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The generation of dc magnetic fields in unmagnetized electron-ion shear flows is shown to be associated
to either initial thermal effects or the onset of electron-scale shear instabilities, in particular the cold
Kelvin-Helmholtz instability. This mechanism, intrinsic to shear gradients on the electron scale, is desc-
ribed through a kinetic model that predicts the growth and the saturation of the dc field in both scenarios.
The theoretical results are confirmed by multidimensional particle-in-cell simulations, demonstrating the
formation of long-lived magnetic fields (# ~ 100's w;il) along the full longitudinal extent of the shear

layer, with a typical transverse width of ,/ygc/ @

pe>

reaching magnitudes eBgy,/m,cw ,, ~ By\/Yo for an

initial sharp shear. The case of an initial smooth shear is also discussed.
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It is well-known that plasma instabilities on the electron
kinetic scale can efficiently transform plasma kinetic
energy into electric and magnetic-field energy, playing a
central role in current high-intensity laser-plasma experi-
ments [1-4] and astrophysical scenarios [5,6]. Ab initio
particle-in-cell simulations (PIC) have demonstrated
the generation of subequipartition magnetic fields, i.e.,
the ratios between the energy density of the field and the
kinetic energy density of the flow are close to 1073 to 1072
[7-10]. Electron plasma instabilities associated to shear
flows, such as the cold Kelvin-Helmholtz instability (KHI)
[11,12], however, have been largely overlooked and
contain a wealth of unexplored physics, namely, the unex-
pected generation of a strong dc magnetic field along
the shear interface. Recent particle-in-cell simulations
have demonstrated the emergence of this large-scale dc
magnetic field in unmagnetized electron-ion plasmas with
velocity shear [12—14] after the onset of the KHI. Yet this
dc field is not captured by the two-fluid KHI theory
[11,12,15]. Furthermore, recent experiments have repro-
duced shear flow conditions [1-3] allowing one to probe
the development of the KHI, although the self-generated
magnetic fields remain to be diagnosed. In the near future,
with the advent of more powerful lasers, experiments
will be able to probe the self-generated fields of the KHI
and their consequences in astrophysical, laser-produced,
and even low-temperature plasmas. It is the purpose of this
Letter to identify the physical mechanism responsible for
the generation of such dc magnetic fields.

We recall the two-dimensional (2D) theoretical model
of the unmagnetized KHI [11,12], which is based on the
relativistic fluid formalism of plasmas coupled with
Maxwell’s equations. Without loss of generality, we focus
on symmetrically shearing flows (with velocities =v,é,,
along the y direction and with equal densities ng) with
a tangential discontinuity in the x direction. The protons
are considered free-streaming, whereas the electron fluid
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quantities and fields are linearly perturbed, u =
e killgitkiy=wn)  The unstable modes are stationary
[Re(w) = 0] surface waves and obey the following disper-
sion relation
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where I' is the growth rate [Im(w)] of the mode with wave

number k|, w,, = V4mnge*/m, is the plasma frequency
defined in CGS units, k] = kjj + wj./(c*yo) — @*/c?,

and vy = 1/4/1 — ,8(2) is the Lorentz factor of the shearing

flows with By, = vy/c. After a few e-folding times, the
system is dominated by the fastest growing mode with
1—‘max :m753/20)pe and kllmax :\/.5/—8—70_3/2(‘)/1(3/1)0- In
the case of an initial smooth shear, the growth rate
decreases as the shear gradient length increases; see
Ref. [16].

