Journal of Physics: Conference Series

PAPER » OPEN ACCESS

Investigation of different small-scale flux-rope acceleration scenarios for
energetic particles in the solar wind near Earth

To cite this article: J A le Roux et al 2018 J. Phys.: Conf. Ser. 1100 012015

View the article online for updates and enhancements.

Bringing you innovative digital publishing with leading voices

to create your essential collection of books in STEM research.

This content was downloaded from IP address 74.167.200.7 on 08/11/2018 at 13:12


https://doi.org/10.1088/1742-6596/1100/1/012015
https://oasc-eu1.247realmedia.com/5c/iopscience.iop.org/896341211/Middle/IOPP/IOPs-Mid-JPCS-pdf/IOPs-Mid-JPCS-pdf.jpg/1?

The 17th Annual International Astrophysics Conference IOP Publishing
IOP Conlf. Series: Journal of Physics: Conf. Series 1100 (2018) 012015  doi:10.1088/1742-6596/1100/1/012015

Investigation of different small-scale flux-rope acceleration
scenarios for energetic particles in the solar wind near Earth

J A le Roux'?, G P Zank"* and O V Khabarova®

" Department of Space Science, University of Alabama in Huntsville (UAH), 320
Sparkman Drive, AL 35805, USA

*Center of Space Plasma Science and Aeronomic Research (CSPAR), University of
Alabama in Huntsville (UAH), 320 Sparkman Drive, AL 35805, USA
*Heliophysics Laboratory, Pushkov Institute for Terrestrial Magnetism, Ionosphere,
and Radio Wave Propagation (IZMIRAN), Moscow, Russia

jar0013@uah.edu

Abstract. Our previous kinetic transport theoretical development for energetic particle
acceleration by and large-scale transport through solar wind regions with numerous dynamic
small-scale flux ropes in the strong guide/background field limit is further analyzed and
extended. The basic flux-rope acceleration mechanisms and the issue of compressibility are
further clarified by applying concepts such as magnetic curvature and shear flow to these
structures. A set of new coupled focused-transport-MHD turbulence equations is presented for
modeling coherent and stochastic energetic particle acceleration by small-scale flux ropes self-
consistently. Furthermore, test particle coherent and stochastic acceleration rates are compared
for the different flux-rope acceleration mechanisms, and stochastic acceleration and pitch-angle
scattering rates for flux ropes and Alfvén waves are compared, for energetic protons at Earth.

1. Introduction

From recent observations near 1 AU we learned: (i) Solar wind regions near primary current sheets
(the heliospheric current sheet or current sheets associated with interplanetary coronal mass ejections
behind traveling shocks and corotating interaction regions) are filled with contracting and merging
small-scale flux ropes with cross sections belonging to the turbulence inertial range. These structures
are generated when primary current sheets undergo turbulent magnetic reconnection [1,2]. (ii)
Enhanced energetic particle fluxes up to MeV energies correlate well with these flux-rope regions
[1,2,3]. (iii)) Dynamic small-scale flux ropes are especially efficient accelerators during strong
compression [1,2]. (iv) An unprecedented number of small-scale flux ropes were identified at 1 AU
using the Grad-Shafranov reconstruction approach [4]. The latter result is consistent with the common
occurrence of dynamic small-scale flux ropes in the low-latitude solar wind near 1 AU as a natural
development of local MHD turbulence in a high conductivity plasma with a strong guide/background
field and a plasma B of order 1 or less [5]. In this limit, the observed formation of energetic particle
power-law spectra at 1 AU can be interpreted as a consequence of flux-rope dynamics, such as
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merging, primarily occurring in the 2D plane perpendicular to a strong guide/background field [6].
Following up on the promising idea of efficient acceleration when energetic particles interact with
numerous contracting and merging small-scale flux ropes [7,8], Zank et al. and le Roux et al.
developed comprehensive focused transport theories of energetic particle acceleration in a turbulent
magnetized plasma containing dynamic small-scale flux ropes in the strong guide field limit [9,10].

Here, the basic small-scale flux rope acceleration mechanisms are further investigated using
concepts such as magnetic curvature and the shear-flow tensor. The difference between the
incompressible and compressible limits of flux-rope dynamics for acceleration, and the close link
between guiding center kinetic and focused transport theory are addressed anew. An extended theory
is presented for modeling self-consistent energetic particle acceleration by small-scale flux ropes. This
involves coupling of the focused transport equation to a new MHD equation for total magnetic island
energy density advective transport in the non-uniform solar wind medium, derived from a recent
version of nearly incompressible MHD theory for solar wind turbulence [5]. The latter equation
includes magnetic island damping rates derived from assuming conservation of total energy in the
exchange of energy between energetic particles and magnetic islands during coherent and stochastic
acceleration. Finally, for energetic protons at 1 AU, coherent and stochastic flux-rope acceleration
rates for the different flux-rope acceleration mechanisms are discussed, and stochastic acceleration and
pitch-angle scattering rates for flux ropes and Alfvén waves are compared.

