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We propose to interpret high-magnitude magnetic barriers in space and solar plasma as due to pile-up of
magnetic field lines and their Alfvénic collapse for MHD flows. The analysis of experimental data of both Inter-
ball and Cluster spacecrafts shows that high-magnitude magnetic structures found in the Earth magnetosheath
and near the magnetopause are supported by a nearly thermal transverse plasma flow, with the minimum bazr-
rier width being of the order of the ion gyroradius. The collapse termination at such scales can be explained by
the balance between pile-up of magnetic field lines and backward finite-gyroradius diffusion. Intercomparison
of the theory, modeling and experimental data points out that the Alfvénic collapse is in general a promising
mechanism for magnetic field generation and plasma separation.

PACS: 52.30.—q, 52.40.Hf, 52.40.—w

1. Narrow high-magnitude magnetic barriers, which
separate different flow regimes and display a magnetic
pressure of the order of the plasma pressure, are often
seen both in the space and solar plasma [1-3]. Haeren-
del [1] observed such structures in HEOS 2 data and
attributed them to the work of streamlining magne-
tosheath flow over the magnetopause boundary layer.
More recently such barriers have been usually regarded,
near the Earth, as multiple magnetopause (MP) cross-
ings or as a particular kind of flux transfer events. How-
ever, no particular mechanism has ever been accepted
up to now to account for the anomalous rise of magnetic
field magnitude |B|. Some examples of such barriers
were found in Interball-1 data and were described by
[2]. It was argued that these barriers are neither MP
nor shock crossings, have transverse scales down to the
ion gyroradius, p;, and separate flowing from stagnant
plasma. In this Letter, for the first time we describe
barrier events seen by Cluster and compare them with
published, but so far unexplained, Interball barriers. We
suggest Alfvénic collapse [4] as the generation mecha-
nism for such barriers, study their growth and propose

that their saturation be due to the ion finite-gyroradius
effect. Moreover, we discuss a statistical set of magnetic
barriers built upon 1995-2000 Interball-1 data. Finally,
we argue that this mechanism can account for magnetic
field filamentation and rise at the convection cell bound-
aries on the Sun [3].

2. The concept of Alfvénic collapse as a process of
magnetic line pile-up (or breaking) in the framework of
the ideal MHD approximation was introduced in paper
[4]. Alfvénic collapse is due to plasma flowing obliquely
to the magnetic field and leads, in 3D, to the local in-
finite increase of magnetic field intensity. This process
is analogous to the breaking of vortex lines for fluids at
high Reynolds numbers (see [5—7]) when the governing
equations are the Euler equations.

The magnetic field B in ideal MHD obeys the induc-
tion equation,

0B
i curl[v x B], (1)

which is analogous to the vorticity equation in Euler
hydrodynamics. In a high 8 homogeneous plasma, the
velocity field v can be considered as incompressible, i.e.
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divv = 0. The same assumption can be made for very
slow flows. Since only the velocity transverse to the lo-
cal magnetic field, v, is relevant in this equation, we
introduce new Lagrangian trajectories

r =r(a,t), (2)
defined in terms of v

% =v,(r,t), rlt=0 = a. (3)
Because the magnetic field is frozen in the plasma, equa-
tion (3) provides the equation of motion for magnetic
field lines.

In terms of the mapping (2), equation (3) yields par-
tial integration of Eq. (1) (for details see [4]):

Bo(a) - Va)r(a,t)
J b

B(r,t) = (

where Bg(a) is the initial magnetic field, and J is the
Jacobian of the mapping;:

6(15111721'3)

J = .
6((11(12(13)