To ascertain these results and to fully explore the KHI,
PIC simulations were performed using OSIRIS [17,18]. We
simulate shearing slabs of cold (v > vy,, where vy, is the
thermal velocity) unmagnetized electron-proton plasmas
with a reduced mass ratio m,/m, = 100 (m, and m, are
respectively the electron and the proton mass) and evolve

it up to w,;t =100 (w),; = 1/me/mpwpe is the proton
plasma frequency). We present the simulation results of a
shear flow with vy = 0.2¢, which is on the order of the flow
velocity driven in intense laser-plasma experiments [4].
The shear flow initial condition is set by a velocity field
with +vge, in the middle half of the simulation box and
a symmetric velocity field with —wvyé, in the upper
and lower quarters of the box. Initially, the system is charge
and current neutral. Periodic boundary conditions are
imposed in every direction. The simulation box dimensions
are 100 X 100(c/w ,,)?, resolved with 20 cells per electron
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skin depth (¢/w,,.), and a number of 36 particles per
cell per species is used. Space and time are respectively
normalized to ¢/, and 1/w,,

The growth and the wave number of the most unstable
mode are confirmed by 2D simulations [Fig. 1(al)]. We
measure a wavelength of 2c/w,, and a growth rate of
0.32w,,, in agreement with the theoretical values Ajjp,, =
277/ kjjmax =2.09¢/ @ ,, and Iy, =0.33w ,,. Interestingly,
the growth of a dc (k; = 0) magnetic-field mode is also
observed [Figs. (insets) 1(a2) and 1(b2)], which is not
predicted by the linear fluid theory [I'(k; = 0) = 0], nor
has it been previously identified in magnetohydrodynamics
simulations [19-22] and only recently in kinetic simula-
tions [12]. The growth of the dc-magnetic-field mode
results from a current imbalance due to between the
electron flows across the shear surface, while the proton
flows remain almost unperturbed due to their inertia.
The orientation of the dc-magnetic-field peak is mostly
determined by the proton current structure, i.e. V X By ~
oenoUo(x). The mixing arises due to the deformanon of
the electron interface between the two flows, which in the
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FIG. 1 (color online). B, component of the magnetic-field
structure generated by the cold KHI for vy = 0.2¢ during
(a) the linear regime, (b) near saturation, and (c) at t=
1000w, = 100w, The insets on the right hand side represent
the longitudinal average of the magnetic field, revealing the dc
component. (S;) and (S,) show the magnetic field at saturation
for an initial smooth shear wy(x)/c = 0.2tanh(x/L) with
L=10c/w,, = c/w,.

linearized fluid calculations is not accounted for and, in
zeroth order, remains fixed. Alternatively, we find that the
physics describing the formation of a dc mode can be
modeled in a one-dimensional (1D) reduced theory where
an initial temperature drives the mixing effect. In order to
understand the formation of the dc field, we first consider
the one-dimensional case. Initially, all the fields are zero,
and we assume a plasma with a tangential shear flow in the
x direction and an initial temperature such that vy, < vy.
This setting is not in Vlasov equilibrium, and it is clear
that the transient thermal expansion of the electrons
across the shear surface (ions are assumed to be cold
and free streaming) leads to an imbalance of the current
neutrality around the shear surface, forming a dc mag-
netic field in the z direction. The initial corresponding
electron distribution function reads f(x,v,,v,,v,,t=0)=
fo(vy, vy —vysgn(x),v,). Due to the dimensionality of the
problem, one verifies that £, B,, B, remain zero. The
reduced set of equations is therefore Maxwell’s equations
coupled with the Vlasov equation d,F + v, 4. F —
(e/m)E + (¥/c) X 31) - 05F = 0 where F(x,v,,v,,1)=
fdv.f(xv,, vy, v, t). The formal solution of the Vlasov
equation is F(x, v,, vy, t) = Fy(xo, U0, vy), Where xg, v,
and vy, denote the position and velocities of an electron
atr=0and Fy = [dv,f, [23,24]. At early times, if we
assume that the induced fields are sufficiently small that
we can neglect their effect on the change of momentum of
the electrons, the distribution function can be determined
along the free streaming orbits of the electrons [25]. For
the sake of simplicity, we separate the initial electronic
distribution in two parts, Fy = Fy (xg <0) + F (xq > 0).
The electron currents read J;,=—e fdv,v, [dv,Fg (x —
V.4, v, v, ¥ ). For a Maxwellian distribution function,
fu()=e V"2 /\P2avy, we have F (X0, 040,040 F V) =
nofu(vi0)fu(vyyFve) and we obtain J;, = Fenguy X
f"i"x/tdvfo(vx) =~ T (evgng/2)erfc(Fx/~2v,,t). The
total current is given by adding the unperturbed proton
currents J,, = enyvgsgn(x), from which the magnetic
field can be integrated by neglecting the displacement
current in Ampere’s Law

