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We present the first investigation of the role of non-linear Landau damping in self-generated
cosmic-ray transport in conditions appropriate for the Galactic halo using hybrid particle-in-cell
simulations. We find reduced CR drift speeds due to scattering, that however, remain super-
Alfvénic due to damping. The non-linear Landau damping leads to heating of the background
plasma and initiates an inverse cascade, producing perturbations on non-resonant large scales, a
result with many potential implications for CR transport.
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1. Introduction

Modeling cosmic-ray (CR) transport requires understanding the interplay between various
physical processes, especially the role of turbulent magnetic fields. Observations of secondary-to-
primary CR ratios [1, 2, 9] indicate that CRs diffuse by scattering on these turbulent fields, but
whether such turbulence is self-generated by CRs or injected at large scales (e.g., by supernovae)
remains debated. The recently observed spectral breaks in these ratios may signal CR-driven
excitation of streaming instabilities [5, 8, 11], while pre-existing turbulence potentially becomes
relevant at energies > TeV.

CR transport involving streaming instabilities is inherently non-linear, as the instability growth
rate depends on the CR distribution, and thus on the propagation itself. On Galactic scales, the
resonant streaming instability is a likely mechanism for CR confinement up to at least TeV energies
[5, 7, 11]. However, the efficiency of self-confinement critically depends on damping processes
that saturate instability growth and thus dictate the energy dependence of the diffusion coefficient.

If streaming instability growth outweighs damping, CRs isotropize and their drift speed vp
reduces to the Alfvén velocity v4. At higher energies, though, the energy-dependent decrease
in secondary-to-primary ratios implies particles increasingly drift super-Alfvénically (vp > v4),
consistent with wave growth being limited by damping [17]. In different interstellar phases, this
can be driven by ion-neutral damping [17], non-linear Landau damping (NLLD) [18], or other
mechanisms [6, 14, 15, 19]. In hot ionized media, where neutrals are negligible, NLLD is dominant
both on Galactic scales [18] and near sources [10, 20, 21].

NLLD acts through Alfvén wave interactions, transferring wave energy to the plasma as heat
[18]. For a turbulent spectrum, wave growth or damping depends on interactions with all other
waves—a point often neglected in earlier work [3, 10, 21, 26, 27]. If both wave polarizations are
balanced, damping dominates; but with a slight excess in one polarization, energy can cascade to
larger scales, possibly driving an inverse cascade [16].

Most prior studies of streaming instability’s saturation focused on the 8 < 1 regime or on
ion-neutral damping and used PIC or MHD-PIC methods [4, 13, 22]. Yet, these works do not
address the hot ionized phase where NLLD is dominant and CRs spend most of their lifetime.

Here, we investigate the saturation of the resonant streaming instability in the astrophysically
relevant regime 8 > 1 using hybrid PIC simulations. We present the first direct evidence that NLLD
operates in such plasma, leading to reduced CR drift, and we continuously inject CRs to mimic
realistic Galactic conditions. Our results show that wave modes of a given scale are damped by all
longer scales present and reveal a small CR-induced polarization excess, driving an inverse cascade
as discussed above.

The paper is structured as follows: Section 2 details our simulation setup, Section 3 presents
our findings, and Section 5 concludes.

2. PIC simulations

We study particle self-confinement in the presence of NLLD with dHybridR a relativistic hybrid
code with kinetic ions and (massless, charge-neutralizing) fluid electrons [12]. In our simulations,
lengths, time, velocities, number densities and magnetic fields are normalized to the ion inertial
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length d; = v4/Q,;, the inverse ion cyclotron frequency Q;l.l, v 4, the number density (ng) and the
magnetic field strength (Bp) of the initial background plasma respectively. The background ions
are thermal ions with gyroradius re ; = d;, 1.e. B; = 2v22h’l./ vi = 2 and 128 particles per cell. The
simulation box is filled with a background magnetic field along the x-direction with a strength By.

