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For the relativistic Kelvin-Helmholtz instability (KHI) which occurs at shear interfaces between
two plasma streams, we report results on the polarized radiation over all observation directions
and frequencies emitted by the plasma electrons from ab-initio kinetic simulations. We find the
polarization of the radiation to provide a clear signature for distinguishing the linear phase of the
KHI from its other phases. During the linear phase, we predict the growth rate of the KHI radiation
power to match the growth rate of the KHI to a high degree. Our predictions are based on a model
of the vortex dynamics which describes the electron motion in the vicinity of the shear interface

between the two streams.

Albeit the complex and turbulent dynamics happening in the shear

region, we find excellent agreement between our model and large-scale particle-in-cell simulations.
Our findings pave the way for identifying the KHI linear regime and for measuring its growth rate
in astrophysical jets observable on earth as well as in laboratory plasmas.

I. INTRODUCTION

The relativistic Kelvin-Helmholtz instability (KHI) is a
fundamental plasma instability that occurs due to shear-
ing at the boundary between two plasma streams of rel-
ativistic relative speed. In the so-called linear phase [1]
of the KHI, magnetic fields at this boundary grow ex-
ponentially in strength and turbulent vortices appear in
the plasma. The KHI is central to understanding strong
magnetic field generation, particle acceleration and X-ray
radiation in astrophysical jets [2-6] and plays an impor-
tant role in inertial confinement fusion and accelerator
physics [7, 8]. Recent theoretical studies [1, 9-12] were
able to show the emergence of large-scale DC magnetic
fields at the shear interface by applying kinetic instead
of hydrodynamic methods. However, comparisons to ob-
servations were so far limited, since observational data
does not directly probe plasma dynamics, but derives its
results from electro-magnetic radiation [13].

In this work, we report for the first time on a distinct
radiation signature of the KHI and link it to the micro-
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Figure 1. (Left) illustration of the Kelvin-Helmholtz instabil-
ity (KHI) in the relative velocity frame with two counter-
propagating plasma streams, showing the magnetic field
strength and electron density from the simulation [14] at
t = 31w;51. (Right) illustrates vortex trajectories based on
a microscopic model [Eq. (2)] and the emitted radiation with
its characteristic polarization P, and P,.

scopic plasma dynamics in the shear region. We present
results of the largest, most detailed particle-in-cell sim-
ulation [14] of the relativistic KHI, covering a 46 times
larger volume at 4.2 times higher spatial resolution than
in any previous simulation [15]. In contrast to previous
radiation simulations [13, 16-26], time-resolved polarized
radiation emitted by electrons is calculated in-situ based
on Liénard-Wiechert potentials [27, 28] taking into ac-
count 19 billion particle trajectories, thus tracing every
second electron in the simulation. We develop a kinetic
model of the KHI vortex dynamics that predicts the po-
larization components of the radiation emitted to take on
characteristic values. This allows for unambiguous iden-
tification of the linear phase, independent of a specific
observer’s inertial frame of reference. Our model further
shows that the growth rate I',,q of the total radiation
power during this phase equals the growth rate I' g, of the
magnetic field energy in the KHI. With this prediction
a measurement of the KHI growth rate in astrophysical
scenarios via the radiation growth rate becomes possible
and will provide strong constraints on central properties
of distant jets [29] such as density, velocity gradients and
species composition of the plasma streams.

II. MODELING THE KHI LINEAR PHASE

The KHI is usually found in scenarios where a
plasma jet shears against the surrounding interstellar
medium [30]. We model this in a relative velocity frame
where plasma streams have the same absolute speed but
propagate in opposite directions [14] [Fig. 1] which has
the advantage of being numerically more stable to simu-
late. The initial drift and Maxwellian velocity distribu-
tion of charged plasma particles seeds a magnetic field B,
at the shear interface between both streams. This field
acts back on the plasma and starts growing exponen-
tially due to a self-amplifying feedback mechanism. In



this regime, named the linear phase, the magnetic field
dominates the electron dynamics and creates character-
istic electron vortices [10].

