbulence

The presence of breaks in the PAMELA and AMS-02

data can be explained by a different diffusion regime
[Blasi, Amato Serpico (2012)
Aloisio, Blasi, Serpico (2015)]

- E <200 GeV " self generated diffusion
- E>200 GeV N external preexisting turbulence

C
O F
C
C
C

helium

E.27J(E,) (GeV' " /(m? s sr))
_c:p)

EZTIE,) (GeV'/(m?® s s1))
o

,:P g; E::: o= 7 H=4.0 Kpc, h,=0.15 kpc, y=2.4 mglcm®
;: Voyager —= ‘1 By=1 pG, |,=50 pc, ng=0.075, §cu=0.045
b AMS02 +—e H n=0.02 cm?, ;=500 MV
- unmod. === Yorot =420, Ypucy =4.16
102 b sl asal m PR 101 -‘; 'D '1 ‘2 '3 4 s
' 10° 10" 102  10®  10* 10 10 10 10 10 10 10 10

Elﬁ {GEV] Elf. {GeWn]



I-D slab model with selt-generated

turbUIence (Recchia, Blasi, GM, MNRAS 462, 2016]
CR transport equation with diffusion and advection e e
due to Alfvén speed in the z direction only H |
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1-D slab model with self-generated

turbulence

(Recchia, Blasi, GM, MNRAS 462, 2016]

CR transport equation with diffusion and advection
due to Alfvén speed in the z direction only
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1-D slab model with self-generated

tUI‘bUIGHCG (Recchia, Blasi, GM, MNRAS 462, 2016]
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1-D slab model with self-generated

turbulence

(Recchia, Blasi, GM, MNRAS 462, 2016]

Local CR spectrum
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Fitting the local CR spectrum provides
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and slope are

~— assumed the same
for the whole
Galaxy

Poloidal magnetic field at the
Sun position

We take the source distribution in the

Galaxy from Green (2015)
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1-D slab model with self-generated
turbUIence (Recchia, Blasi, GM, MNRAS 462, 2016]

Large scale magentic field in the Galaxy:

Byo(R < 5kpe) = BoRe /Skpe
Bo(R > 5kpc) = BoRa /R,

Bpol [LG]
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1-D slab model with self-generated

turbulence

(Recchia, Blasi, GM, MNRAS 462, 2016]

Large scale magentic field in the Galaxy:

Byo(R < 5kpe) = BoRe /Skpe
Bo(R > 5kpc) = BoRa /R,

Bpol [LG]

CR spectrum density @ 20 GeV
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1-D slab model with self-generated
turbulence (Recchia, Blasi, GM, MNRAS 462, 2016]

CR spectrum density @ 20 GeV
Large scale magentic field in the Galaxy:
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1-D slab model with self-generated

turbulence (Recchia, Blasi, GM, MNRAS 462, 2016]
; . Diffusion coefficient D(p) at
® D(p) is almost momentum different position in the Galaxy

independent for E <~ 10 GeV

D(z,p) = Dyg(p) + 2v4(H — 2)

This trend is often put by hand in
numerical simulation to fit
observations

® A simple prediction of our
calculations is that the spectral
hardening should disappear at
higher energies, where transport is
diffusion dominated at all
galactocentric distances.

® For R>~20kpc this approach
lose validity because 0 B= B,

D (cm%/s)
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Conclusions — part |

@® We still lack of a realstic description of the Galactic propagation
® Going beyond the simple view of the leaky-box model is required by data

® The effect of self-generated turblence produced via streaming instability could
play a major role for the propagation of CRs with E <~ 100 GeV

» Propagation close to sources A CRs spend more time close to the sources
producing a non-negligible contribution to the diffuse y-ray emission

» Propagation in the Galactic halo  the balance between advection due to
Alfven speed and diffusion determined by CR streaming produce a variation
in both the spectrum slope and normalization that well account for the data.