It is evident that, as in common cases divv, # 0, the
mapping (2) will be compressible and there will be no
restrictions on the Jacobian values. In particular, if the
Jacobian vanishes, the magnetic field will reach infinity.
In the general situation such type of events, called in
[4] as breaking of magnetic lines, can occur at different
locations in space. Physically this process is analogous
to the appearance of shocks in gas-dynamics. Unlike
breaking in gas-dynamics, in MHD this corresponds to
a magnetic line touching another one, which yields an
infinite magnetic field. Because in a high § plasma the
slowest plasma flows are connected with Alfvénic exci-
tations, the magnetic line pile-up can be called Alfvénic
collapse. The main driving cause of the breaking is con-
nected with the plasma flow obligue to the magnetic field
direction. In this case the flow transverse to the mag-
netic field compresses bundles of magnetic lines swept
by the flow. The occurrence of such events was found
to be unlikely in two dimensions but possible in three
dimensions [4].

The process of magnetic line pile-up can be consid-
ered also as a possible mechanism of magnetic field gen-
eration. Unlike classical dynamo, this process is of the
blow-up type, so that, for ideal MHD, the magnetic field
increases indefinetely.

However, the applicability of such a process to a real
system has several limitations: 1) the magnetic Reynolds
number must be large enough that the effects of finite
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conductivity can be neglected; 2) the compression of
magnetic lines resulting in the increase of magnetic field
intensity and of its gradients can continue only down to
the ion gyroradius scale, where the MHD approximation
and magnetic field frozenness break down. We suggest
that the magnetic field pile-up at the barrier gradients
can stop due to backward finite-gyroradius diffusion of
the growing magnetic field. On these grounds, we can
estimate the resulting equilibrium flow at the ion gyro-
radius scale from

B x curl B

A(DgB) + curllu x B] =0, or u; = Dy B

Here we assume that the diffusion coefficient for the mag-
netic field, Dy, can be estimated through a characteris-
tic displacement of the order of the proton gyroradius,
as Savin et al. [2] demonstrated that the gradient scale
at the barrier edges and the barrier width tend to ap-
proach the proton gyroradius. Thus, Dy = p? /7, where
pi is the thermal ion gyroradius and the characteristic
diffusion time 7 is taken to be of the order of the ion gy-
roperiod, as further argued in the discussion of Fig.1d.
Recalling the spatial scale of the order of p;, one gets the
transverse (drift) velocity of the order of ion thermal ve-
locity V;:

uy ~ Vri, (4)

that, as we will see below, matches fairly well both In-
terball and Cluster experimental data.

3. In Interball-1 data we found more than 200 strong
barriers in the magnetospheric boundary regions with
0B comparable or larger than the surrounding |B| (see
Fig.3 and related discussion herein). We were stimu-
lated by these findings to further explore the possibility
that Alfvénic collapse can be the cause of the barrier
formation.

In the following, we make use of space borne data
for two separate Cluster events, close to the MP, to in-
fer an order-of-magnitude estimate of the Alfvénic col-
lapse equilibrium state at ion-gyroradius scale gradients.
We base our discussion on Cluster proton, electric and
magnetic field data, but neglect magnetosheath (MSH)
electrons, due to their smaller temperature and mass.
Moreover, we base our discussion on the moments of the
ion distribution function (density, velocity and temper-
ature) having checked that they are practically isotropic
around the analyzed magnetic barriers (see Fig.1 de-
scription further on).

On March 24, 2001, Cluster [8] first crossed the
northern cusp MP on an outbound orbit at 09.00 UT
when the spacecraft (SC) position was (X = 10 Rg,
Y = 1Rg, Z = 15Rg) in Geocentric Solar Ecliptic
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Fig.1. Cluster data on March 24, 2001. (a): |B| for Cluster
SC1 (thick line) and SC4 during an extended time interval
of MSH BL crossing (the same interval is used for 1b-c);
(b): SC1 proton ram pressure (Wp, thick line), proton
thermal pressure (W), and magnetic pressure (W, shad-
owed line). (c¢): SC 1 GSE B, |B| (thick line), and B,
(grey line). (d): close-up of the total magnetic field | B| for
SC1, SC2, SC3 and SC4 (thick, shadowed, dashed and thin
lines respectively) around the main barrier, (e): close-up
of GSE E, for SC3 and SC4 (thick and thin lines) around
the main barrier. (f): Cluster orbit (8-11 UT) projected
onto the GSE X Z plane. Nominal MP (“MPnom”, thick
line), first MP encounter (“MP”, dashed line), MSH, bar-
rier and plasma velocities (marked “MSH”, “Barrier” and
“A” respectively)