2. The small-scale flux rope acceleration mechanisms

2.1 A Guiding center kinetic theory perspective

Small-scale flux ropes detected near Earth have cross sections of L,~0.01-0.001 AU [1,2]. Near 1 AU,
suprathermal protons, e.g., have gyro-radii r, << L, for a wide range of energies that easily include
MeV energies. Thus, standard guiding center kinetic theory, which is restricted to gyro-radii much less
than scale of the electromagnetic field in the plasma, is well suited for modeling energetic particle
transport through and acceleration in solar wind regions near Earth with numerous contracting and
merging small-scale flux rope structures. In guiding center kinetic theory, the gyro-phase-averaged
rate of change in kinetic energy for energetic charged particles can be expressed in different ways:

sz
<d_K> <l qEo|vb+ " b || +| L gp o MEE Mgy
dr/, qB ot qg B? q |

. [qERECHV,U+mV2/12(KE .E)]H +{(1_ﬂ2)M'[%_}:+(ZE 02)3j+(l—y2)3%} (1)

R S| [— - 7y e+ (9 o Kﬁ]}
€

where ¢ is the net particle charge, v is the parallel guiding velocity component, b is the unit vector
along the flux-rope magnetic field, x = (beV)b is the curvature of the flux-rope magnetic field, M is
the magnetic moment of a gyrating particle, Eeb= Ergc| is the parallel reconnection electric field
component associated with merging flux-rope pairs, x is the cosine of the particle pitch angle, Vg is the
electric field drift (plasma drift) velocity (velocity at which the curved flux-rope magnetic field is
contracting or merging), and M’ is the magnetic moment for z = 0. Equation (1), 1% line, states the
basic flux-rope acceleration mechanisms grouped in terms of parallel kinetic energy changes (terms in
1** square bracket) and perpendicular kinetic energy changes (terms in 2nd square bracket). The
mechanisms are: (1) Parallel guiding center motion acceleration by the parallel reconnection electric
field component Ergc generated in reconnection regions between merging neighbouring flux ropes (1°*
term in 1% square bracket), (2) curvature drift acceleration by the motional electric field induced by
contracting or merging small-scale flux ropes (2™ term in the 1% square bracket), (3) betatron
acceleration due time variations in the flux-rope magnetic field strength (1% term in the 2™ square
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bracket), (4) grad-B drift acceleration by the motional electric field induced by contraction and
merging of flux ropes (2™ term in the 2™ square bracket) and, (5) parallel drift acceleration by Ergc
(the last term in 2™ square bracket). Direct comparison of the terms in the 1% line of (1) with the
corresponding terms in the 2™ line reveals that one can express the curvature drift acceleration term in
terms of Vrex (advection of curved flux-rope magnetic field at plasma drift velocity), and the grad-B
drift acceleration term in terms of (VzeV)B (advection of the perpendicular gradient in flux-rope field
strength at the plasma drift velocity). This version of the grad-B drift acceleration term can be
combined with the betatron acceleration term into a generalized betatron acceleration expression
M’dB/dt = M'(8B/ot + (Vz#V)B) (1 2 terms in 2™ square bracket in line 2) [11]. Comparison of the
last terms in line 1 and line 2 indicates that approximate conservation of magnetic moment requires a
small Ergcj-value. Furthermore, comparing the terms in the ond square bracket in line 2 with the
corresponding terms in line 3 reveals that the generalized betatron acceleration expression in line 2
can be related to a combination of the Vzex and the VeJi- terms, assuming approximate magnetic
moment conservation (a small Eggc-value). Thus, generalized betatron acceleration is determined by a
competition between incompressible flux-rope contraction or merging (Vgex > 0) and compressible
contraction or merging (VeJ: < 0). However, such a competition does not appear in the curvature drift
acceleration term that depends only on Vrex. To investigate this issue further it is useful to introduce
the relationships
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where we relate the magnetic curvature advection term JVg.x to the parallel shear-flow term
be(beV) Ve which in turn is expressed in terms of the shear-flow tensoro;
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using the Cauchy Stokes theorem [12]. Upon inserting (2) in the bottom line of equation (1), we get
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where the term containing Vel can be recognized as the standard Parker cosmic-ray transport
equation term for the combination of curvature drift, grad-B drift, betatron and parallel drift
acceleration that collectively becomes plasma drift compression acceleration acting on the isotropic
part of the particle distribution fo(p) [13,14]. The last term in (4) can be interpreted likewise as
combining parallel shear flow tensor acceleration associated with curvature drift acceleration