For the sake of simplicity, our kinetic model assumes
that only the strongest field component B, governs the
electron dynamics during the linear phase of the KHI,
even though all magnetic field components grow expo-
nentially [15]. This is reasonable since the other mag-
netic field components are at least one order of magnitude
weaker than B, [15]. Apart from this dominant magnetic
field acting on the electrons we consider no additional
forces that might arise from electric fields or collisions.
We thus assume a spatially homogeneous magnetic field

B(t)=DBy-e, e, (1)

inside the small volume comprising the shear inter-
face [Fig. 1], with By denoting the initial magnetic field
value and T" the exponential growth rate of the KHI.

Via the Lorentz force, this field [Eq. (1)] acts on all
electrons within this volume and accelerates them ac-
cording to # = y - et -7 x e, with y = 3:_'—5‘; and
T, ge, Me and v, being the position, charge, mass and
Lorentz factor of the electron. If the initial velocity of
an electron is directed in the respective stream direction
v(t = 0) = g - e, the solution to the equation of mo-
tion becomes

P=i+ig=Hu-ep (iX(1-eM). (@)

Integrating Eq. (2) over time leads to an electron trajec-
tory spiraling in the x-y-plane towards a center point as
depicted in Fig. 1.

III. DERIVING THE EMITTED RADIATION
SIGNATURE

A. Computing far field radiation

In the model, and later in the particle-in-cell simula-
tion, we compute the electromagnetic radiation in the far
field approximation by applying Liénard-Wiechert poten-
tials [31]. The spectrally and angularly resolved intensi-
ties are obtained by integrating the trajectories of a finite
number of N, electrons' over time.

d*1 2
——(n,w, F) = % .
1672¢eqc

. ei w(t—n-r;/c) dt

N, nx{(n—ﬁi)xﬁ'l}
/ZF' (1-n-B)

3)

1 The selection of these N, electrons is discussed later in the text.

Here we denote position, speed and acceleration of the ith
of all N electrons by r;, 3; and 3; while n is the observa-
tion direction and w the emitted frequency. Additionally,
we introduce a polarization filter F'. For F' = 1 the total
radiation is calculated, while setting the filter to a base
vector F' = ey, , .} returns the emitted intensity for a
polarization parallel to F'. The degree of polarization of
a component j is defined by

( €rad(F = ej) )

<Pj>: <6rad(F:1)>

Je{ry, 2} (4)

with (€aa(F)) = [o7dQ [ dw LI (n,w, F) being

the total radiated energy behind a polarization filter F'.

B. Polarization signature

Numerically integrating Eq. (4) for spiral trajecto-
ries obtained from Eq. (2) yields time-constant parallel
( ]5” ) = ( P, )+ ( P, ) and perpendicular ( P, ) = ( P, )
polarizations. Here, the tilde distinguishes model quanti-
ties from simulation results. From the model, we obtain
the degree of polarization for every component by as-
suming incoherent radiation and evaluating Eq. (4) for a
single arbitrary electron trajectory. In general we expect
dominant P over P, as characteristic degree of polar-
ization. The polarization is independent of initial mag-
netic field By and has only a weak dependence on growth
rate I' and velocity vg. For our simulation parameters
I' = 0.48 wp, and v = 3 [14], we calculate ( P} ) = 89.8%

and ( P, ) =10.2%.

C. Correlation between radiation power and KHI
growth rate

After identifying the characteristic degree of polar-
ization, we compute the emitted radiation power based

2.6 . .
on the Larmor equation é,,q = £%leTe [(,@)2 — (B x ,8)2}
2 ~

6mc

4n2_ 2 grad(t) -
% 25 et~ @ = elraat This radiation power
is the observable of interest for which we have to take
into account radiation from both the shear region and the
bulk of the KHI, as both contribute to the signal observed
on earth. In the simulation we thus sum up all radiation
contributions from electrons in the bulk and the interface.
Our model, however, is only valid in the shear region and
cannot reproduce radiation emitted from other parts of
the streams.