(GSE) coordinates. The Cluster tetrahedron was such
that the SC’s were at about 600 km from each other and
SC’s 1 through 3 were forming a triangle roughly per-
pendicular to the average orbit (see Fig.1f), while SC4
was trailing the others. Figs.la—1c display an overview
of data measured by the 4 Cluster satellites in the MSH
boundary layer from 9.37 to 9.56 UT. Fig.1a shows
that |B| from SC1 and SC4 exhibited several increases,
among which we have highlighted the 5 most prominent
ones (with amplitudes more than 2 times larger than
background), which we call hereafter “barriers”, marked
with circled numbers. Barrier 1 is referred hereafter as
the “main” barrier and its main peak is marked on each
z axis by a black box.

Fig.1b displays SC1 ram, thermal and magnetic pres-
sures defined as Wy, = N;M;V?/2, W; = N;T, +
+ N;T/2, and W = B? /8, respectively (here, 7|, and
T, are the parallel and perpendicular temperatures, NV;
is the density and V; is the mean ion velocity). First of
all we observe that W, increases from the quasi stagnant
flow on the left (closer to the MP), where W; /W > 1,
to the normal MSH flow on the right, where W; /W, ~ 1.
During most of the displayed period W;/Wj > 1 and
Wi > Wy, i.e. 8> 1. Both such conditions justify the
use of the high-3 incompressible MHD approximation
in equation (1). In particular, this is true at barriers 5,
4 and 2, which look similar to one another, and inside
barrier 3 occurring after the ram pressure increase at
9.53 UT. Finally we notice that the decrease of W; in
barrier 1 described in Fig.1b is due mostly to a decrease
of the perpendicular temperature 7', .

Fig.1c shows the SC1 magnetic field intensity, |B|,
and its GSE components B, and B, We notice that at
all barriers B, displays a large positive increase. This
rules out the possibility that at such times the spacecraft
underwent a double crossing of the MP, as in that case
a negative B, should have been sampled. At all barriers
each component generally displays a variation of the or-
der of the |B| change, which implies that the variations
affect mainly the transverse component (0B;) (e.g. at
barrier 1, 6B; = 50 nT, while §|B| = 30 nT).

Fig.1d displays a close-up of |B| for the 4 spacecraft
around the main barrier peak marked in Figs.la-1c by
the black box on the horizontal axes. In fact, the barrier
is seen almost at the same time by SC1, SC2 and SC3,
while SC4 sees it with a clear delay. Moreover, we ob-
serve that the barrier is first seen by SC3 starting from
9.486 UT, then by SC1 and later on by SC2. The maxi-
mum of the barrier seems to increase from SC3 to SC1,
while nothing conclusive in this respect can be said as
regards SC2 due to a data gap between 9.4895 to 9.492
UT. A further increase of the barrier peak is observed
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by SC4 later on during the barrier thinning and rising
up to a magnetic field magnitude about twice relative
to average level. We set the start of the barrier at SC4
at 9.489 UT and its trailing edge at 9.493 UT. During
time lags between SC3, SC1 and SC2, which are smaller
than a proton gyroperiod, the barrier shape nearly con-
serves, while in 2-3 gyroperiods the barrier width and
height at SC4 evolve a lot. This proves that the gy-
roperiod can be taken as the characteristic time scale
for estimating (4). Fig.la further supports this: over
similar time intervals barriers 3 and 5 change a lot (the
maximun change is for barrier 5 with the maximum lag),
while barrier 2 does not change and barrier 4 changes
less than barrier 1. Coming back to Fig.1d, the delays
between the SC’s and their positions allow us to calcu-
late the average speed of the barrier, which results to be
(—32,40, —36) km/s. From the thermal speed of protons
and the observed local magnetic field we calculate the
proton gyroradius, which, divided by the barrier speed,
yields a characteristic barrier time scale of 9 s, depicted
under the p; symbol in the figure. We remark that such
a time scale roughly agrees with the barrier peak width
as seen by SC4 and with the barrier edge scale.