(— mv? ,uzbib jaij) with parallel shear flow tensor acceleration associated with unified grad-B drift,

betatron and parallel drift acceleration (+ mv21/2(1— ,uZ)bib joij)that collectively becomes parallel

shear-flow tensor acceleration acting on the anisotropic part of the particle distribution related to the
2nd moment of the particle distribution f(p). The interpretation in terms of particle anisotropy
moments is made assuming a Legendre moment expansion for the energetic particle distribution that is

nearly isotropic so that f(p) = f,(p)+3uf,(p)+5/ 2(3;12 - 1)f2 (p), where fi(p) is the 1st moment

and f5(p) is the 2nd moment in the anisotropic part of the energetic particle distribution, and averaging
over all z-values. Upon decomposing the shear flow tensor according too,; = aij.h -1/ 3(ZOK £

where bibjaij.h =1/2(b;b;0Vy; /0x; +b;b,0V; | Ox;)=b e (be V)V ., in (4), the result is
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In addition to the Parker transport compression term, there is a new compression term (3rd term in
(5)). Just like the Parker compression term, this extra term also combines compression acceleration

linked to curvature drift acceleration (+ 1/3mvu*(VeV, )) with compression acceleration associated

with unified betatron, grad-B drift, and parallel drift acceleration (—1/ 3mv*1/ 2(1 —u? )(y oV, )) to

form collectively a plasma drift compression acceleration term. Different from the Parker transport
compression term that acts on the isotropic part of the particle distribution fy(p), the new compression
term acts on the anisotropic part of the particle distribution connected with fy(p). The last term in (5)
combines parallel shear flow acceleration associated with curvature drift acceleration

(— mv:*he (lg . Y)Z E) with parallel shear flow acceleration linked to unified betatron, grad-B drift,

and parallel drift acceleration (+ mv21/2( - ,uz)é-(goz)z E) to form collectively a shear-flow
acceleration term (reduced shear flow tensor without the compression term) that acts only on the
anisotropic part of the energetic particle distribution related to f5(p). Upon combining the two V ¢ V%-
terms in (5), and doing the substitution -be(beV) Vg = Vrek,
<d—K> <= (L= T oV )+ m Bt~y 0x) (6)
dt [, 2 2

whereby the last line of equation (1) is recovered. In the process we gained new insight in the Ve V-
term in equation (1), having determined that it can be interpreted as a combination of curvature drift
acceleration with unified betatron, grad-B drift, and parallel drift acceleration acting collectively as
plasma drift compression acceleration on both the isotropic and the anisotropic part of the energetic
particle distribution.The Vgex-term, on the other hand, can be viewed as a combination of curvature
drift acceleration with unified betatron, grad-B drift, and parallel drift acceleration acting collectively
as plasma drift shear flow acceleration only on the anisotropic part of the distribution.

2.2 Compressible versus incompressible flux-rope drift and betatron acceleration

Consider first the limit of incompressible flux-rope contraction or merging (in the strong guide field
limit we interpret this to mean magnetic island area conservation during contraction or merging in the
2D plane perpendicular to the guide/background magnetic field) when 0< -Velf << Jpex = -
be(beV) Vx> 0. Then, from equations (1), (5), and (6) we have
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For magnetic island contraction or merging (Vgex > 0) it is clear that curvature drift acceleration must
result in parallel kinetic energy gain (2nd term in 1* square bracket in (7)). However, for generalized
betatron acceleration (compare 1% 2 terms in 2™ square bracket in line 1 with the term in 2™ square
bracket in lines 2 and 3) the result is perpendicular kinetic energy loss, assuming approximate
conservation of M (neglecting the last term in the 2™ square bracket in line 1). it means that M dB/dt
=M’(0B/ot + (VgeV )B) < 0. In this way we can relate the perpendicular energy loss to a decreasing
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magnetic field strength inside flux-rope structures following the plasma drift V' during incompressible
flux-rope contraction or merging. If in the generalized betratron expression grad-B drift acceleration is
negligible compared to betatron acceleration [15], perpendicular kinetic energy loss is caused by the
time variation in the field strength rather than the spatial variation so that energy loss is predominantly
associated with the standard betatron acceleration term M’(0B/0tf). Note that incompressible
contraction or merging is associated with a negative parallel shear flow component in flux ropes (Vgox
=-be(beV)Vr > 0).