Bye = edmng B2 vmx[ = §erf0(§)] @)

where & = |x|/+2v,,,t. We thus verify that the dc-mag-
netic-field width is on the order of /2 2v,,,t and its peak

intensity grows linearly in time as B} =4+/27eno Byv .t
[Fig. 2(a4)]. This derivation is vahd as long as the orbits of
the electrons do not diverge much from the free streaming
orbits, i.e., as long as the electric and magnetic fields that
develop self-consistently do not affect the free motion
of the particles. However, the electrons will eventually
feel the induced magnetic field, which tends to push
more electrons across the shear via the 7y X édc force.
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FIG. 2 (color online). Evolution of the electron phase space
[(al)—(a3)] and (b1)-(b3)] and dc-magnetic-field peak [(a4) and
(b4)]; log-log scale is used to display linear dc peak evolution in
(a4), and log-linear scale is used to display exponential evolution
in (b4). Left: 1D warm shear flow with vqg = 0.2¢ and vy, =
0.016. Right: 2D cold shear flow for the same v,. The blue (red)
color represents the electrons with a negative (positive) drift
velocity v,. The self-consistent dc magnetic field is represented
by the solid curve, whereas the dashed curve represents the
magnetic field given by the theoretical model. The flow velocity
is positive (negative) on the right (left) side of the shear.

Consequently, the rate at which electrons cross the shear
increases, which in turn enhances the growth rate of the
magnetic field. We find that the displacement current term
leads to a (v,,,/c)? correction to the dc-magnetic-field
peak at early times (following a simple dimensional analy-
sis of Maxwell’s curl equations), which is negligible in
our regime. However, the displacement current tends to
increase the electron current on either side of the shear
interface, eventually building the dc-magnetic-field side
wings observed at later times [Figs. 2(a3) and 2(b3)].

In order to verify our analytical calculations and to
further investigate the phase where electrons deviate
from their free streaming orbits, we carried out 1D simu-
lations of the x direction of the 2D simulations. The Debye
length is resolved in the 1D simulations (Ax = Ap), and
we used 1000 particles per cell. Figures 2(al)—(a3) shows
the time evolution of the xp, phase space and the magnetic
field for vy, = 0.016¢ and vy = 0.2¢. At earlier times of
w .t = 9 [Fig. 2(al)], an excellent agreement between the
model and the simulation is observed. The model breaks
down approximately when an electron initially with v, =
0 (around the shear) acquires a velocity change on the order
of v, which corresponds to a strong distortion of the
Maxwellian distribution around the shear. Figures 2(a2)

and 2(a4) shows this effect at w,,t = 17. The model
underestimates the magnitude of the magnetic field, and
one can clearly observe the distortion of the distribution
function in the field region. As the magnetic field grows,
the Larmor radius (r;) of the electrons crossing the shear
interface decreases. When the minimum ry ;, (associated
to the peak of B,.) becomes smaller than the characteristic
width of the magnetic field /,., the bulk of the electrons
becomes trapped by the magnetic-field structure. This
is illustrated in Fig. 2(a3) at w,.f = 55. The magnetic
trapping prevents the electron bulk expansion across the
shear (that drives the growth of the magnetic field), satu-
rating the magnetic field. An estimate of the saturation
can be obtained by equating 7y i, ~ lg.. From Eq. (2),
it is possible to write the magnetic field as By.(x, ) =
4areny Bow(x, t), where w(0, t) should be interpreted as
the characteristic width of the field. With ;. ~ w(0, 7),
FLmin=Yom.Vo/eBy.(0,1), we find that [y, ~ c\/y_o/wpe,
giving the saturation level of the magnetic field as
eBY /m,cw,, ~ By /¥o. This scaling has been verified
for 1D simulations (Fig. 3).