As we argue that the radiation signature of the KHI
is determined by the electron dynamics, which itself is
determined by the magnetic fields, we take all magnetic
energy in the simulation volume into account when com-
paring it to the simulated radiation power. By doing so
we will see later in the analysis that the field energy con-
tributions from the bulk are significant at the onset of the

and the model electron trajectory [Eq. (2)]:



linear phase and thus might overshadow the field energy

growth along the shear interface. When comparing model

to simulation one thus has to keep in mind over which

volume V' the corresponding field component By, | €

{z,y, 2z}, is integrated to calculate the component-wise

total magnetic field energy ep;(t) = fﬁBlz(r,t)dV.
v

For the model, the integration over a small volume on
the shear interface leads to a similar exponential growth

ép:(t) = iem“t - [ B2(r)dV ~ 't = eI's=t a5 the radi-
ation power éaq. Thus, the time derivatives of both the

normalized emitted radiation power and the normalized
magnetic field energy

d érad(t)
dt érad(o)

d ég.(t)

— 9T 2I't -
¢ Tt s.(0)

(5)

are equal. This equality allows to determine the mag-
netic field energy growth rate I'g, = 2I' by measuring
the growth rate I',,q of the emitted radiation power.

IV. VALIDATING THE MODEL BY A 3D
PARTICLE-IN-CELL SIMULATION

A. Simulation setup

Since this model is a simplification of realistic KHI
scenarios, we assess its range of validity and its ability to
discriminate the linear regime and determine its growth
rate by comparing it to a large-scale, many-particle sim-
ulation. Using two counter-propagating streams of ki-
netic energy v. = 3, we performed such a simula-
tion [Tab. I] with the relativistic 3D3V particle-in-cell
code PIConGPU [14, 32], taking into account the com-
plex relativistic plasma dynamics neglected by the model.
The setup is chosen to be an ideal reference setup to
clearly isolate the correlation between radiation power
and magnetic field evolution. Thus, it uses a step-like
velocity gradient, which unambiguously drives the KHI
dynamics only. In a more realistic setup, extended ve-
locity gradients or density contrasts will reduce both the
magnetic field amplitude at saturation and the growth
rate I' as described in [10]. Following the microscopic
model, this will directly reduce the growth rate of the
radiation power I';,q, thus allowing measuring the influ-
ence of the velocity gradients or density contrasts. The
simulated relativistic KHI is in the mushroom instability
regime [12], but since the radiation depends solely on the
orientation of the magnetic field, the same correlation
and polarization is expected for the electron-scale KHI
regime [10]. We computed the radiation [Eq. (3)] [27, 28]
emitted by N. = 18.9 x 10° electrons, sampling every
second electron in the simulation, resolving both coher-
ent and incoherent radiation for frequencies ranging on a
logarithmic scale across 3 orders of magnitudes and cover-
ing 481 observation directions on a half-dome solid angle
Q) = & [Tab. I]. Due to the large extent of shearing sur-
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Figure 2. shows the polarization ( P; ) extracted from simu-
lation, integrated over all observation directions, frequencies
and particles [Eq. (4)]. The polarizations expected during the
initial phase (( P,Y") = (PY" ) = &, (P ) = 2) and
the linear phase ( P; ) are highlighted with dashed lines. The
growth rate ', of the magnetic field energy is plotted on the
right axis (dashed line).

face and Larmor radii compared to emitted wavelengths,
the simulated radiation is predominantly incoherent.

B. Determining the linear phase via the
polarization signature

The linear KHI phase can be identified by the polariza-
tion of the emitted radiation [Fig. 2]. It starts, when our
model ( P; ) is a better match for the simulated degree
of polarization ( P; ) than a simple synchrotron radiation
caleulation [31], ( P, ), approximating randomly quiv-
ering electrons during the initial phase. The linear phase
ends when the deviations from our model start to grow
again. Based on such a selection, the linear phase ranges
from t =~ 9w;61 to 28 wp_el. This definition of the linear
KHI regime is in good agreement with a corresponding
classification using the B,-field energy growth rate I'p,
[Fig. 2], where the FWHM extends from 9w, to 31w, .