In conclusion, energetic particle acceleration in incompressible contracting and merging small-scale
flux ropes is related to parallel plasma drift shear flow acceleration involving a competition between
parallel kinetic energy gain from curvature drift acceleration, and perpendicular kinetic energy loss
predominantly from betatron acceleration. On average, the net acceleration from the combination of
the two acceleration processes only involves the anisotropic part f;(p) of the particle distribution,
assuming an expansion of the distribution to the 2" moment.

When flux-rope contraction and merging occurs in the compressible limit (area reduction during
contraction or merging in 2D magnetic island plane perpendicular to the guide magnetic field) so that
0<-VeJr>> Vrex=-be(beV) ) > 0, we find from equations (1), (5), and (6) that
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where for simplicity compression terms acting on f3(p) has been neglected in favour of those acting on
fo(p) (nearly isotropic particle distribution). During contraction and merging in the compressible limit
VeJr <0 and, although relatively small, Vzex > 0. Thus, the 2" term in the 1 square bracket in both
lines 1 and 2 of (8) suggests that curvature drift acceleration will contribute to parallel kinetic energy
gain. By comparing the generalized betatron expression (1* two terms in the 2™ square bracket in line
1) with the term in the 2™ square bracket in line 2, it follows that the generalized betatron acceleration
term will result in perpendicular kinetic energy gain (Velr < 0), assuming dM'/dt~0. Therefore,
M’dB/dt =M’(0B/ot + (VeV)B) > 0, relating the perpendicular energy gain to an increasing magnetic
field strength with time following the plasma drift flow in flux ropes contracting and merging in the
compressible limit . If grad-B drift acceleration is negligible compared to betatron acceleration in the
generalized betatron expression, as mentioned above, the perpendicular kinetic energy gain is
associated with the standard betatron acceleration term M ’(0B/0t) indicating an increasing flux-rope
field strength in time rather than spatially.

To summarize, in contrast to finding curvature drift energy gain and betatron energy loss associated
with a negative parallel component of flux-rope shear flow during incompressible contraction or
merging, we find both curvature drift and betatron energy gain associated with flux-rope flow during
compressible flux-rope contraction or merging [9,10]. Furthermore, on average, net energy gain for
the two acceleration processes in the incompressible limit is linked only to the anisotropic part of the
energetic particle distribution, whereas net energy gain for the same two processes in the compressible
limit involves both the isotropic and anisotropic part of the distribution. For a further discussion of the
role of shear flow and compression in small-scale flux rope acceleration, see [16].

Consider finally the 1* term in equation (1) which is associated with parallel guiding center motion
acceleration by the parallel reconnection electric field formed at the interface of merging small-scale
flux ropes. In this case, the result is parallel kinetic energy gain or loss depending on whether the
guiding center motion is in the direction of or in the opposite direction of the reconnection electric
field force. Therefore it makes sense that, averaged over all g-values, net acceleration only occur for
the anisotropic part of the distribution (zero net acceleration for an isotropic distribution). In this sense
the acceleration has the same characteristics as parallel shear flow acceleration, but the difference is
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that net acceleration in the latter case only depends on f;(p) whereas acceleration by the parallel
reconnection electric field involves fi(p).

2.3 The focused transport theory connection

We model the induced electric field in contracting and merging flux ropes as E; = -U; x B, where U is
the flux-rope plasma flow velocity. Then the contraction/merging velocity in flux ropes Vg = U; =U,.
Making this substitution in equations (5) and (6) reveals the close connection between standard
guiding center kinetic theory and focused transport kinetic theory that we use to model particle
acceleration by dynamic small-scale flux ropes because, according to focused transport theory,

U/dp\" _ (aEme 14U )0 1 aYour VoLl —1)pe(he

p<dt>¢ u[ e J b= )weu,)-S6u-1)oeeviu, O
The only difference between equations (5) and (6), and (9) is the presence of an additional acceleration
term referring to parallel guiding center motion acceleration by the non-inertial force associated with
the parallel component of the acceleration of the flux-rope flow dUy/dteb (d/dt = 0/0t + UsV).

