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ABSTRACT

Aims. We investigate the damping of Alfvén waves generated by the cosmic-ray resonant streaming instability in the context of
cosmic-ray escape and propagation in the proximity of supernova remnants. We study in particular whether the self-confinement of
cosmic rays in the vicinity of sources can appreciably affect the grammage.

Methods. We considered ion-neutral damping, turbulent damping, and nonlinear Landau damping in the warm ionized and warm
neutral phases of the interstellar medium. For the ion-neutral damping, the most recent damping coefficients were used.

Results. We show that ion-neutral damping and turbulent damping effectively limit the residence time of cosmic rays in the proximity
of the source, so that the grammage that is accumulated near sources is found to be negligible. In contrast to previous results, this also
occurs in the most extreme scenario in which ion-neutral damping is less effective, namely in a medium consisting only of neutral
helium and fully ionized hydrogen. The standard picture, in which cosmic-ray secondaries are produced during the whole time that
cosmic rays spend in the Galactic disk therefore do not need to be revised substantially.

Key words. cosmic rays — ISM: general — diffusion

1. Introduction

The most popular hypothesis for the origin of Galactic cosmic
rays (CRs) invokes supernova remnants (SNRs) as the main
sources of such particles (see, e.g., Blasi 2013; Gabici et al.
2019). In this scenario, which in the past decades has become a
paradigm, CR diffusion plays a central role. Diffusion is the key
ingredient at the base of the diffusive shock acceleration of parti-
cles at SNRs (e.g., Drury 1983). Diffusion also affects the escape
of CRs from the acceleration site and the subsequent propa-
gation in the source region, with significant implications for
y-ray observations (Aharonian & Atoyan 1996; Gabici et al.
2009; Casanova et al. 2010; Ohira et al. 2011; Nava & Gabici
2013). In particular, the detection of y rays from the 7° decay
channel, produced by runaway CRs interacting with molecu-
lar clouds in the source region, can provide information about
the diffusion coefficient of CRs in the source region (see, e.g.,
Gabici et al. 2015). Finally, diffusion determines the confinement
time of CRs in the Galaxy, thus affecting the observed spectrum
and the abundances of secondary spallation nuclei and unstable
isotopes (Ptuskin & Soutoul 1998; Wiedenbeck et al. 2007).
The diffusion of CRs is thought to be mostly due to the res-
onant scattering off plasma waves whose wavelength is com-
parable to the Larmor radius r, = ympc2 /eB of the particle,
where my, is the proton mass, B is the magnetic field strength,
and y the Lorentz factor (see, e.g., Skilling 1975a). The magne-
tohydrodynamic (MHD) turbulence relevant for CR propagation

is composed of incompressible Alfvénic and compressible (fast
and slow) magnetosonic fluctuations (Cho & Lazarian 2002;
Fornieri et al. 2021). MHD turbulence is ubiquitous in the inter-
stellar space and may be injected by astrophysical sources (see,
e.g., Mac Low & Klessen 2004), but also by the CRs themselves.
The active role of CRs in producing the waves that cause their
scattering has been widely recognized (see, e.g., Wentzel 1974;
Skilling 1975b; Cesarsky 1980; Amato 2011). The spatial gra-
dients in the CR density, such as those found in the vicinity of
the source, lead to the excitation of Alfvén waves at the resonant
scale (Ptuskin et al. 2008). This process, called resonant stream-
ing instability, produces waves that propagate along magnetic
field lines in the direction of decreasing CR density.

The density of Alfvén waves that scatter CRs is limited by
several damping processes. The most relevant are (i) ion-neutral
damping in a partially ionized medium (Kulsrud & Pearce 1969;
Kulsrud & Cesarsky 1971; Zweibel & Shull 1982), (ii) turbu-
lent damping due to the interaction of a wave with counter-
propagating Alfvén wave packets. These waves may be the
result of a background turbulence injected on large scales and
cascading to small scales (we abbreviate this damping FG,
after Farmer & Goldreich 2004), and (iii) nonlinear Landau
(NLL) damping caused by the interaction of background ther-
mal ions with the beat of two interfering Alfvén waves (see, e.g.,
Felice & Kulsrud 2001; Wiener et al. 2013). The relative impor-
tance of these effects depends significantly on the physical con-
ditions and chemical composition of the ambient medium. A few
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Table 1. ISM phases and parameters we adopted.

T(XK) BuG) n (cm‘3) Neutral Ion f X Liy; (po)
WIM 8000 5 0.35 H,He H* 0.6-0.9 0-0.1
He H* 1 0.1 50
WNM 8000 5 0.35 H, He H* 7x103-5x102 0-0.1 50
CNM 80 5 35 H,He C* 4x107*-1073 0.1 1-50
DiM 50 5 300 H,,He C* 107 0.1 1-50
HIM 10° 5 ~0.01 - H* 1.0 0.0 100

Notes. 7 is the gas temperature, B is the interstellar magnetic field, n is the total gas density, f is the ionization fraction, y is the helium fraction,

and Liy; is the injection scale of the background magnetic turbulence.

other collisionless and collisional damping processes can impact
MHD wave propagation in a partially ionized gas, but they
mostly affect high-wavenumber perturbations (Yan & Lazarian
2004). Recently, it has been suggested that dust grains may
also contribute to the damping of Alfvén waves (Squire et al.
2021).

In this paper we investigate the escape of CRs from SNRs
and their subsequent self-confinement in the source region as
caused by the interplay between the generation of Alfvén waves
by CR streaming instability and the damping process mentioned
above. Our main goal is to establish whether the self-
confinement of CRs in the vicinity of sources can apprecia-
bly affect the grammage accumulated by these particles. If
this were the case, a significant fraction of CR secondaries
would be produced in the vicinity of CR sources and not
during the time spent by CRs in the Galactic disk, as com-
monly assumed. This would constitute a profound modifica-
tion of the standard view of CR transport in the Galaxy (see,
e.g., D’Angelo et al. 2016; Cowsik & Madziwa-Nussinov 2016;
Lipari 2019; Mertsch et al. 2021; Schroer et al. 2021). In partic-
ular, we focus on the CR propagation in partially ionized phases
of the interstellar medium (ISM), showing that ion-neutral and
FG damping can significantly affect the residence time of CRs
in the vicinity of their sources. We find that for typical con-
ditions, the grammage accumulated by CRs in the vicinity of
sources is negligible compared to that accumulated during the
time they spend in the Galaxy. Even for a medium consisting of
fully ionized H and neutral He, the combination of ion-neutral
and tlurbulent damping can substantially reduce the confinement
time'.