In the absence of an initial temperature, an alternative
mechanism is needed to drive the electron mixing across
the shear surface that in turn generates the dc field. This
mechanism is the cold fluid KHI that operates in 2D and
3D geometries. In fact, in the warm shear flow scenario,
both the cold fluid KHI and the electron thermal expansion
can contribute to the generation of the dc field. This
happens when the typical length of the dc field due to the
thermal expansion (/y4.) after a few e foldings of the cold
fluid KHI (TKHLgrowth = ne-foldings/rmax’ where N e-foldings is
on the order of 10) is on the order of the relativistic electron
skin depth, i.e., v Tkuigrowth ~ \/Y0C/ @ . Therefore, the
cold fluid KHI dominates the electron mixing in the limit
vthTKHLgrowth < \/%C/wpe‘

For a two-dimensional cold plasma undergoing
the KHI, the electron distribution function can be
10 . . .
eBit )19 Boy/A0 (1D warm shear)
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FIG. 3 (color online). Magnitude of the dc-magnetic-field peak
at saturation as a function of B¢./y,. The red, blue, and black
markers represent the results of 1D, 2D, and 3D PIC simulations,
respectively. The error bars are associated to the fluctuations of
the peak value in the saturation stage. The lines represent best-fit
curves to the simulation results, demonstrating the good agree-
ment with the theoretical estimate.
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written as f(x,y,v,, vy, v,,1) =n¢6(v, — v, (x,y,1) (v, —
v, q(x,y,1)0(v,) where v,n, v, correspond to the
velocity field solutions of the fluid theory. In this case, the
self-generated KHI fields play the role of an effective
temperature that transports the electrons across the shear
surface, while the protons remain unperturbed, inducing a
dc component in the current density and, hence, in the
fields. We then have to solve the evolution of the distribu-
tion function and show that the current density J,, averaged
over a wavelength A = 27/kj, has a nonzero dc part.
We follow the same approach as before and calculate
the average distribution function defined as F(x, v,, t) =
(1/A) [dv, [dv, [,dyf(x,y, v,, vy, v,, 1). To obtain ana-
lytical results we will assume that the linearly perturbed
fluid quantities are purely monochromatic, which is equi-
valent to assume that after a few e foldings, the mode
corresponding to k| = kj.x dominates with a growth
rate of I' = I',,,,,. We then write v, g =~ vy(x) and v, g =
. sin(kyy)e ¥+ where @, g is the amplitude of the
velocity perturbations at + = (. We then obtain

no

Fxv,t) = ——"—, 3)
TV maxV 1 - 772
where 9 v, 0)=v, /v  with v ()=

ﬁx,ﬂe_kﬂxHFf. We observe that the development of 2D
cold KHI [Fig. 2(b)] reveals close similarities with the
ID hot model previously described. In the 2D KHI,
averaging the distribution in the direction of the flow
shows that the perturbation gives rise to a spread in v,
that may be interpreted as an effective temperature.
The spread in v, decays exponentially away from the
shear and grows exponentially with time. The mean
velocity is zero, and the effective temperature associated
to this distribution function is defined as VZ(x, 1) =
(1/ng) [ dv,v3F(x, v,, t) = v%,,/2. One can then expect
a similar physical picture as that in the hot shear scenario
and, as a result, the emergence of dc components in the
fields which are induced by the development of the un-
stable KH perturbations. The evolution of the phase space
in Fig. 2 illustrates the similarity between the warm 1D
[Figs. 2(al)-2(a3)] and cold 2D [Figs. 2(b1)-2(b3)]
scenarios.