In (9), the reconnection electric field in merging (reconnecting) flux ropes is modeled assuming that
flux rope dynamics occur mainly in a 2D plane containing the magnetic island (twist) component By
and flow U; of the flux rope perpendicular to the guide field (axial) component B, when the guide field
is strong [6]. Near Earth it appears that assuming By/By << 1 is reasonable [17], and furthermore there
is evidence that the flux-rope guide field is aligned with the solar wind spiral magnetic field [18].
Since our focus is on large-scale transport of energetic particles through multiple flux ropes with cross
sections on turbulence inertial range scales, we model the reconnection electric field on macroscopic
(MHD) scales as Ergc = -U; x B1 || Bo ® Bror = By + Bi. Therefore, Ergc = Ergc). In the strong guide
field limit, the electric field induced by flux-rope contraction and merging is mainly in the 2D plane
perpendicular to By, because E; ~ -U; xBy L By. Therefore, curvature and grad-B drift acceleration
occur largely in the 2D plane, while parallel guiding center motion acceleration by the parallel
reconnection electric field is mainly restricted to the guide field direction. In the strong guide field
limit, the magnetic field unit vector b can be decomposed as b = b, + Bi/B,, where by is the unit vector
along the guide/background field. Accordingly, the flux-rope acceleration mechanisms in quasi-2D
flux ropes in focused transport theory are classified as follows:

I
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In (11) we list the approximate relative momentum rates of change (without the z-dependence) for the
different flux-rope acceleration cases: (i) Vkgc refers to parallel guiding center motion acceleration by
the parallel reconnection electric field force generated in merging flux ropes structures, (ii) Vacc
denotes parallel guiding center motion acceleration by the parallel non-inertial force associated with
the acceleration of the flux-rope flow, (iii) Vinc indicates combined curvature and generalized betatron
acceleration (parallel shear-flow acceleration) when flux ropes contract and merge in the
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incompressible limit (Ui x >>|VeUi|), (iv) and vcom represents curvature drift and generalized betatron
acceleration (compression acceleration) for flux ropes contracting and merging in the compressible
limit ([VeU;| >> Uiek). The expressions in (11) also serve as approximate expressions for the rate of
change of particle pitch angle (related to (dz/dt), when including the u-dependence) induced by the
different flux-rope acceleration cases. To this, focused transport theory adds the pitch-angle rate of
change generated by the magnetic mirroring force acting on energetic particles in flux ropes which we
express as Wrgr = V(Vob) = v(VeB,/By).

3. The coupled focused-transport-MHD equations for self-consistent energetic particle
acceleration by dynamic small-scale flux ropes
Using perturbation analysis involving the decomposition of the different momentum/pitch-angle

variation rates as v/ :<v[] > +0v], where <vi’ > is the mean rate and Sv;a random fluctuating rate, a

focused transport equation for energetic particle interaction with numerous small-scale flux ropes was
derived that models both coherent energetic particle acceleration in response to mean, and stochastic
(2™ order Fermi) acceleration in response to statistical fluctuations in flux-rope dynamic properties
[10]. The current version of the equation includes additional transport terms related to vacc with
additional and more detailed transport coefficient expressions than before. Furthermore, based on
nearly incompressible MHD theory for low-frequency solar wind turbulence [5], a new equation was
derived for the transport of the energy of the quasi-2D magnetic island component of small-scale flux
ropes in a non-uniform solar wind medium. Coupling between the two equations was established by
deriving damping coefficients for magnetic island energy on the basis of total energy conservation in
the exchange of energy between energetic particles and magnetic islands and including them in the
magnetic island transport equation. The basic structure of the coupled equations is as follows:

(%JW v {<€;>< ,)f] e (p <f§ > (e I)f]—a[<fl—’;>;<s,)f}

+§(D/Il (& 1)5f +D1 (¢ J)af] 0 (pz[D;y(gl)1+D; (¢ f)af}J (12)
u ? op ou

d
(dij =7 e+ ey
t Sw

where the energetic particle distribution is f{x, p, 1, f). The top equation in (12) is an extended focused
transport equation for the propagation of energetic particles through and acceleration by numerous
dynamic small-scale flux ropes in the non-uniform solar wind medium. On the left hand side of this
equation (df / dl) o Tepresents the standard focused transport equation for energetic particle transport
in the non-uniform solar wind flow and magnetic field [19]. On the right hand side are additional

terms for modeling the interaction of energetic particles with dynamic small-scale flux ropes. This
includes
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which is the average, coherent energetic particle momentum rate of change in response to mean flux-
rope properties for all the flux-rope acceleration cases, and