Fig.le shows the electric field GSE z component,
E,, from SC3 and SC4 for the same time interval as in
Fig.1d. E, displays several narrow peaks, generally as-
sociated with large gradients of | B|, the most prominent
of which are in excess of 4mV/m and roughly coincide
with the trailing edge of the main barrier peak. Simi-
larly to |B|, SC4 E, appears to be shifted in time with a
lag of ~ 855s. Near the main barrier the flow has a com-
plicated 3D pattern: the vortex-like loops in the V, — Y,
and V, — V, planes spread to 80 km/s for an average
|[V| ~ 120km/s (not shown here).

The E, and |B| data at the trailing edge of the bar-
rier main peak allow to perform a check of the rough
equality between the cross field velocity and the thermal
proton velocity, which is predicted by (4) as a conse-
quence of the finite gyroradius counterbalance of the in-
finite |B| increase due to the Alfvénic collapse. In fact,
the E/|B| ratio yields a value of ~ 260km/s, which
agrees fairly well with the thermal proton velocity near
the main barrier Vr; ~ 220-290km/s. This result sug-
gests that actually Alfvénic collapse mitigated by the
finite gyroradius effect could account for the observed
magnetic barriers. Thus, the detected transverse flows
support the equilibrium, in correspondence with (4).

The E, and |B| variations at the barrier main peak
trailing edge allow to calculate the phase velocity of the
disturbance as Vp, 6 E/dB ~ 110km/s, which results
to be close to the local Alfvén speed V4 ~ 150km/s.
This fact and the transverse character of the distur-
Mucema B MIAT® Tom 85
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bances, which we described in the discussion of Fig.l1c,
justify the name ” Alfvénic collapse”.

We also notice that similar calculations can be per-
formed for other barriers evidenced so far. For instance,
at barrier 2 V,, ~ 85km/sec ~ V4 and at barrier 3
the phase velocity results to be ~ 140km/s (which is
roughly equal to the Alfvén speed in the barrier and
twice the Alfvén speed outside the barrier), while at the
Wy, gradient Vi, > 2Vy; these small narrow barriers are
at the border of the free-flowing plasma and here the
E, step at the border of the moving plasma provides a
substantial input to dE, (cf. [2, 9]).

Fig.1f displays a summary of the observations in the
GSE XZ plane. The MP is sketched in its nominal po-
sition (solid line indicated by “MPnom”, [10]) and in
the position where it was first encountered by Cluster
at 9.00 UT (dashed line indicated by "MP”). A portion
of the outbound orbit is also plotted as a solid line and
three times are printed close to it to evidence the SC mo-
tion (in this representation the MSH is on the left and the
magnetosphere is on the right of the MP). Some promi-
nent velocity vectors are drawn on the orbit or close to
it: 1) the Cluster entrance to the proper MSH flow at
9.53 UT (see description of Fig.1b above) is marked by
the "MSH?” velocity vector, roughly parallel to the nom-
inal MP surface; 2) the next vector to the right is the
main barrier velocity (marked by “Barrier”), 3) the A
vector represents the plasma velocity measured by the
Cluster spacecraft. We notice that the latter two vectors
form a large angle which in 3D is ~ 50°, which implies
that the MSH plasma inside the cusp throat flows at a
large angle to the velocity of the magnetic barrier (as it
should be for a transparent boundary).