The challenge in this scenario is to determine how such
a distribution function expands across the shear surface
due to the complexity of the orbits in the fields structure
(multidimensional fields with discontinuities at x = 0).
In the region where the electron mixing occurs, we assume
electron orbits given by x ~ xo + (v,o/I)e!” and v, ~
v,oe'” where x, and v, are the position and velocity of
a particle at the time z, when the instability begins. We
obtain J;,(x,7) =Fev, f;g)‘(“lidvxF(x, v, 1) =evyny[(1/2) *
(1/m)arcsin(xI'/v%,,)] where xI' € [—v0,,, v9.«] and
00 (1) = v (x = 0, 1) that represents the maximum ve-
locity of a particle that was originally in the vicinity of the

shear. The limits of the integral represent the deformation
of the boundary between the two flows on a characteristic
distance of v9,,, /T as the instability develops. We then find
the total current density by summing the proton contribu-
tion and integrate to obtain the induced dc magnetic field

By (x=0,1)= ISeno,BoxI: arcsin({) & g + 1’% -1 ] @)

with ¢ = T'x/vY,.. The peak of the dc magnetic field is
located at x = 0 where the expression above reduces to
By (0, 1) = 8eByngvi.(1)/T and thus grows at the same
rate as the KHI fields that can be verified in Fig. 2(b4). One
can verify in Figs. 2(bl) and 2(b2) that Eq. (4) shows
reasonable agreement with the 2D simulations. This deri-
vation neglects the dc Lorentz force on the electron trajec-
tories, which makes this model valid as long as the induced
dc field remains small compared to the fluid fields asso-
ciated to the mode kj,,x. The peak of the By field is
proportional to v9,.(f). We therefore conclude that the
induced dc magnetic field is always of the same order of
the fluid fields [Figs. 1(a) and 1(b)]; thus, its consequences
to KHI development cannot be neglected. As the dc field
evolves, electrons start to get trapped and we expect a level
of saturation similar to the one obtained in the 1D model
which is verified by the simulations. The comparisons
between the saturation level of the 1D, 2D, and 3D simu-
lations are shown in Fig. 3, verifying the B,./y, scaling.
When a smooth shear is considered, the electron KH still
develops, and we verified that the initial electron transport
across the shear, due to the development of the instability,
is the mechanism triggering magnetic-field generation,
therefore validating the physics captured by our model.
At saturation, the dc magnetic field has a typical width
on the order of the initial shear gradient length and
reaches a maximum value of By.(L) ~ B4.(0)/L where L
is the initial shear gradient length measured in ¢/w pe-
Interestingly, the dc magnetic field remains stable beyond
the electron time scale and persists up to 100’s w;il as
shown in Figs. 1(c) and 1(S). Eventually the protons will
drift away from the shear surface due to the magnetic
pressure, broadening the dc-magnetic-field structure and
lowering its magnitude.

In conclusion, we have shown that the emergence of dc
magnetic field is an intrinsic phenomenon associated to
electron-ion shear flows. The dc field is generated through
the formation of dc current driven by the expansion of
electrons in the shear region due to a thermal expansion
or the development of the cold fluid KHI perturbations. We
have presented an analytical description of the formation
of the dc field in agreement with 1D, 2D, and 3D PIC
simulations. The dc-magnetic-field saturation on the elec-
tron time scale is independent of the type of the expansion
and persists up to proton time scales, reaching maximum
magnitudes of eBy./mcw pe = 1.4y, /o with thicknesses
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of a few ,/yoc/w . and, thus, is dynamically relevant for
the evolution of the KHI on ion time scales. The effect of
an initial smooth shear tends to lower the saturation value
proportionally to the initial shear gradient length whereas
the thickness increases proportionally.
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