2
Dglap(gl):p2<|:%(1_ﬂ2)5vé‘0M(81)+%(3ﬂ2 _1)5VIINC(51)+ﬂ(5V£EC(51)+§VLCC(51))} >Tdec (14)

is the momentum diffusion coefficient associated with the variance in the momentum rate of change
for all the flux-rope acceleration mechanisms (stochastic acceleration) in response to fluctuations in
flux-rope dynamic properties [20], and 7. is the energetic particle decorrelation time, the time scale
on which propagating particles see decorrelated magnetic island properties. The expression for this
time scale depends on the assumed model for particle propagation for which two limits, the quasi-
linear and the non-linear transport limits, can be specified in our theory depending on the strength of
the island magnetic field [10,21]. In the quasi-linear limit, decorrelation for energetic particles occurs
through undisturbed guiding center motion, whereas in the non-linear transport limit decorrelation is
realized in terms of assumed diffusive guiding center motion predominantly in the guide/background
field direction (scattering on smaller magnetic islands produced in a forward cascade). Viewed on
large scales, both transport limits manifest as parallel diffusion of energetic particles across numerous
flux-rope structures mainly along the guide field, found to be an important element for more efficient
acceleration in 3D simulations of particle acceleration by dynamic flux ropes [22]. In the presence of
strong energetic particle scattering, as might occur in strong turbulence conditions behind heliospheric
shocks, coherent particle acceleration by flux ropes becomes stochastic, resulting in additional
momentum diffusion coefficient expressions for 2" order Fermi acceleration that can be derived by
taking the diffusion approximation limit (not shown) [8,9,10].

In equation (12), the bottom equation models the transport of the total energy density & (kinetic plus
magnetic) of the magnetic island component of small-scale flux ropes. On the left hand side of this
transport equation (d&/dt)sw is given by
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where U is the background solar wind flow velocity, a = 1/2 indicates that, statistically, quasi-2D
magnetic island energy is distributed axisymmetrically around By, o/ is the normalized cross helicity

and o, is the normalized residual energy associated with magnetic island turbulence [5], py is the

background solar wind density, and #z is a unit vector pointing in an arbitrary direction along magnetic
island turbulence in the 2D plane perpendicular to By Equation (15), which models the transport of &
in the non-uniform background solar wind medium, was derived from the quasi-2D magnetic island
turbulence equations in Elsdsser variables in nearly incompressible MHD theory for turbulence in a
solar wind with plasma £ ~1, thus making it suitable for application in the supersonic solar wind flow
near Earth [5]. An interesting aspect of this equation is that in the advection term (2™ term in (15)), U,
is present, but not the Alfvén speed, indicating that magnetic island structures are advected with the
solar wind. The 3™ and 4™ terms in equation (15) describe how large-scale solar wind flow
compression and a large-scale density gradient in the solar wind, respectively, can enhance the energy
density of magnetic islands structures. The last term models how magnetic island energy density is
reduced by a forward cascade of energy during non-linear interactions of magnetic islands. On the

coh

right hand side in the bottom equation of (12), y;*"(f) represents the damping rate of magnetic island
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energy density when energetic particles experience coherent acceleration by small-scale flux ropes,
and y 5" (f)models the damping rate of magnetic island energy density when energetic particle are

stochastically accelerated by small-scale flux ropes. The expressions of these damping coefficients are
given by

O f) ____I /”,[ dpp v< > (e)f
(16)
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These expressions, derived assuming total energy conservation in the energy exchange between
energetic particles and small-scale flux ropes, enable us to model energetic particle acceleration by
numerous small-scale flux ropes in a self-consistent fashion. This extension of the theory was
motivated by test particle solutions for energetic particle acceleration by small-scale flux ropes that
generated power-law spectra with high particle pressure [9,10]. It is interesting to note that whereas

y 3" (£) depends on the pitch-angle and momentum gradients of the energetic particle distribution as

coh

we are accustomed to in quasi-linear kinetic theories, y7*"(f) depends only on the particle

distribution function itself. The pitch-angle gradient Jf/0u can potentially also result in growth in
magnetic island energy density.