This paper is organized as follows: in Sect. 2 we describe
the damping of Alfvén waves by ion-neutral collisions in var-
ious partially ionized phases of the ISM and by other damp-
ing mechanisms; in Sect. 3 we illustrate the equations and the
setup of our model of CR escape and propagation in the prox-
imity of SNRs, the time-dependent CR spectrum and diffu-
sion coeflicient, the residence time of CRs in the proximity of
the source and the implications on the grammage; in Sect. 4
we describe our results; and in Sect. 5, we finally draw our
conclusions.

' The case of a fully neutral (atomic or partially molecular) medium

and of a diffuse molecular medium (see, e.g., Brahimi et al. 2020) are
not treated here because the filling factor of these phases is small, but
we report the ion-neutral damping rate for these media for the sake of
completeness. The case of a fully ionized medium has been extensively
treated by Nava et al. (2019).
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2. Damping of Alfvén waves
2.1. lon-neutral damping

The Galaxy for most of its volume consists of three ISM phases:
the warm neutral medium (WNM, filling factor ~25%), the
warm ionized medium (WIM, filling factor ~25%), and hot the
ionized medium (HIM, filling factor ~50%; see, e.g., Ferriere
2001, 2019). The physical characteristics of these phases are
summarized in Table 1 (from Jean et al. 2009). The physical
characteristics of the cold neutral medium (CNM) and the dif-
fuse molecular medium (DiM) are also listed for completeness,
while their filling factor is <1% (Ferriere 2001, 2019). In regions
with neutrals, such as the WNM and the WIM, the rate of ion-
neutral damping depends on the number and chemical species of
the colliding particles. In the WNM and WIM, the ions are H",
while neutrals are He atoms (with a H/He ratio of ~10%) and H
atoms with a fraction that varies from phase to phase.

The main processes of momentum transfer (mt) between ions
and neutrals are elastic scattering by induced dipole and charge
exchange (ce). In the first case, which is dominant at low colli-
sion energies, the incoming ion is deflected by the dipole electric
field that is induced in the neutral species, according to its polar-
izability (Langevin scattering); in the second case, the incoming
ion takes one or more electrons from the neutral species, which
becomes an ambient ion. The friction force per unit volume F;
exerted on an ion i is thus the sum of F;  + F ..

With the exception of collisions between an ion and a neu-
tral of the same species, as in the important case of collisions
of H* ions with H atoms (see Appendix A.1), the two processes
are well separated in energy. At low collision energies, elastic
scattering dominates, and the friction force is

ey

where n; and n,, are the ion and neutral densities, u#; and u,, are the
ion and neutral velocities, u;, is the reduced mass of the colliding
particles, o, is the mt cross section, and the brackets denote an
average over the relative velocity of the colliding particles.

At high collision energies (above ~10%eV), the dominant
contribution to the transfer of momentum is ce,

Fi,mt = Rl Min{TmV)in (U0 — U;),

A" +B — A +B*. 2)

If the ce rate coefficient is approximately independent of tem-
perature and there is no net backward-forward asymmetry in the
scattering process (two conditions that are generally well satis-
fied), the friction force on the ions takes the form (Draine 1986)
mﬁun - mizui
Fi,ce = nimg(TceV)in———————,
my + my

3
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where o is the ce cross section, and iy is the mass of the
neutral (ion).

The collisional rate coefficients (o V)in and (o e.V)in are
often estimated from the values given by Kulsrud & Cesarsky
(1971) or Zweibel & Shull (1982) for H*-H collisions (e.g.,
D’Angelo et al. 2016; Nava et al. 2016; Brahimi et al. 2020).
The rate coeflicients for collisions between various species of
ions and neutrals adopted in this study are described in detail in
Appendix A.l. For elastic collisions, they were taken from the
compilation by Pinto & Galli (2008); for ce, they were calcu-
lated from the most recently updated available cross sections.

Ion-neutral collisions are one of the dominant damping
processes for Alfvén waves propagating in a partially ionized
medium (see Piddington 1956; Kulsrud & Pearce 1969). In the
case of elastic ion-neutral collisions (Eq. (1)), the dispersion
relation for Alfvén waves is
cu(a)2 - w,%) + ivin[(1 + e)a)2 - ea)i] =0,

“

where w is the frequency of the wave, wy = kva; is the wave
vector in units of the Alfvén speed of the ions,

B

VAj = ————, (%)
Varm;n;
Vin 18 the ion-neutral collision frequency,
my
Vin = {OmtV)infin, 6)
m; + my
and € is the ion-to-neutral mass density ratio,
m;n;
e=—L11. @)
MnNy

€ is a small quantity in the WNM and CNM, but not in the WIM?.

The dispersion relation Eq. (4) is a cubic equation for the
wave frequency w (with real and imaginary parts) as a func-
tion of the real wave number wy. Writing w = R(w) — il"ij“,
where l"id“ > 0 is the ion-neutral damping rate, and substituting
in Eq. (4), we obtain (Zweibel & Shull 1982)

in

2 d iny2
w;, = ——[(1 + e)vjy = 2I'']7, 8
f= ool e Hl )
which implies 0 < Fg‘ < vin/2.1f e < 1, then
) WVin
in k (9)

oM+ (122

Alfvén waves resonantly excited by CR protons have a frequency
wi = vai/rL Thus, the frequency is related to the kinetic energy
of the CR proton E = ymy,c? as

eBva;
E

The effective Alfvén velocity, va = R(w)/k, that is felt by CRs
depends on the coupling between ions and neutrals.

In general, the following two asymptotic behaviors can be
identified: (i) low wavenumber, w; < vi,. At high CR energy,

(10)

Wy ~

2 To be precise, the dispersion relation Eq. (4) is valid only if the fric-
tion force is proportional to the ion-neutral relative speed u, — u;, as
in the case of momentum transfer by elastic collisions. However, we
use the same relation also in the case of charge exchange and replace
<0—mtv>in with <o—cev>in-

ions and neutrals are well coupled, the total density is n = nyg +
nye + 1y, and the Alfvén speed relevant for CRs resonant with the
waves is

B

\amumyn '

where 4 ~ 1.4 is the mean molecular weight, and I'! o« E2,
(i1) high wavenumber, w; > vi,. At low CR energy, ions and
neutrals are weakly coupled and ion-neutral damping is most
effective. The Alfvén speed is the one in the ions, vaj, and
Fg‘ ~ const.

If € < 1/8, the waves do not propagate in a partially ionized
medium for a range of wave numbers (Zweibel & Shull 1982).
This is plotted as a shaded region in Figs. 1 and 2. On the other
hand, a band without propagation like this is found when no
CRs propagate in the partially ionized medium. It has recently
been suggested (Reville et al. 2021) that when CRs are taken into
account, the propagation of waves in that band may be feasible.