% A clear test for this model is the CR spectrum slope at E >~ 100 GeV
because the advection becomes negligible

@ In a forthcoming work we will analize the effect of a CR-driven Galactic wind
coupled to self-generated diffusion



SNR-MC associations

Runaway CRs

During the process of escaping, CR can excite magnetic

turbulence (via streaming instability) that keep the CR Foiai gty
close to the SNR for a long time, up to ~10° yr

[Malkom et al. (2013)

Nava et al. (2015)]

The region where this can happen is at most of the order
of the coherence-length of the magnetic field

(after this distance the diffusion becomes 3D and the
CR dendity drops rapidly below the average Galactic
value)

During the time CR spend in the vicinity of sources
they can produce diffuse emission viat’ —y y

If a molecular cloud is close enough the enhanced y-
ray emission will be seen for long time

CTA will probably discover tens of
SNR-MC associations



MCs as CR barometers

Examples of y-ray emission from clouds close or
interacting with SNRs - [ Fermi-LAT)]

OBSERVATIONS of MCs in y-RAYS:

e CRs interact inside MCs
P o
e strong emission in GeV range
e y-emission sensible to CR energy £ > 280 MeV

e MCs can be used to test different CR spectra:
1) average Galactic spectrum (isolated clouds)
2) injected spectrum (MC close to SNRs)

DETECTION OF IONIZATION

 The ionization rate of several molecules depends
on the CR flux (H,, H,", CH, OH, C,, DCO",

 Jonization sensible to CR energy £ > 0.1 MeV

Is it possible to use combined information
from ionization and y-ray emission to infer

the CR spectrum from ~MeV up to ~TeV
and beyond?



Enhanced ionization rate in MC-SNR systems

Examples of y-ray emission from clouds close or
interacting with SNRs - [Fermi-LAT] IC 443 WS51C W28
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CR induced ionization of molecular clouds
interacting with SNR W28

[Vaupr®, Hily—Blant, Ceccarelli, Dubus, Gabici &. Montmerle 2014, A&A]

Location of radio
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CR induced ionization of molecular clouds
interacting with SNR W28

[Vaupr®, Hily—Blant, Ceccarelli, Dubus, Gabici &. Montmerle 2014, A&A]

Location of radio
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‘BHO“N\“DS than those in standard galactic clouds.

CO emission TeV emission 2) Towards one position situated at a larger distance,

(HESS) the CR ionisation rate 1s close to the standard value in
Galactic dense clouds



CR induced ionization of molecular clouds
interacting with SNR W28

[Gabici &. Montmerle, ICRC 2015]
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Can low-energy CRs be excluded from clouds?

Previous works give conflicting results

+ Skilling & Strong (1976); Cesarsky & Volk (1977) (kinetic approaches)
— CR flux inside the MC decreases below ~ 50 MeV

+ Everett & Zweibel (2011) (fluid approach) — no significant variation of CR flux

+ Padoan & Scalo (2005); — enhancement of CR density inside the cloud
o, n;m for E~100MeV

— We implemented a kinetic model for the full distribution function f_ (x,p)

— Inclusion of CR-amplification of Alfvén waves



{

Set up of the model

—

H
e N

Hot interstellar
medium

n o~ 001-0.1cm”
I 10-10K
e — ]

on

B, coherence length ~ 50-100 pc

Cloud size ~10 pc

|
M Diffuse cloud

n o~ 10-100 cm”
T ~10° K
x, =~ 107"

1-D approximation along the magnetic field lines

B = const = 3 uG observations show that for low density ISM (# < 300 cm-3), the magnetic field

strength 1s independent of the ISM density (Crutcher, 2010)



Set up of the model

L

e N

- N

 Particles lose energy inside the cloud:
— The flux entering the cloud is larger than the flux escaping the cloud



Set up of the model
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— a CR gradient develops outside the cloud
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e Magnetic turbulence is damped inside the cloud by ion-neutral damping
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Set up of the model

N
P, (KE)) T w/

Enhancement Free streaming
of diffusion

 Particles lose energy inside the cloud:
— The flux entering the cloud is larger than the flux escaping the cloud
— a CR gradient develops outside the cloud
— Alfvén waves are excited by two stream instability

e Magnetic turbulence is damped inside the cloud by ion-neutral damping
e Particles can escape from the cloud and return back because of diffusion
— multiple cloud crossing



Set up of the model

A ;

Boundary conditions for CRs:

2] - falz) o

fCR(Zl,p) = fGal(p)

0f
0z

z=z,

Symmetric condition.
We do not impose any condition on the CR
gradient at z (different from Everett & Zweibel,

2011)
The symmetric condition catches the physics of
multiple cloud crossing.