Our simulations are quasi-1D along x and all three components of the momenta and electro-
magnetic fields are retained. The box is 60000 d; X 5 d; large, divided into 120000 x 10 cells. Our
time step is set to 0.005 Q;.l and the speed of light ¢ = 100 v4. The boundary conditions are the
following: periodic for the background plasma, periodic in y and open in x for the CRs and the mag-
netic fields. CRs are injected with 16 particles per cell with a distribution that is isotropic in a CR
rest frame and then boosted with p, into the simulation frame. They have an isotropic momentum
Piso = 100mv 4 (Lorentz factor \/5), drift speed vp =4v4 and ncg = 2 X 1072 ny. We perform a
second simulation with an additional CR species with p;s, = 300 mv4 and ncg = 2 X 107> ng and
vp = 12v 4 and a three times larger box along x keeping two cells per d;.

3. Results

3.1 Non-Linear Landau Damping

In Fig. 1, we show the power spectrum of the turbulent magnetic field as a function of wave
number k at different points in time for simulation I. Initially, the resonant streaming instability is
excited, which grows the field on resonant scales (< r;, = 100, d;), corresponding to the blue lines

-1
max

in the figure. Around ~ 17y (light blue), the field saturates on resonant scales, while at the
same time it starts growing on scales > ry. After saturation, an inverse cascade removes power
from small scales and shifts it toward larger scales, as is evident from Fig. 1. The inverse cascade
can be interpreted as a feature of NLLD. In the linear analysis [18], when two waves of the same
polarization interact, the large-wavelength wave gains energy, while the small-wavelength wave is
damped. For a linearly polarized wave spectrum, this growth of large-scale modes naively would
cancel out exactly due to interactions with opposite polarized waves. However, in our simulation
and arguably in the Galaxy, the small CR anisotropy introduces a slight imbalance of polarizations
that kickstarts the inverse cascade.

Contrary to common approximations [21, 23, 24, 26], it can be seen that smaller wavelength
modes suffer stronger damping losses, consistent with the assessment of early works [25] that the
damping rate at a given scale depends on the integral over all power on longer scales. Once the
inverse cascade starts, power is removed from small scales and shifted towards large scales that are
not resonant with any particles in our simulation. These waves continue to grow until a balance is
reached between their growth and the waves that are leaving the box.

3.2 Evolution of the Magnetic Field and CR Drift Speed

The overall evolution of the CR drift speed and the magnetic field in simulation I is illustrated
in Fig. 2. Four different phases can be identified, each with a unique interplay of CRs and fields.
During the free streaming phase, CRs are not affected by the presence of magnetic fields and excite
the resonant instability with a growth rate that can be derived from [16]. Around ¢ = 37y, ! |
resonant scattering becomes effective inside the box. At this point §B%/ B(z) > 1073, resulting in a
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Figure 1: Power spectra of the magnetic field 6B, F i0B at different k for left-handed (top panel) and
right-handed (bottom panel) modes, respectively. Small-scale power is transferred to large scales, indicating
an inverse cascade.

) 2
mean free path 4 = ’;2—‘ %M smaller than the length of our box with the pitchangle y and
the resonant wave number k,.s = 1/(urr). As a result, CRs start to diffuse and collectively slow
down. The scattering redistributes the particles in phase space, changing the growth rate of the

instability in the process.
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The turbulent field keeps growing until ~ 17y when its growth is balanced by damping
processes, see previous section. From this point onward, the magnetic field at resonant scales (orange
line) stalls and is damped away, while the field on large scales keeps increasing. This redistribution
of the field is a result of an inverse cascade in k-space that moves power to increasingly larger scales.
Removing power from small scales makes it increasingly difficult to scatter particles with small
pitchangles and to cross the 90° barrier in pitchangle, reducing the efficacy of resonant scattering
and leading to an increasing drift speed due to less efficient diffusion.

After t ~ 607, ., the total field and the drift speed flatten out, indicating saturation and a
final steady state. At this point, a balance is reached between waves leaving the box via the open
boundary and new waves being created by the inverse cascade. The balance critically depends on
the growth rate of the nonresonant fields. The growth rate in the linear analysis, is proportional

to the total power on scales smaller than the scale of interest. Hence, roughly one Alfvén-passing
1

time L/va ~ 267,,,, after the power on resonant scales peaked, we see the power on nonresonant

scales saturating.