We introduce the fraction of ionized gas f and the helium-
to-hydrogen ratio y,

Y

VAn =

n NHe

= , = . 12
f ny + nj X ny + nj ( )
Equation (6) then becomes

_ 4y

in = mViHt ——= (OmiV)iHe | 7> 13
v 1+mi<cr V)i 4+mi<0 V)i Ty (13)
where m; = m;/mp. In the following, the standard value

x = 0.1 is assumed, but the case y = 0 is also considered
for illustrative purposes and for a comparison with the results
of D’Angelo et al. (2016), who neglected the contribution of
helium to ion-neutral damping.

2.1.1. Warm ionized medium and warm neutral medium

In this case, H is partially ionized, and the dominant ion is H*
(m; = 1). Therefore € = ng+/(ng + 4nge) = f/(1 — f + 4y),
namely € = 0.005-0.05 and 0.75-9 for the WNM and the WIM,
respectively. The ion-neutral collision frequency is

4y

5 (14)

——(OCmVu+*H + —{TmtV)H" He

2

Vin =

1+y

Figure 1 shows the damping rate for waves that are resonant with
CRs of energy FE as a function of the CR energy E. We highlight
the band without propagation in the WNM (e < 1/8).

2.1.2. Cold neutral medium and diffuse molecular medium

In this case, H is neutral, and the dominant ion is C* (7/i; = 12),
with a fractional abundance n¢+ /ng ~ (0.4—1) x 1073, Therefore
€ = 12n¢+ /(ny + 4npe) = (3-9) x 1073 and

n
1+x

1
i = | 3(Cmiden + §<amtv>c+,ﬂe (15)

Figure 2 shows the damping rate for waves that are resonant with
CRs of energy E as a function of the CR energy E. Regions
without propagation are found in this case as well.
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Fig. 1. Damping rates I“id" and FgG (ion-neutral and turbulent) of Alfvén waves in the WNM (left-hand panel) and WIM (right-hand panel) vs.
CR energy E. Different colors are used for different values of the hydrogen ionization fraction f. Unless stated otherwise, a standard y = 0.1
He abundance is assumed. The considered parameters for the WNM and WIM are given in Table 1. Left-hand panel: the dotted lines refers
to ion-neutral damping, and the dashed lines show the FG damping. The FG damping is truncated to the minimum energy, E,,,, below which
the background turbulence is damped by ion-neutral friction before the scale relevant for the damping of self-generated waves is reached that
are resonant with a particle of energy <E, (see Sect. 2.2). The shaded regions represent the range in which Alfvén waves do not propagate
(see Sect. 2.1). Right-hand panel: the solid lines refer to ion-neutral damping, and the thin dotted lines show the case without a contribu-
tion to damping from He (y = 0). The dashed lines show FG damping, which in the case of WIM is found to depend little on the ionization

fraction f.
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Fig. 2. Ion-neutral damping rate l"ii" of Alfvén waves in the CNM (left-hand panel) and DiM (right-hand panel) as a function of CR energy E.
Different colors are used for different values of the C* abundance. The parameters adopted for the CNM and DiM are given in Table 1. The shaded
regions represent the range without propagating Alfvén waves (see Sect. 2.1).

2.2. Wave cascade and turbulent damping

The turbulent damping (FG) of self-generated Alfvén waves is
due to their interaction with a pre-existing background turbu-
lence. This, turbulence may be injected by astrophysical sources
(see e.g., Mac Low & Klessen 2004) with a turbulent velocity
Vwrb and on scales, Liy;, that far exceed the CR Larmor radius. For
waves that are in resonance with particles with a given energy
E, the damping rate that accounts for the anisotropy of the tur-
bulent cascade has been derived by Farmer & Goldreich (2004)
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and Yan & Lazarian (2004), and reads

]1/2

where v, is the effective Alfvén speed felt by CRs, as defined in
Sect. 2.1. We took the turbulence as trans-Alfvénic at the injec-
tion scale, namely vy, = va, (at large scales, waves are in the
low wave number regime, where ions and neutrals are well cou-
pled, as shown in Sect. 2.1). This situation is expected if the

V3 [ Lini
rl;G — [ turb/ 10 (16)

L VA



S. Recchia et al.: Grammage of cosmic rays in the proximity of supernova remnants embedded in a partially ionized medium

turbulence is mainly injected by old SNRs, with a forward shock
becoming trans-sonic and trans-Alfvénic. The FG damping rate
is shown in Fig. 1 for the WIM and WNM.

In highly neutral media, such as the WNM, CNM, and
DiM, the background turbulence that causes FG damping can
be damped by ion-neutral friction at a scale lyin = 1/kmin
(Xu et al. 2015, 2016; Lazarian 2016; Brahimi et al. 2020). Cor-
respondingly, there is a minimum particle energy, Ei,, such that
rL(Emin) = Imin, below which the FG damping cannot affect the
self-generated Alfvén waves (Brahimi et al. 2020),

3/2
L _ 2 (26Vin) / 1+ VAn
lmin t VAn 26VinLinj

In Fig. 1 the FG damping rate for the WNM is truncated at E .
In the WIM, the cascade rate is found to be always higher than
the ion-neutral damping rate, and there is no E ;.

a7

2.3. Nonlinear Landau damping

The NLL damping is caused by the interaction between the beat

of two Alfvén waves and the thermal (at temperature 7') ions in

the background medium. The damping rate for resonant waves

is (Kulsrud 1978; Wiener et al. 2013)

FELL _ l n (lﬂ)l(kres)7
mp

2\2 (18)

o

where kg is the Boltzmann constant and (k) is the wave energy
density (see Sect. 3 below for the definition) at the resonant wave
number ks = 1/r1..

3. Cosmic-ray propagation in the proximity of
supernova remnants

We considered the escape of CRs from an SNR and the sub-
sequent propagation in the proximity of the source. The prop-
agation region was assumed to be embedded in a turbulent
magnetic field, with a large-scale ordered component of strength
By. CRs are scattered by Alfvén waves, which constitute a turbu-
lent magnetic field background of relative amplitude dB(k)/ By,
where k is the wave number. We only considered waves that
propagate along the uniform background field By. In the limit of
0B/By < 1, which is relevant for the cases treated in this paper,
CR diffusion along field lines can be treated in the quasi-linear
regime, with the diffusion coefficient given by Berezinskii et al.
(1990) and Kulsrud (2005),

D(E) — 4LL(E) =
B 31 (kyes) kres=1/r1 -

Dg(E)
I(kres)

where ¢ is the speed of light, I(kies) = 6B(kres)*/ By is the wave
energy density calculated at the resonant wave number, and
Dg(E) = (4n/3)cr.(E) is the Bohm diffusion coeflicient. We
also assumed that the dominant source of Alfvénic turbulence is
produced by the CR resonant streaming instability.