The plasma flows not around a smooth MP, but
rather over the indented obstacle (see the shape of the
magnetopause marked with “MP” in Fig.1f), that results
in the turbulent boundary layer generation (cf. [2]) with
an irregular streamlining, for which the Alfvénic collapse
should create the high |B| barriers.

Since the small barriers (of type 3) originate in the
free flow and drift towards the BL, we suggest that the
BL decelerated region with deformed field lines is cre-
ated by them in a dynamic manner. Small barriers 2-5
also display narrowing and growing, but their growth is
limited either by fluctuations in Wy and W, or because
the ion gyroradius scale is reached at small amplitudes.
We infer that for high 3 strong barriers with dominant
W4 (such as barrier 1) would appear sporadically. This
scenario agrees with the case of April 2, 1996, when
a strong barrier is seen by Interball-1 but is not seen
by Magion-4 at about 3000 km distance, while in an-
other case, on April 21, 1996, both satellites observed a
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strong barrier [2]. In the case of April 2, 1996, a maxi-
mum of Wj was observed at the MSH edge of a barrier
between flowing and stagnant plasma, close to the mag-
netopause. Panel (2) of Fig.1 of [2] clearly shows that
at such maximum the prediction of equation (4) is ful-
filled, as Wy ~ W; (i.e. Egiy ~ Eg, in the notation
of [2]). Thus, we can reinterpret already published and
so far unexplained magnetic barriers identified in Inter-
ball-1 data in the terms of Alfvénic collapse as the source
of the interface barrier.

A more developed barrier pattern is observed by
Cluster SC1 on February 2, 2003. Fig.2 shows ram, ther-

(keV/em?)
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0
22.6 22.8

uT

23.0 23.2

Fig.2. SC1 proton ram pressure (Wj), proton thermal
pressure (W, thick line), and magnetic pressure (Wb,
shadowed line) on February 2, 2003

mal and magnetic field pressure from 22.6 to 23.45 UT
on that day. Contrary to the 24 March 2001 event,
here 8 < 1 apart from the first part when 8 > 1. In
this case, the 4 SC’s are separated by ~ 1 Rg and
move from the Northern cusp towards the MSH through
a turbulent boundary layer, as suggested by the high
level of fluctuations. On the right hand side of Fig.2
Wi > Wy > W; (i.e. behind the dusk cusp the MSH
flow is super-sonic and super-Alfvénic), while the max-
imum W, at the magnetic barriers barely reaches the
average values of Wy. On the left hand side of Fig.2 W;
is negligible (which implies a stagnation region) and W;
dominates, while narrow magnetic barriers are superim-
posed. At 22.8—22.5UT a structured magnetic barrier
is detected, in which the dominant W, is comparable to
Wy in the free-flowing MSH on the right side. In this
unique case SC1 slides along the barrier for half an hour,
which displays the permanent barrier presence, along
with its severe structuring. The characteristic width of
the barrier maxima cannot be inferred in this case from
a comparison of signals at different SC’s, as their dis-
tance is close to 1 Rg, so that the correlation between
field maxima is < 0.3. However, we tend to believe that
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Fig.3. Locations in Geocentric Solar Magnetospheric
(GSM) coordinates of 208 magnetic barriers detected in
Interball-1 magnetic field data between 1995 and 2000. A
correction factor x was applied in order to account for ram
pressure effects (see text for details)