Set up of the model

/ ﬂ Waves (k(E )) \\w/

\
\\
\\

Boundary conditions for magnetic turbulence:

b

1/3

Btz —n 2, - (kLW 3 Kolmogorov spectrum with L =50pc—  D(p) o p

B = 4—T[V pv(l Amplification due to streaming instability Amplification

CR AL S always in
plk) linear regime

04
1 e : dB<B
B o=y o0 = Bdl - 113 s Ton-neutral damping !
2 10°K | \cm




Set up of the model
A

2

he=1 p,=100 cm” A

>
= 70 | . -4
p,=0.01 cm ‘ E=10 \/

Density profile of the cloud:
step function in density and ionization

e B, el L Alfvén speed depends only on the 1on density:
: \/ S Ae 746G for jon and neutrals are decoupled — E(k) < 10 GeV
2, L+n/n,
>

Vs 1+0B°IB;



Transport equation for CRs

Stationary transport equation for CRs in 1-D with losses:

Diffusion Advection Adiabatic Energy
compression losses



L(E) [107"® eV cm?]

Transport equation for CRs

Stationary transport equation for CRs in 1-D with losses:

Diffusion Advection Adiabatic Energy
compression losses
Do

o= 2.58; loss time for 1 MeV <E <1 GeV

(p) = £ = 146-10")




Transport equation for CRs

Stationary transport equation for CRs in 1-D with losses:

Diffusion Advection Adiabatic Energy
compression losses
p p | |
H
Tloss(p) = 1.46-10’ = o=2.58; loss time for 1 MeV <E <1 GeV
)4 O.Impc cm

Diffusion coefficient outside the cloud determined by magnetic field amplification:

13

u B cm'ls

3t [3B/B,

p

mpc

Dl bl = D(zow,p) = Dy, lp) = 10°

We assume diffusive propagation also inside the cloud with D, > D,



Solution for the CR distribution

Formal solution:




Solution for the CR distribution

Formal solution:

The spectrum is affected outside the cloud up to a distance z ~ D /v

1) No magnetic amplification:

12 1/3

pC

St 7

1

0.01cm”

B
SuG

p

mpc

D
e 300[3(

C
V4

2) Magnetic amplification (without damping):

D D Kol
Vy Vy

f(x, p) / fo(P)

Gal A

E=100 MeV




Solution for the CR distribution

Formal solution:

oD > Ly, ~ 1026(

i e b P3f]
e — —
10 pe || 30kmls g : :

S vy ) p 8p Tloss
VATloss
>l =

‘ ; Distribution at the
L cloud border
gt ok
vATloss <1 o fc £ < e
‘ 14D ve Sord
NG
There is a breaking energy:
-2l 2/a
VATloss Lc/ 2 vst vst ’ N
=l e — =1 X|— = i
Lc/2 loss i cross A ‘ 70(100kmls ) 3.1021 cm_2 MeV

number of cloud crossing —J
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Effect on ionization rate

Spectra from Ivlev et al.2015 [arXiv:1507.00692]

1[}-15;_
10—162_
1[}-1?;_
“}—182_

10-19}

l[}—QO _

II | T T I ]
i Ny=3x10%! cm?
i
!

ﬁh r

=) S (i

108 107 1
E [eV]



Je(E) [eV™' em™]

10—15

'—l

<
—
(=)

]

<
—
=]

Effect on ionization rate

Spectra from Ivlev et al.2015 [arXiv:1507.00692]
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Spectra from Ivlev et al.2015 [arXiv:1507.00692]

Effect on ionization rate

Ionization rate of H, due to protons
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Effect on ionization rate

Spectra from Ivlev et al.2015 [arXiv:1507.00692]

Ionization rate of H, due to protons
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v," i Hezareh et al. (2008)
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explain observation
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Conclusions — part 11

Take away points:

e The presence of MCs affect the CR spectrum inside and outside the MC
— Up to a distance min[L,,, D _ /v,] far away from the MC

— For CR energies up to ~ 100 MeV
e The shielding effect can have important consequence on the CR 1onization of clouds

Challenges:

e Use combination of 1onization in MCs plus gamma-ray data to reconstruct the CR
spectrum down to E~ MeV
— Better description of particle transport inside the cloud
— Description of electron spectrum
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