We adopted the flux tube approximation for the CR transport
along By (see, e.g., Ptuskin et al. 2008), and we neglected diffu-
sion across field lines, which is suppressed in the 6B/By < 1
regime (see, e.g., Drury 1983; Casse et al. 2002). Thus, we did
not address the perpendicular evolution of the flux tube (see, e.g.,
Nava & Gabici 2013) and any possible CR feedback on it, and
in general, on the ISM dynamics (see, e.g., Schroer et al. 2021).
A one-dimensional model for the CR propagation like this is

19)

applicable for distances from the source below the coherence
length, L., of the background magnetic turbulence, that is, the
scale below which the magnetic flux tube is roughly preserved
(see, e.g., Casse et al. 2002).

When particles diffuse away from the source at distances
larger than L., diffusion becomes three-dimensional, and the CR
density drops quickly. In the Galactic disk, L is estimated obser-
vationally and may range from a few parsec to ~100 pc, depend-
ing on the ISM phase (see, e.g., Nava & Gabici 2013, and refer-
ences therein).

We followed the approach proposed by Nava et al. (2016,
2019), and we determined (i) the escape time of CRs of a given
energy from the remnant, (ii) the time-dependent evolution of
the CR cloud and of the self-generated diffusion coefficient after
escape, and (iii) the time spent by CRs in the vicinity of the
source and the corresponding grammage. We focused on the
warm ionized and warm neutral phases of the ISM. As shown
in the following sections, the results depend significantly on the
ISM phase that is considered, and in particular, on the num-
ber and type of neutral and ionized atoms in the background
medium.

Transport equations and initial and boundary conditions

The coupled CR and wave transport equations read (Nava et al.
2016, 2019)

O0Pcr

(9PCR 0 Dg 6PCR
=== 20
o e 6z(1 az) (20)
and
a al
7 + vAa_z =2(cr —T)I + 0. 21)

Here vy is an effective Alfvén velocity that takes the coupling
between ions and neutrals into account (see Sect. 2.1), and Pcr
is the partial pressure of CRs with a momentum p normalized to
the magnetic field pressure,

4 J(p)
B(z)/87r

4r
Pcr = ERA (22)
The term 2 T'cr/ gives the wave growth due to the CR streaming
instability and can be expressed as

OPcr .
0z

The term I'y encompasses the relevant wave damping rates,
which are described in detail in Sect. 2. The term Q represents
the possible injection of turbulence from an external source other
than the CR streaming. Here it was taken as Q = 2I'4ly, where I
is a parameter such that typical values of the Galactic CR diffu-
sion coeflicient are recovered at large distances from the source
(see, e.g., Strong et al. 2007). In this way, when the streaming
instability is not relevant, diffusion is regulated by the back-
ground turbulence. In these equations, we neglected adiabatic
losses that arise when the Alfvén speed varies in space (see, e.g.,
Brahimi et al. 2020) because we considered a homogeneous ISM
around the SNR.

The coordinate z was taken along By, and z = 0 refers to the
center of the CR source. The equations were solved numerically
with a finite-difference explicit method, using the initial condi-
tions

2FCRI = —VA

(23)

PO if 7 < Rego(E)
_ CR esc 5
Per = { 0 if 2> Resc(E),

AS57, page 5 of 14
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and

1=1 everywhere. 24)

Here R.s.(E) is the size of the region that is filled by CRs at
the time of escape, and POCR is the initial CR pressure inside this
region. The method we used to determine the escape radius and
time for particles of energy E is described in detail in Nava et al.
(2016, 2019) and is summarized in Sect. 4.1. For the initial con-
dition for the waves, it is also possible to choose I > I, for
Z < Res(E) in order to mimic Bohm diffusion inside the source,
as proposed by Malkov et al. (2013). However, as discussed by
Nava et al. (2019), different choices of I inside the source have
little impact on the final solution. As boundary conditions, we
imposed a symmetric CR distribution at z = 0, and

Pcr =0, I1=1 atz > L. 25)

The one-dimensional model we used is valid only up to a dis-
tance from the source given by the coherence length L. of the
magnetic field. At larger distances, the diffusion becomes three-
dimensional, and the CR density quickly drops. This behavior
can be described in terms of a free escape boundary at L. The
value of L. is constrained from observations to be <100 pc, but
its value is debated and likely depends on phase and position in
the Galaxy. We took the free escape boundary at z > L., and
we verified that this assumption did not affect the results signifi-
cantly, for instance, change L. to 10 L..

4. Results

We discuss the release of CRs of energy E from an SNR below
and give an estimate of the age and radius of the source at the
moment of escape. Moreover, we investigate the propagation
of runaway CRs in the proximity of the source, with particu-
lar focus on the CR spectrum and self-generated diffusion coef-
ficient. Finally, we estimate the residence time of CRs in the
proximity of the source, and we infer general implications for
the grammage accumulated in that region. We treat these aspects
in the cases of a WIM or a WNM surrounding the remnant, with
particular emphasis on the role played by the ion-neutral damp-
ing of Alfvén waves.

In our calculations we assumed that (i) runaway CRs have
a total energy Eck = 10%erg, a power-law spectrum in
energy between 1 GeV-5PeV with a spectral index y = -2.0,
and that (ii) the typical ISM diffusion coefficient is D(E) =
Dy(E/10GeV)?> with Dy = 10?8 cm? s~ (see, e.g., Strong et al.
2007).

4.1. Escape of cosmic rays: Source age and radius

The age and escape radius of CRs with an energy E was esti-
mated as follows (Nava et al. 2016, 2019): We defined the half-
time, t;,2(E,R) of a CR cloud as the time after which half of
the CRs of a given energy that were initially confined within a
region of size R have escaped that region. The evolution of this
CR cloud was studied by solving Egs. (20) and (21) with initial
conditions given by Eq. (24) and boundary conditions given by
Eq. (25).

The radius of an SNR that expands in a homogeneous
medium of density n can be estimated as (Truelove & McKee
1999)

2/5
ejo

E 1/5
Rex(1) = 0.5 (%) 1

0.09 M3/
} o PCs (26)

YT
Es{ n' By
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where Es; is the supernova explosion energy in units of 10°! erg,
n is the total density of the ambient ISM in cm™3, Mo is the
mass of the supernova ejecta in solar masses, and #, is the
SNR age in kyr. This equation is valid in the adiabatic phase
of the expansion, which starts after ~86 M;/Gé Es_ll/ Zpm1i3 yr. Here
we took Es; = 1 and Mo = 1.4, while the gas density
depends on the medium and is reported in Table 1. At ear-
lier times, an approximate expression for the free expansion
phase has to be used (Chevalier 1982). The adiabatic phase stops
at roughly ~1.4 x 104Eg{ M40 yr, when the radiative phase
starts (Cioffi et al. 1988). At this epoch, we also assumed that
the acceleration of CRs becomes ineffective and that all CRs
are instantly released (the validity of an assumption of instant
release may depend on the conditions in the shock precursor, as
discussed by Brahimi et al. 2020).