4. Comparing coherent flux-rope acceleration mechanisms at Earth

Based on our focused transport theory for energetic particle acceleration discussed above, we derived
expressions for the average coherent momentum gain rate ratios for the different flux-rope
acceleration cases listed in equation (11). The expressions for energetic ions are

(dprdar), (vive) 37,(p)  ohe (9B1)37,(p)
(dp/ )" <VCOM fop) oloy BE fo(p)

)
<@Wﬁf<%%w@)aﬁzghﬂwyamm a7

dpldt);?" (Vi) JoP)  olow Adi v By fy(p)

(dpdr)
<dp/dt>RE ~ <VREC> Si(p) _ O e ZLVy By [fi(p)
(dp/dr); (Vive) 12(P) opye Ad;i v <(37912>”2 f(p)

The derivation of these expressions includes (i) the weighting factor of a nearly isotropic particle
distribution, modeled by expanding it up to the 2™ moment in terms of a Legendre polynomial
expansion with respect tog, as discussed above, and, (ii) averaging the expressions over all g-values.
In (17), ((SB/)/By* is the ratio of the average magnetic field energy density of the magnetic island
component over the magnetic field energy density of the guide/background field component of small-
scale flux ropes, Vo is the Alfvén speed of the background solar wind, L; is the flux-rope cross
section, d; is the ion inertial scale length, Z/A is the ratio of the ion atomic number over the mass

number, and o,i=INC,COM ,REC,ACC, represents control parameters for the efficiency of
coherent acceleration for the different flux-rope acceleration cases.

Consider the ratio of the coherent acceleration rate of combined curvature and generalized betatron
acceleration (unified betatron and grad-B drift acceleration) in contracting and merging small-scale

flux ropes operating in the incompressible limit <dp / a’t> (shear-flow acceleration) to the coherent
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com
Pu

(adiabatic compression acceleration) in the 1* line of (14). Assuming o}y /o h =1, and that at 1
AU, small-scale flux ropes with cross sections in the inertial range are in the strong guide field limit

((6B/)/By* =~ 0.1 [17]), we find that <dp/ dt)jf /<dp/ dt)Z(:lM ~ 0.1 << 1if we assume that the expression

holds for a significant energetic particle anisotropy 3/(p)/fo(p) = 1. However, one would expect near-
isotropic energetic particle distributions to exist in the enhanced turbulence conditions behind

heliospheric shocks, for example. For a small anisotropy, (dp/ dt)?f Hdp/ dt)Z(;M <<0.1. In the

acceleration rate for the same acceleration mechanisms in the compressible limit <dp/ dt>

extreme limit of a purely isotropic particle distribution (f3(p) = 0), <dp / dt> = 0. This points to a key

INC
$.u
difference alluded to above that coherent shear-flow acceleration by incompressible flux ropes only
yields net acceleration when the particle distribution is anisotropic whereas coherent flux-rope
compression acceleration produces net acceleration for both isotropic and anisotropic particle
distributions. In the limit of a strictly isotropic distribution, no net shear-flow acceleration associated
with incompressible flux-rope contraction and merging indicates that the probability for parallel
kinetic energy gain from curvature drift acceleration equals the probability for perpendicular kinetic
energy loss from generalized betatron acceleration [8,9,10].

In conclusion, in the test particle limit, coherent energetic ion acceleration at Earth involving
combined curvature and generalized betatron acceleration in quasi-2D contracting and merging small-
scale flux ropes operating in the compressible limit is estimated to be much more efficient compared
to when the same acceleration mechanisms occur in small-scale flux ropes acting in the
incompressible limit. Equivalently, compression acceleration is predicted to be much more efficient
than shear-flow acceleration. This conclusion holds as long as the anisotropic part of the particle
distribution does not strongly dominate the isotropic part of the distribution. According to (17), what
is required for shear-flow acceleration in incompressible flux ropes to rival compression acceleration
in compressible flux ropes would be to maintain a particle anisotropy on the level 3f(p)/fo(p) = 1,
combined with a weaker guide field so that (SB/)/B,” ~ 1. There is evidence from kinetic particle
simulations that, for a guide field of approximately this strength, the energetic particle anisotropy can
be sufficiently large so that shear-flow and compression acceleration reach a comparable level of
efficiency [16].