Comparison of model and simulation results for
component-wise degree of polarization [Fig. 2] shows that
the temporally and spatially varying injection into the
KHI magnetic field of the billions of electrons simulated is
well approximated by our model of non-interacting KHI
vortex trajectories. The remaining shift in polarization
(Py) > (P ) and ( Py) < (P, ) originates primar-
ily from the spatially non-homogeneous magnetic fields
along the y-axis. The stronger acceleration at maximum
magnetic field during the upward and downward motion

Table I. Parameters of the KHI large-scale simulation using
PIConGPU [14].

computational domain
mesh layout (cells)
number of particles per cell
frequencies
virtual radiation detectors

480 X 46 X 46 ¢/wpe
8000 x 768 x 768
16 (8 for each ¢~ and p™)
512 from 0.014wp. to 1dwpe
481 over solid angle Q2 =7
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Figure 3. (Left) shows equal temporal evolution between the
radiation power é;aq from the entire stream and the magnetic
field energy (e¢paz,eB-) on the shear surface. The deviation
between ep, from the entire plasma and é;,q shows that radi-
ation is solely emitted from the KHI. (Right) illustrates the
equality of the growth rate I';aq of the radiation power and
the growth rate I'g, of the entire magnetic field energy stored
in the B, component, which best represents the evolution of
B. on the shear during the linear phase.

(B || e, with 3, > 3,) of an electron near the shear inter-
face, compared to the turning points (3 || e,) within the
streams at lower magnetic field strength leads to an in-
creased x-polarization ( P, ) > (P, ) =( Py ) > (P, ).

C. Determining the KHI growth rate via radiation

The magnetic field energy on the shear surface (of both
B, and B,) and the radiation power é,,q from the entire
plasma show the same temporal evolution during the lin-
ear phase [Fig. 3 left]. Comparing this to the component-
wise magnetic field energy of the entire plasma stream
shows that ep, follows the same evolution, because it
is the only magnetic field component driven solely by
the KHI, whereas €p, is initially dominated by thermal-
ization in the bulk of the jet. At the start, the ther-
malization overshadows the contribution of the KHI and
only after ¢t > 2pr_61 the exponentially growing B, in the
shear region overcomes the field of the bulk. Since the
total energy of B, of the entire plasma evolves equally
to B, on the shear surface, we argue that it is a better
quantity to compare the results of simulation and model.

In Fig. 3 (right side), we show the time-resolved evo-
lution of the growth rates by computing the logarithmic
difference of the discretized simulation results I'¢(tx) =
log[f (tk+1)/f(trk—1)]/(tk+1 — tk—1) with ¢ being the kth
simulation time step and f being ( éraq ) O €4y} tO
calculate either I'taq or I'pie g 2y-

The temporal evolution of the radiation power growth
rate I'yaq of the entire simulation [Fig. 3 right] matches
that of the magnetic field energy growth rate I'g, from
the KHI which equals the growth rate of e, on the shear
surface. During the linear phase, I'p, follows the radia-
tion growth rate I'.,q with a maximum deviation of 11%.
After the KHI overcomes the thermalization in the bulk

att > 20%;}, the growth rate I'g, of €p, from the entire
plasma stream equals I',,q, differing by less than 8%. The
agreement of I'.,q with I'p, over the entire linear phase
demonstrates that the radiation originates only from the
shear surface and is not overshadowed by emission from
the bulk: TI'iaq = I'iaq- We find the growth rate of the
KHI to be I' = I'1aq/2 = 0.48 wpe.

This shows that our model [Eq. (2)] is a useful approx-
imation - in spite of non-homogeneous fields during the
linear phase. The latter is in the dynamics dominated
by the exponentially growing magnetic field, which is ap-
proximately 5 times stronger than the maximal change in
magnetic field due to the the spatial motion of an electron
in the interface region.