The escape time, z.s.(E), of particles with energy E was esti-
mated as the time when #,,2(E, Rsnr) equals the age, ,(Rsnr),
of an SNR of radius Rgng. If l]/z(E, Rsnr) > ti(Rsnr), the SNR
expansion is faster than the CR cloud expansion, and CRs remain
confined in the remnant. In the opposite case, the cloud expan-
sion is faster than the SNR expansion, so that these particles are
released from the accelerator. The moment of escape is estimated
as t12(E, Rsnr) = ta(Rsnr). We note that e (E) is the timescale
over which waves can grow.

The dependence of f;,,(E,R) on the initial radius R at
fixed energy E and varying the background diffusion coeffi-
cient and the CR spectral index has been extensively explored
by Nava et al. (2016, 2019), and we refer to these works for
a detailed discussion. Here we briefly summarize the most
relevant points. At small R, the CR gradient is large and the
amplification of waves is very effective. In this regime, the NLL
damping, which scales with the wave energy density /(k), can
play an important role and may dominate ion-neutral and FG
damping at small enough radii. At intermediate R, ion-neutral
damping dominates in most cases. Figure 1 shows that the ion-
neutral damping rate is higher than the FG rate at least up to par-
ticle energies of ~10 TeV, with the only exception of a WIM with
fully ionized hydrogen and ~10% of neutral helium. At large R,
the CR gradient is reduced and the streaming instability is less
effective. In this case, the expansion of the CR bubble is deter-
mined by the background turbulence and the test particle limit is
recovered, with ¢, o R2/Dy.

Figures 3 and 4 show the SNR age and radius at the time of
CR escape as a function of CR energy in the case of a WNM
and WIM, respectively. We confirm the findings by Nava et al.
(2016, 2019) and the qualitative results that particles with higher
energy escape earlier than the low-energy particles (see, e.g.,
Gabici 2011).

In the case of the WIM, R and f. tend to decrease with
a higher neutral density. The effect of ion-neutral damping is
especially visible in the energy range ~1-10 TeV, where the ion-
neutral damping rate starts to decrease from a roughly constant
value at different particle energies, depending on the value of the
ionized hydrogen fraction f and on the helium-to-hydrogen ratio
X, as shown in Fig. 1. The drop in I“g‘ corresponds to an increase
in feg, and therefore to a better CR confinement.

The situation is different in a subtle way in the case of the
WNM. Here the confinement appears to be slightly more effec-
tive for a lower value of f. This result is opposite to what occurs
in the WIM. This can be explained by taking into account that
while Ffj“ is practically the same at energies below ~10TeV for

f ~7x1073-5x 1072, the effective Alfvén speed felt by CRs,
which at these energies is roughly that of ions as illustrated in
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Fig. 3. Case of WNM. Left panel: SNR age t.. (solid lines, left axis) and radius R, (dashed lines, right axis) at the time of CR escape as a function
of CR energy. Right panel: grammage (left axis) accumulated in a region of ~100 pc around the source as a function of CR energy as deduced
from the estimated residence time t, (right axis) in that region. The grammage accumulated during CR Galactic propagation as estimated by
Ptuskin et al. (2009) (Xpgo, olive line) and by Evoli et al. (2019) (Xgy9, gray line) is also shown. Different colors are used for different values of the
hydrogen ionization fraction f, while the helium-to-hydrogen ratio y = 0.1. The parameters of the WNM are listed in Table 1.

WIM

100

10

Lasc LYT]
Resc [pc]

103 | ] ———

E [GeV]

WIM

108

10’

108

tres 1]

-1
10 i 105
-2 I
10
10t 102 10°
E [GeV]

Fig. 4. Case of WIM. Left panel: SNR age t.. (solid lines, left axis) and radius R.s. (dashed lines, right axis) at the time of CR escape as a function
of CR energy. Right panel: grammage (left axis) accumulated in a region of ~100 pc around the source as a function of CR energy as deduced
from the estimated residence time 7.5 (right axis) in that region. The grammage accumulated during CR Galactic propagation as estimated by
Ptuskin et al. (2009) (Xpgy, olive line) and by Evoli et al. (2019) (Xg9, gray line) is also shown. The cyan curve is computed by assuming that
particles of all energies escape at an SNR radius of 20 pc, as assumed by D’Angelo et al. (2016). Different colors are used for different values of
the hydrogen ionization fraction f and helium-to-hydrogen ratio y. The parameters of the WIM are listed in Table 1.

Sect. 2, is a factor of ~2-3 higher for f = 7 x 1073. This
reflects on an increase by the same amount of the FG damping
rate (above the cutoff energy, see Sect. 2.2), as shown in Fig. 1,
but also of the growth rate term, which is proportional to va.
On the other hand, at energies in the range ~10 GeV-1 TeV, the
FG damping is always subdominant compared to the ion-neutral
damping, and the net effect of this change of v, is a slightly
better confinement at smaller f as a result of an enhanced wave
growth rate.

Furthermore, in the case of a WIM, the effective v, is slightly
higher at smaller f below ~1 TeV, but here the increase is only
by a factor of ~1.2 and cannot overcome the effect of ion-neutral
damping.

4.2. Cosmic-ray spectra and diffusion coefficient

The spectrum of runaway CRs and the corresponding self-
generated turbulence depend significantly on the distance from

the source and on the time. In Figs. 5 and 6 we show the spec-
trum of CRs that have already escaped to a distance of 50 pc from
the center of the remnant at different times, from ¢ = 6 x 10° yr
tot = 10° y1, and for the WNM (f = 0.05, y = 0.1) and the
WIM (f = 0.9, y = 0.1), respectively. To remove the effect of
the simple 1D geometry that we adopted, we multiplied Pcr by
R2(E)/R2\y (1). For each case, we also show the ratio of the
self-generated and of the background diffusion coefficients.

In the same figures we also show the spectrum and diffu-
sion coefficient at the position of the shock of CRs that have
escaped at earlier times (and are considered as decoupled from
the accelerator),as well as the spectrum of a particle that is still
confined to the accelerator, at different ages of the remnant from
t = 6 x10%yr to t = 3 x 10*yr. The spectrum of the con-
fined particles was estimated by assuming that the remnant pro-
vides ~10°° erg in CRs with a cE~2 spectrum that extends from
~1GeV to ~5PeV, with an exponential cutoff at the energy of
the particles that escape at the considered age. The SNR was
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Fig. 5. Case of WNM (f = 0.05, y = 0.1): CR spectrum and ratio D/Dj as a function of energy, where Dy(E) = 102(E/10GeV)*> cm?s~!. The
different colors refer to different ages in yr (as marked). Left panels: refer to a location at 50 pc from the center of the SNR, and right panels: refer
to the shock position. In this case, the spectrum of CRs that are still confined in the accelerator is also shown (dashed lines).

assumed to stop accelerating particles at the onset of the radia-
tive phase, which for the typical density of the WIM and WNM
takes place at f,g ~ 3% 10* yr. The corresponding shock radius is
Riag = 22 pc. In all cases and at each time and location, the spec-
trum exhibits a sharp rise at low energies and a peak followed by
a nearly power-law-like behavior at higher energies.