4. Simulation II

The appearance of long wavelength waves from the self-generation of the resonant streaming
instability of low energy CRs is a point of major interest since in models of Galactic CR transport,
large-scale turbulence is typically assumed to be extrinsic caused by supernova explosions [5, 11]
or produced by high-energy CRs in resonance with these scales [8]. Instead, the inverse cascade
provides a way for low-energy CRs to grow turbulence on these large scales.



Cosmic-Ray Transport under the Influence of Non-linear Landau Damping Benedikt Schroer

I
T
]
|
1
—_ 2

BY

J, dkz6B(k2)?

I
I
I
|
T
)
I
1
i
i %
! — [, " dk:6B(k;)?
I
I
I
I
I
I
I
I
I
I
I
I
I

10 20 30 40 50 60
t¥max

Figure 2: Bottom panel: Box averaged CR drift velocity as a function of time. Top panel: Magnetic field
on all scales smaller than ry (orange), larger than 7, (green) and total perpendicular (blue) as a function of
time. Time is in units of y,,,x. Dashed lines indicate the transition of different evolutionary stages.

To investigate a possible impact on higher energy particles, we perform a second simulation
with an additional high-energy CR population. In Fig. 3, we show the magnetic field, split into
total field and fields resonant and nonresonant with low-energy CRs and drift speed of the two CR
populations normalized to their initial drift speed. The first thing to note is that the green line
includes scales that are still resonant with CRs of population II. Hence, the large-scale fields grow
faster than before due to the resonant streaming instability excited by high-energy CRs. As a result,
the large-scale fields dominate much earlier compared to the previous case. Even more importantly:
Due to the fields excited by high-energy CRs, the small-scale fields saturate at a lower value
compared with the case with only one CR population because damping becomes significant much
earlier. As aresult, the damping of small-scale modes is more severe throughout the simulation and
the total power on small-scales falls off by a factor of 3.

Interestingly, the drift speed reached by population I is comparable with the previous simulation,
since the fields reach comparable levels. This confirms, that our previous box is sufficiently large
to fully capture the resonant scattering of this population. Instead, the drift speed of the high-
energy CRs is influenced by scattering off the fields generated by low-energy particles. The
enhanced scattering is mainly due to high-energy CRs with small pitch angles u < 0.3 that are in
resonance with these fields. Unfortunately, we cannot determine the impact of the inverse cascade
on population II, as the numerical limitations prevent a sufficient scale separation of energies that
would be necessary for this. At late times, the inverse cascade again populates scales that are not in
resonance with any particles, while the resonant fields are damped and their power slowly decreases.
All these considerations are in agreement with expectations based on the results inferred from our
previous one-CR simulation.

5. Conclusions

We discuss the role of NLLD in saturating the resonant streaming instability in a high-8 plasma.
While, in the absence of this damping, it is expected that CRs would excite Alfvén waves until they
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Figure 3: Same as Fig. 2, but for a simulation with an additional high-energy CR population. The separation
of orange and green line is the same as before meaning k.. corresponds to the gyroradius of the low energy
CR particles.

fully isotropize in the wave frame, CRs can maintain an energy-dependent drift speed when damping
is present. In the Galactic halo, it was shown that this process can lead to the self-generation of a
CR halo [5, 8, 11] and explain CR fluxes at Earth.

Here, we test the role of NLLD with hybrid-PIC simulations of a periodic box in which a
slowly drifting CR distribution excites Alfvén waves that are able to leave the system, mimicking a
fluid element close to the Galactic disk. We confirm a super-alfvénic drift speed at saturation of the
instability. Furthermore, we find that damping at a given scale occurs due to power on larger scales,
in accordance with early linear analysis of the phenomenon [18, 25], but opposing commonly used
approximations [3, 10, 21, 26, 27]. As a result, small-scale modes suffer the strongest damping
which leads to the development of a pitch angle barrier. Additionally, we find that an inverse cascade
develops, that moves power from small to large scales which might have profound implications for
CR transport on Galactic scales.

To further test our conclusions, we performed a second simulation with an additional CR
population with higher energy. The behavior of the fields and CRs in the second simulation is
consistent with the findings of the first simulation. The additional CR population creates more
fields on large scales due to the resonant streaming instability which leads to a saturation at a lower
magnetic field on resonant scales and stronger damping. As before, the inverse cascade grows fields
on scales larger than the resonant scale of any particle in the simulation.
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