V. RADIATION PRIOR AND SUBSEQUENT
TO THE LINEAR PHASE

The particle-in-cell simulation enables us to further
investigate the prior initial and subsequent saturation
regimes of the KHI and show that they emit radiation
with very different polarization and thus allow a clear
identification of the linear KHI regime by observing these
changes in polarization degree [Fig. 2].

Before the onset of the linear KHI regime, the radi-
ation predominantly originates from the thermal jitter
motion of the electrons inside the two still self-contained,
counter-propagating plasma streams. In general, radi-
ation spectra from jitter motion often differ from syn-
chrotron spectra, deviating in both critical frequency and
spectral shape [33]. However, for the sake of simplicity,
we approximate the polarization signature of the initial
phase by synchrotron radiation ( P ) as marked by
dashed lines in Fig. 2. They agree with the initial polar-
ization degree observed in the simulation and are clearly
distinguishable from the characteristic polarization de-
gree of the linear KHI phase.

In the KHI saturation phase, when the magnetic field
at the shear interface becomes strong enough to trap elec-
trons in vortices and thus keep electrons from crossing
into the counter-streaming jet, the growth of the mag-
netic field levels off and stops. At the same time, current
sheets surrounding the shear interfaces [15] give rise to
strong electric fields normal to the shear layers. Due to
this additional acceleration by electric fields, the radi-
ation power growth rate I';,q becomes larger than the
magnetic field energy growth rates I'p,, and I'g, [Fig. 3].
Electrons trapped in the vortex reach their peak energy
in the middle of the shear layer, where they move nor-
mal to the interface and thus radiate primarily into the
y-direction. Hence, according to the y*-scaling of syn-
chrotron radiation [31], they radiate predominantly with
P, polarization. This leads to an increasing anisotropy
between the polarization components ( P, ) > ( P, ) in
the saturation phase [Fig. 2]. Similarly, but to a lesser
extent, P, is driven by E, and B,, which have grown due
to the electron bunching by the transverse KHI [12].
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Figure 4. shows the ratio between the polarization { P, ) and
( P, ) for several boosts in z-direction with Ypo0st being the
respective Lorentz factor. The peaking anisotropy between
the polarizations is a hallmark of the KHI linear phase.

VI. IMPLICATION FOR OBSERVATIONS

Until now our results are given in a relative velocity
frame. However, astrophysical jets are observed in a very
different frame of reference, so that their relativistic mo-
tion towards an earth-bound observer leads to Lorentz-
boosted radiation emitted in a narrow cone. Since the po-
larization components ( P; ) are averaged over ensembles
of electrons, time, observation directions and frequencies,
they generally do not Lorentz-transform in a trivial man-
ner. Hence the question arises whether it is still possible
to identify and characterize KHI in an observer reference
frame on earth.

Based on the same data as in Fig. 2, but prior to av-
eraging the results over frequencies and observation di-
rections, we apply a Lorentz-boost in z-direction with
Lorentz factor vp00st to the electromagnetic field of the
emitted radiation [31]. Since ( P, ) almost vanishes in the
boosted radiation, which is emitted predominantly in x-
direction, we use the ratio ( P, ) / ( P, ) [Fig. 4] as indica-
tor for a transversal polarization anisotropy. The results
in Fig. 4 show only a weak dependence with respect to
Yboost, SO that this confirms the polarization anisotropy
as a hallmark signature of the linear KHI regime.

Thus, after detecting the linear KHI regime in observa-
tions and measuring the Lorentz factor vpo0s¢ Of the rel-
ativistic boost by an independent diagnostic technique,
one can deduce the corresponding instability growth rate
by measuring the growth rate I',; of total emitted radi-
ation power and rescaling it to compensate time dilation
I'=T", /2 Yoost- Such a growth rate measurement, due
to the large variability in plasma density and Lorentz fac-
tors observed in relativistic jets [29, 34, 35], would be in
the radio to microwave frequency range and take sub-
seconds to minutes or hours.