Because high-energy particles escape earlier and diffuse
faster, they reach a given distance at earlier times, as shown
for the spectra at 50 pc, where the peak moves at lower ener-
gies with time. At energies lower than the peak, particles have
not yet reached that position, which results in the sharp rise. At
higher energies, particles have diffused over a larger distance,
which causes a spectrum that is steeper than the spectrum that
was released from the SNR, here assumed to be «cE~2.

A similar behavior is observed for the spectra at the shock.
Here the position at which the spectra are shown varies with time
because it is given by the shock radius at a given age. This radius
is always <50 pc for the cases illustrated here. When we compare
the spectra at the shock and at 50 pc for a given age, it is evident
that the peak occurs at a lower energy in the first case. This is
again the result of an earlier escape and faster diffusion of high-
energy particles.

It is possible to infer from the plots for the D/D ratio as a
function of energy that at a given time, the diffusion coefficient
is equal to its background value at low energies, where parti-
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cles have not yet escaped or have not yet reached the position
at which D is calculated, and at high energies, where the turbu-
lence produced by this particle is being damped. At intermediate
energies, and roughly corresponding to the peak in the spectrum,
the diffusion coeflicient is suppressed compared to Dy by the CR
streaming instability. The energies at which the suppression is
evident move to lower values with time.

A more complex situation can be observed in some cases, for
instance, at r = 10* yr at the shock and in the TeV range, for the
WIM. Here D starts to deviate from Dy at ~50 GeV, then, above
~500 GeV, D begins to approach again Dy, but above ~3 TeV the
level of turbulence increases again, with the result of a suppres-
sion of D. This is due to the energy dependence of the escape
radius, which becomes steeper above few TeV. This results in
the fact that, above that energy, the escape radius becomes small
enough as to effectively excite the streaming instability. In fact
the density of runaway CRs is oc1/R% . The more efficient self-
confinement at this high energies also results in a hardening of
the spectrum (see also Nava et al. 2019 for a discussion).

4.3. Residence time and grammage

The grammage accumulated by CRs close to their sources and
its relevance compared to the grammage accumulated while CRs
are diffused in the whole Galaxy is related to the residence time
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Fig. 6. Case of WIM (f = 0.9, y = 0.1): CR spectrum and ratio D/D, as a function of energy, where Dy(E) = 10?%(E/10GeV)*> cm?s~!. The
different colors refer to different ages in yr (as marked). Left panels: refer to a location at 50 pc from the center of the SNR, and right panels: refer
to the shock position. In this case, the spectrum of CRs that are still confined in the accelerator is also shown (dashed lines).

in the proximity of the source. A formal determination of the
grammage should be done by solving the CR transport equation
for nuclei with the inclusion of spallation contributions (see, €.g.,
Berezinskii et al. 1990; Ptuskin & Soutoul 1990).

Here we adopted the following approach: We assumed that
Ny particles of energy E are instantly injected by a source located
in a region of constant gas density p = um,n and are subject
to free escape at a boundary located at a distance L. from the
source. At a given time ¢, the total number of particles that are
still in the region is Ni,(¢), and the number of escaped particles
iS Nese = No — Nip(¢). Particles that cross the boundary at time
t have accumulated the grammage X(r) = pct and the average
grammage gained by all escaped particles from t = 0 to t = oo is

1 © dNge
X)y=— t—— dr 27
X No fo pet—y 27
JEU‘Mmmqma%@ﬂ
NO 0 —00
= p C Treg-
The residence time T, iS
1 00
Tres = [ f Nin(1) dz = lim (”vin(t))}- (28)
NO 0 t—00

The number of particles with a given energy contained in the
region at a given time can be calculated from the CR pressure

(see Sect. 3),

N,
Nin(t) = ——
RCSCP

L
f Pcr(z, 1, E)dz, (29)
0

0
CR

where we took into account that CRs with an energy E are ini-
tially released from a region of size Res(E).

Figures 3 and 4 show the residence time (right axis of the
right panel) of CRs in a region of ~100 pc around the remnant
for the WNM and the WIM, respectively, and for different values
of the neutral fraction. The corresponding grammage is reported
on the left axis and is compared to that accumulated during CR
Galactic propagation as estimated by Ptuskin et al. (2009) and
Evoli et al. (2019).

Even in the (not very plausible) case of a fully ionized
WIM (f = 1.0, x = 0.0), the grammage is nearly two orders
of magnitudes smaller than that accumulated in the disk (see,
e.g., Jones et al. 2001; Ptuskin et al. 2009; Gabici et al. 2019;
Evoli et al. 2019). This is due to the action of the ion-neutral
and FG damping. The presence of a ~10% of neutral helium
(which is less effective at wave damping than hydrogen) notice-
ably reduces the CR residence time compared to the case of a
fully ionized background medium, above few tens GeV.

These results are at odds with what was previously suggested
by D’Angelo et al. (2016), namely that ion-neutral damping is
totally negligible in the case of only neutral helium because the
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ce cross section is very small. However, as shown in Sect. 2, not
only ce, but also mt has to be taken into account in the ion-neutral
damping. D’ Angelo et al. (2016) reported a grammage that is
nearly a factor of ten larger than what we find. This is in part
due to their assumption of ion-neutral damping of waves with
neutral helium. In addition, they assumed a 20% acceleration
efficiency, while we assumed 10%, which enhances the effect
of streaming instability, and they did not include FG damping.
Finally, D’ Angelo et al. (2016) assumed that CRs at all energies
are released when the SNR radius is 20 pc. This scenario implies
a smaller release radius at low energies than in our calculation,
which translates into an enhancement of the streaming instability
(and the CR confinement) at energies below ~1 TeV, as shown in
Fig. 4.

Any addition of neutral hydrogen compared to the case
of only neutral helium further reduces the confinement time.
Correspondingly, the CR grammage accumulated in the source
proximity is well below that inferred from observations. A
similar result was found by Navaetal. (2019) for the HIM,
where the residence time tends to be lower than in a partially
ionized medium, but the ISM density is lower (~0.01 cm™).