again the width be comparable with the proton gyrora-
dius (cf. Fig.1d). We recall that SC3, being at smaller Z
GSE by 1 Rg, detected the barrier continuously for less
than 10 minutes. Taking this into account along with
the Cluster velocity in GSE, one can estimate the bar-
rier width in the MP normal direction as 10002000 km.
It is well seen that inside the barrier W; ~ Wy, i.e. the
plasma flows at about the ion thermal speed, its average
angle to the magnetic field is 94°. So, a sonic transverse
flow is established in the barrier at equilibrium, in full
agreement with the estimate (4). We would like to note,
that this very probable Alfvénic collapse occurs over the
dusk cusp far from the symmetry GSE X axis, which is
similar to what is observed in numerical experiments [6]
for the 3D velocity diverging. In our case in the stagnant
flow (left side of Fig.2) 8 > 1 (cf. [4]), while in the free
flow and in the barrier it is not so. In this respect, we
refer to [11], who predict an Alfvénic wave structuring
for the (8 detected there with similar magnetic barrier
growing. Thus we suggest that Alfvénic collapse is a
rather common phenomenon at any (3, but this has to
be verified through a comprehensive computer model-
ing. In spite of the lack, until now, of a self-consistent
theoretical approach, the experimental data reproduces
a number of substantial predicted features, pointing to
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the necessity of further theoretical and computational ef-
forts. At the MHD scale of the barrier width (~ 1500
km ~ 10 p;) the frozen-in conditions should be satisfied,
that gives average transverse electric fields of 7.4 mV/m
in the MP frame for the measured average cross-field
drift. For the turbulence seen, part of the ions with gy-
roradius comparable with the fluctuation characteristic
scale, should be subjected to effective collisions with the
waves [10], that result in an energy gain of 10-30keV by
the ions, shifting in the electric field direction across the
BL. The latter accounts for the enhanced energetic ion
fluxes in the turbulent boundary layer [12]. The Alfvénic
collapse produces a low (3 region inside the main barrier
(see Fig.1d), that can result in appearance of the accel-
erated parallel plasma jets due to plasma extrusion by
the rising magnetic field [9, 10].

4. Concluding the Letter, in Fig.3 we present the
statistical barrier distribution in 3 planes in the Geocen-
tric Solar Magnetospheric frame of reference from MSH
Interball-1 data for the 1995-2000 period. The locations
have been corrected taking into account the solar wind
ram pressure Pp,m,: the spacecraft coordinates, Xgsnm,
Yosm and Zgsnr, are multiplied by x = P}J,?l; how-
ever, the correction is applied only to Ygsas and Zgsy
when Xgsnr < 0. Grey shadowing illustrates the orbit
coverage: orbit traces in the MSH with magnetic distur-
bances power being in ~ 1.5 over the average fluctua-
tions in the background flow. Thin black lines show the
detection of barriers with amplitude 20-50nT over the
average |B|, while thick lines show the detection of bar-
riers with amplitude exceeding the average |B| by more
than 50nT. We have excluded bow shock crossings and
those magnetopause back-and-forth crossings, in which
the magnetic maximum exceeded the magnetic field just
inside the magnetosphere by less than 30 per cent; also
the barriers with duration over 10 minutes have been
discarded from the data set with 1-4 Hz sampling. One
can see, that on the dayside the barriers tend to occur at
higher latitudes where the flux velocity rises and the flow
interacts with 3D cusp throat. The barriers tend to be
more frequent at the dawn magnetospheric flanks (with
negative Y'). Near the equator there is another group of
barriers in the geomagnetic tail at X < —10Rg, where
the neutral sheet with a weak magnetic field starts to
perturb the 2D MSH flow in three dimensions. Thus,
strong barriers with magnetic field enhancement over
the average field strength at the high latitudes or in the
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tail MSH, represent a regular feature of streamlining of
the plasma flow around the deformed boundaries with
3D feature.

In conclusion, we acknowledge that the theoretical
description of Alfvénic collapse is to be improved for
smaller plasma (3 and stronger gradients, but wish to
remark that intercomparison of theory, modelling and
experimental data points out that Alfvénic collapse is in
general a promising mechanism for magnetic field gener-
ation. The magnetic field line pile-up (breaking) is pre-
dicted to operate also in astrophysical and heliospheric
plasma flows with the divergent transverse velocity, e.g.
this mechanism can account for magnetic field filamen-
tation and rise at the convection cell boundaries on the
Sun [3].
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