Such estimates for temporal scales that need to be re-
solved in realistic astrophysical observations, as well as
in laboratory experiments, take into account the known
growth rate scaling of the Kelvin-Helmholtz instability
with respect to the relativistic velocity shear 7., the den-
sity contrast of the respective streams n;/no and the

spatial extent of the shear gradient. First, the growth
rate I' of the mushroom instability decreases according

tol ~ 87 172 ¢ with increasing relative shear ve-
locity [12]. Secondly, a density contrast (ny/ng # 1) be-
tween both streams reduces the growth rate of the KHI
further as described in detail in [10]. For the special case
of a highly relativistic jet (7. > 1) with a density n,
shearing on an ambient gas with higher density ny than
the jet: ng > ny /7., the growth rate is reduced by a fac-
tor co = 1/+/2 [12]. Finally, the growth rate is reduced
due to a non-steplike velocity shear profile. Following
numerical calculations [10], a characteristic shear gradi-
ent of more than one plasma skin depth will decrease
the growth rate by a factor ¢c3 = 0.2. With decreasing
growth rate, the duration of the linear phase and thus
the observation time increases inversely T ~ I'"1.

For an exemplary astrophysical plasma jet with a
Lorentz factor of approximately v = Ypboost = 100
and a density around n; = 107*cm™> shearing on a
quasi-stationary ambient gas of density n, ~ 1074 —
1073 cm ™3 [29], the observed duration of the linear phase
is increased due to the aforementioned factors as well as
the relativistic time dilatation. Assuming the duration
of the linear phase in the relative velocity frame is simi-

lar to our simulation T' ~ 19w, !, the observed duration

is T =~ cfl . 051 . cgl “Yboost + I > 4min. Thus, the
characteristic radiation signature can be observed at fre-
quencies higher than the plasma frequency. According

to the relativistic Doppler shift f’ > \/% - 2= the

radiation would be in the radio frequency range.

In recent laboratory plasma experiments, the KHI was
observed at plasma densities around n. ~ 10'7cm™3
[36, 37]. If such a plasma jet reaches? Yhoost = 17, the
linear phase can be observed for 7" ~ 100 ps. For such a
scenario, the characteristic radiation will be in the near-
infrared to optical range.

Since we directly linked the radiation signature to the
growth mechanism defining the KHI instability, we can
exploit these scaling to extrapolate to realistic astrophys-
ical jets in the sparse interstellar medium or dense lab-
oratory plasmas at ultrafast time scales. Especially, if a
specific physics scenario prevents the existence of a KHI
and thus a linear regime, there will be no characteris-
tic growth of magnetic fields at a shear layer, thus no
polarized-radiation from a shear-layer and vice versa.

VII. SUMMARY

To summarize, we have shown in a large-scale particle-
in-cell simulation of the Kelvin-Helmholtz instability that
the evolution of polarization of emitted electro-magnetic

2 This is the respective lab frame of the PIC simulation presented
in this paper.



radiation is a useful signature to identify the extent of the
linear phase of the KHI. For this selected time period, we
demonstrated in our comprehensive ab initio simulation
that the equality of growth rates [Eq. (5)] is preserved
and that we thus are able to determine the growth rate
I of the instability by measuring the growth rate I'_; of
the emitted radiation power.

This ability to identify the KHI among other radia-
tion processes and tie its growth rate to specific growth
regimes is a vital step towards a better understanding of
astro-physical jets, because observed growth rates in ra-
diation can now be linked to KHI models for constraining
jet properties, such as jet-to-ambient density contrasts or
velocity gradients [38]. Also, the KHI polarization signa-
ture is especially useful for distinguishing it against a ra-
diation background of isotropic polarization. Since the

transverse polarization anisotropy allows to determine
the orientation of KHI shear interfaces, continuous im-
provements in observational capabilities [39-41] for spa-
tially resolving the polarization of plasma radiation both
along and across astrophysical jets will open the way to-
wards mapping the shear layer geometry and its magnetic
fields in complex jet-within-a-jet geometries [42].
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