4.4. Source contribution to the boron-to-carbon ratio

The estimate of the CR residence time and grammage in the
source region presented above indicates that the contribution
of CR self-confinement around SNRs to the production of sec-
ondaries is negligible in the considered phases, namely in the
WIM and WNM. Nava et al. (2019) have shown that this is also
the case in the hot ionized phase. Here we provide an order-
of-magnitude estimate of this contribution to the B/C ratio. For
simplicity, we assumed that boron is produced solely by the spal-
lation of carbon (e.g., we neglected the contribution of oxygen)
both around the source and during the propagation in the Galaxy.

For the spallation cross section of boron and carbon, we
adopted the following parameterization (see Blasi 2017, and ref-
erences therein):

o4 =45A% mb

(30)
Taar = bapoa,
where o4 is the total spallation cross section for an atom with
mass A, and o4 is the cross section for spallation of an atom
with mass A to an atom with mass A’. In the case of boron and
carbon, we adopted bcg = 0.28 (Blasi 2017). The corresponding
spallation timescale is

: 1
T’Sp = — (€10
ngog, €

where i = C(B) for the total spallation cross section for carbon
(boron) and i = CB for the spallation of carbon to boron.

4.4.1. Boron-to-carbon ratio in the source region

According to Eq. (31), the typical spallation timescale in a region
with density ~0.35cm™ (typical of a warm medium) is 7§, ~
107 yr, which is much longer than the typical residence time of
CRs in the source region. Under this condition, carbon (and also
boron) is not much affected by spallation in the source region

(superscript §) and produces boron with a B/C ratio given by

S _ Tres
Msjc = —cB°
sp
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Fig. 7. Estimated B/C from Galactic propagation (dashed blue line) and
from self-confinement in the source region (dash-dotted cyan line). The
total B/C ratio (solid red line) is qualitatively compared to PAMELA
(Adriani et al. 2014) and AMSO02 data (Aguilar et al. 2016).

where Tys is shown in Figs. 3 and 4 for the WNM and WIM,
respectively.

Even in the most optimistic case of a fully ionized WIM
(Fig. 3), nSB/C(IOGV) ~ 0.01, while the data shown in Fig. 7
indicate 17g,c(10GV) ~ 0.23. Moreover, the grammage accu-
mulated around the source decreases quite steeply with particle
rigidity, as shown in Figs. 3 and 4, which makes the contribution
of boron produced around sources negligible at higher energies
as well. This is shown more quantitatively in the next section.

4.4.2. Boron-to-carbon ratio after propagation in the Galaxy

Following a standard approach (see, e.g., Blasi 2017), Galactic
propagation is modeled assuming that sources are embedded in
a thin disk with a half-thickness & ~ 150 pc and gas density nq ~
1 cm™3. Spallation is assumed to take place in the disk, while
CRs propagate diffusively, with a rigidity-dependent diffusion
coefficient D(R), in a halo of vertical size H ~ 4kpc and free-
escape to infinity at the outer edge of the halo. The CR transport
in this region is assumed to be one-dimensional and dependent
on the distance z from the Galactic disk.
In this scenario, the transport equation for carbon is

o afC iy C
~% (Da—z) =qy0(2) — ?p 2hé(2),

(33)
where f€ is the carbon distribution function, ¢ is the injection
spectrum from SNRs, and the last term in the equation describes
spallation in the Galactic disk.

The solution for this equation for z # 0 and free escape
boundary at z = H reads

i
€= (H =R, (34)
where foc is the carbon distribution in the disk (z = 0). The latter
can be computed by integrating around the disk (between z = 0~
and z = 0%) and using Eq. (34), which gives

2D c 2h
7]00 =‘10_T_Cfc-

sp

(35)
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This equation can be rewritten in a more convenient form by
introducing the timescale of diffusive escape from the Galaxy,
Tese = H 2 / D,

fc_q§ L, h1)!
O 2H\tee H7S)

(36)

For boron, the transport equation is formally equal to that of
carbon,
o 0 B B
-2 (%) = gsco) - =5 2h6(2), 37
oz\ 0z o

where the source term qB has two contributions,
c 2h

BC’
Tsp

4> = g5 mye + f (38)

the first of which is due to the propagation in the source region,
and the second reflects the propagation in the Galaxy. The solu-
tion for the boron distribution in the disk can thus be written in
analogy to that of carbon, and reads

-1
h 1 1 h 1

C

+f=—=|l—+=—1| .
s ey

The total B/C ratio, ng/c = fy/ /5, is then

C.S
8= (‘Zo Ute (39)

0 2H

s (L AL,
i = |Tec Tesc HTSCp

At high rigidities (above 10 GV), escape dominates spallation,
hence

h 1

-1

h 1 1
——|—+=—=| . «o
HTSC})B}(TeSC HT?p) ( )

h Tese

S
T]B/C(R 2 IOGV) ~ Nsc + ﬁ@ (41)

Figure 7 shows the contribution to the B/C from propaga-
tion around the source in the optimistic case of a fully ionized
WIM (orange line in the right panel of Fig. 3), and the contribu-
tion due to Galactic propagation. The latter was computed with
D(R) = IOZSR%% cm?s™!, where Rgy is the particle rigidity in
units of GV. This value is typically used in models of Galactic
CR propagation (see, e.g., Gabici et al. 2019).

Our results are compared with PAMELA (Adriani et al.
2014) and AMS-02 (Aguilar et al. 2016) data for the B/C ratio.
The boron production around the sources is totally negligible in
the range 10—1000 GV, and most likely also at higher energies.

In contrast, the boron produced in the Galactic disk estimated
with our (simplified) model is quite close to the data (underes-
timated by <50%). A better agreement can be obtained when a
more refined description of the Galactic diffusion is accounted
for and the production of boron from other primary nuclei is
included, as was done by Evoli et al. (2019), for example.

5. Conclusions

We followed the method and setup proposed by Nava et al.
(2016, 2019) to investigate the escape of CRs from SNRs that are
embedded in a WNM and WIM, and the CR self-confinement
in the source proximity. Our main objective was to determine
whether in realistic situations, the grammage accumulated by
CRs in the source region can become comparable to that inferred
from observations. In this case, the standard picture of CR prop-
agation in the Galaxy should be profoundly revised.

We confirm the results found by Nava et al. (2016, 2019) that
CRs that escape from SNRs drive the excitation of Alfvén waves
through the resonant CR streaming instability, which results in
a suppression of the diffusion coefficient and in the CR self-
confinement in the source region. The SNR radius at which CRs
of a given energy leave the source, R..(E), is a decreasing func-
tion of the energy and regulates the CR streaming instability
through a dilution factor oc1/R2_.

We found that the growth of self-generated Alfvén waves,
and consequently, the residence time of CRs in the source region,
is significantly limited by several damping processes, especially
by the FG and ion-neutral damping. In particular, for the ion-
neutral damping of Alfvén waves, we used the most recent
damping coefficients, based on accurate experimental or theo-
retical determinations of the mt and ce cross sections between
ions and neutrals of different species.

In the one-dimensional geometry adopted in our calculation,
a suppression of the diffusion coefficient is found within a dis-
tance form the source of about the magnetic field coherence
length L, ~ 50-100pc for a timescale that can be as long as
~103 yr at ~10GeV. A lower value for L. would cause the CR
propagation to become three-dimensional closer to the remnant,
thus reducing the residence time compared to our results.

We conclude that ion-neutral and FG damping strongly limits
the CR grammage that can be accumulated in the source region.
For typical conditions in the WIM and WNM of the Galactic
disk, the CR source grammage is found to be negligible com-
pared to that inferred form observation. A similar result was
found for the HIM by Nava et al. (2019), who reported that the
CR residence time is typically longer than in a partially ionized
medium, but that the ISM density is lower by more than a factor
of ten. This makes alternative scenarios for the interpretation of
quantities such as the B/C ratio less attractive, where an impor-
tant contribution to the production of secondaries comes from
the source region.

Our results for the residence time (and grammage) may
change when the contribution of other sources of turbulence is
included in the CR confinement. In particular, it has recently
been suggested that another CR-induced instability, the so called
nonresonant streaming instability (Bell 2004), which is mediated
by the CR current and plays a crucial role in the acceleration of
CRs, may significantly enhance the CR self-confinement in the
source region above ~TeV energies (Schroer et al. 2021). Fur-
ther investigations are thus needed in order to firmly establish
the amount of CR grammage that accumulates in the vicinity of
sources by very-high energy particles.
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Appendix A: Collisional coefficients

A.1. Collisions of H with H and He atoms
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Fig. A.l. Top panel: cross sections for collisions of H* with H
vs. collision energy in the center-of-mass frame E.,. Momentum
transfer cross section from Krsti¢ & Schultz (1999), Glassgold et al.
(2005), and Schultz et al. (2008), and charge-exchange cross section
from Hodges & Breig (1991) and Schultz et al. (2008). Dashed line:
Langevin m.t. cross section. Experimental data for the c.e. cross section:
Newman et al. (1982) (filled triangles). The empty circle shows the
value of the m.t. cross section measured by Brennan & Morrow (1971).
Bottom panel: Collisional rate coefficient for momentum transfer and
charge exchange. The filled and empty circles show the rate coefficient
adopted by Kulsrud & Cesarsky (1971) and Zweibel & Shull (1982),
respectively.

In the WNM and WIM, the relevant damping processes for
Alfvén waves are collisions of H* with either H or He atoms.
The case of H"— H collisions is special because the proton
that is elastically scattered by the H atom is indistinguishable
from the recoiling proton that is produced by charge exchange
(Krsti¢ & Schultz 1999; Glassgold et al. 2005; Schultz et al.
2008, 2016). Therefore, the elastic scattering and the charge
exchange channels for collisions of H" with H, as for any col-
lision between ions and their parent gas, cannot be separated in
general. Only at collision energies E.,, 2 1eV can the forward
elastic and the backward charge exchange be approximately sep-
arated. In this limit, oy = 20 (Dalgarno 1958), a frequently
used approximation (see, e.g., Kulsrud & Cesarsky 1971).
Figure A.1 shows the m.t. cross section for H*— H col-
lisions (Krsti¢ & Schultz 1999; Glassgold et al. 2005) and the
corresponding rate coefficient. The figure also shows the m.t.
cross sections and rate coefficients derived from either charge
exchange and elastic scattering in the distinguishable par-
ticle approach (Schultz etal. 2008, 2016), and the experi-
mental determination of the m.t. cross section obtained by
Brennan & Morrow (1971) by measuring the attenuation of
Alfvén waves propagating in a partially ionized hydrogen
plasma at E.,, ~ 5eV. Figure A.1 also shows the rate coeffi-
cients used by Kulsrud & Cesarsky (1971) and Zweibel & Shull
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Fig. A.2. Top panel: Cross sections for collisions of H" with He vs.
collision energy in the center-of-mass frame E,. Momentum transfer
cross section from Krsti¢ & Schultz (1999, 2006), Langevin m.t. cross
section (dashed line), charge exchange cross section from Loreau et al.
(2018), and and ionization cross section from Shah & Gilbody (1985).
Experimental data for the c.e. cross section: Martin et al. (1981) (empty
triangles), Shah & Gilbody (1985) (filled triangles), Shah et al. (1989)
(empty squares), and Kusakabe et al. (2011) (filled squares). Experi-
mental data for the ionization cross section: Shah & Gilbody (1985)
(empty circles). Bottom panel: Collisional rate coefficient for Langevin
m.t. (dashed line), and for m.t. and c.e. (solid lines).

(1982) that are also frequently adopted for other species by scal-
ing the collision rate with the ratio m,/m; of the neutral and
ion masses (see, e.g., (Zweibel & Shull 1982)). As shown in the
following, this approximation is not generally correct because
the rate coefficients in the case of other species exhibit a dif-
ferent dependence on the temperature than the H*— H collisions
case.

Figure A.2 shows the m.t. (Krsti¢ & Schultz 1999, 2006) and
c.e. (Loreau et al. 2018) cross sections for H*— He collisions and
the corresponding rate coefficients. Charge exchange contributes
to the transfer of momentum above collision energies ~10%eV,
corresponding to relative velocities of ~500kms~!, which is
much higher than typical thermal or Alfvén speeds in the WNM
and WIM.

A.2. Collisions of C* with H and He atoms

In the CNM and DiM, ion-neutral damping is dominated by
the collisions between neutral hydrogen and ionized carbon.
Figure A.3 shows the cross sections and reaction rates for m.t.
and c.e. in the case of collisions of C* ions with H atoms. For
collisions of C* ions with He atoms, no theoretical or experi-
mental are available. The m.t. transfer rate coeflicient, accord-
ing to the Langevin theory, is (o mv)c: ge = 1.33 X 107 cm? 57!
(Pinto & Galli 2008). As in the case of H*— He collisions, the
large difference with the rate coefficients used in this work
resides in the assumption that the rate coefficient is the same
for all species.
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Fig. A.3. Top panel: Cross sections for collisions of C* with H vs. collision energy in the center-of-mass frame E,,: m.t. cross section computed
by Flower & Pineau des Forets (1995) (filled triangles), fit from Pinto & Galli (2008) (solid line), and Langevin m.t. cross section (dashed line).
Experimental data for the c.e. cross section: Phaneuf et al. (1978) (empty circles), Goffe et al. (1979) (empty squares), and Stancil et al. (1998)
(filled triangles), and c.e. cross section recommended by Stancil et al. (1998) (solid line). Bottom panel: Collisional rate coefficients: Langevin
m.t. (dashed line), and m.t. and c.e. (solid lines).
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