Based on the above analysis, one could ask whether there is any reason to expect flux-rope
dynamics in the solar wind to be in the compressible limit when the strong guide field limit applies.
Although it appears that small-scale flux ropes tend to contract predominantly incompressibly in
discussions of particle simulations with a significant guide field [16], and also is thought of as
intrinsically incompressible in its manifestation as the quasi-2D turbulence component of coherent
structures in nearly incompressible MHD theory of solar wind turbulence [5], there is observational
evidence to the contrary. For example, when primary current sheets associated with interplanetary
coronal mass ejections (ICMEs) interact with the heliospheric current sheet, the current sheets are
disturbed and several small-scale flux rope structures may be formed when turbulent magnetic
reconnection occur in these structures. The flux ropes, being trapped between the converging
heliospheric current sheet and the primary current sheets of ICMEs, experience compression which
may lead to efficient particle acceleration by compressing flux ropes [1,2]. Furthermore, in nearly
incompressible MHD theory of quasi-2D magnetic island turbulence, incompressible flux ropes can
become compressible under the influence of large-scale density and flow velocity gradients gradients
in the non-uniform solar wind [5]. For example, the flow compression across heliospheric shocks
might result in the emission of compressible small-scale flux ropes [23]. Closer to the Sun, Guidoni et
al. [24] discusses the possibility of strong plasma compression during magnetic island contraction for
islands propagating sunward during a solar flare event.

10
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Next, we analyze the ratio of the coherent parallel guiding center motion acceleration rate due to the

mean parallel reconnection electric field in merging small-scale flux ropes <dp / dt>:ic to the coherent

acceleration rate of combined curvature and generalized betatron acceleration in small-scale flux ropes

contracting and merging in the compressible limit <dp/ dt>§zM (2™ line of (17)). Overall,
<dp / dt)jic / <dp / dt)j(;M >>1 at Earth for energetic protons, even though we assume the strong guide

field limit (é‘Bf)/Bo2 ~ 0.lat Earth, because of the large ratio of L;/d; (maximum values for Z;~ 0.01
AU and d; = 6x107 AU). The domination of <dp/ dt);ic is reduced significantly at higher particle

(dp/dt)

<dp/ dt>§ic. However, if we extend the scope of the analysis by considering all flux-rope cross

coM

EC
/ P.u

B oV, /v, but not sufficiently to affect the domination of

speeds because <dp/ dt>::

sections belonging to the turbulence inertial range (~0.01 AU < L, <~6 x10” AU at Earth), we find

that (dp/dt) " /{dp/dt),"

3fi(p)/fo(p) = 1. Domination by <dp/ dt)jiM can be achieved for suprathermal protons for all cross

>1 for energetic protons above ~1 keV when L; < ~10* AU even if

sections in the inertial range if we specify a sufficiently smaller particle anisotropy 3f1(p)/fo(p) = 0.01.

Assuming a purely isotropic particle distribution (f;(p) = 0), there is no net particle acceleration by the
REC

P.u
particle motion along and opposite to the mean parallel reconnection electric field force as discussed
above. In summary, in the strong guide field limit applicable at 1 AU, coherent parallel guiding center
motion acceleration by the mean parallel reconnection electric field due to flux-rope merging tend to
be more efficient than combined curvature drift and generalized betatron acceleration in compressible
flux ropes for the largest flux-rope cross sections in the inertial range, but compression acceleration by
flux ropes can dominate for all cross sections in the inertial range if the energetic particle anisotropy is
sufficiently small.

Consider ~ the ratio  (dp/dr)

mean parallel reconnection electric field (<dp/ dt> = 0) because there is an equal probability for

" dp )" (3 lime  of (17). We find that

REC /<dp/ dt)va >1 for suprathermal protons at Earth for all flux-rope cross sections

{dpidr),
belonging to the inertial range when applying the strong guide field limit and limiting the particle
anisotropy to fi(p)/fa(p) =~ 1. Domination by the parallel reconnection electric field is further
strengthened for a small energetic particle anisotropy fop)/fi(p) << 1. A way for <dp / dt>;N§ to rival the

REC

efficiency of (<dp/ dt>¢ u

would be to maintain a sufficiently strong particle anisotropy fi(p)//2(p) = 1 combined with a weaker
guide field so that((dB/)/B," ~ 1 which, qualitatively, is in agreement with kinetic simulation results
[16].

Coherent energetic particle parallel guiding center motion momentum gain by the mean non-inertial

= () for at least the smallest flux-rope cross sections in the inertial range

force associated with the parallel acceleration of the flux-rope flow (dp/dt)ZiC (expression not

shown) appears to be less efficient than momentum gain from both parallel guiding center motion
momentum gain by the mean parallel reconnection electric field and combined curvature drift and
generalized betatron acceleration in compressible flux ropes, and this is even more so in the case of a
nearly isotropic particle distribution. Also in this case, there is no net coherent acceleration when the
energetic particle distribution is strictly isotropic.

Based on our estimates for coherent energetic proton acceleration in response to mean flux-rope
dynamic properties, which were made in the strong guide field limit and for flux-rope cross sections in
the inertial range at 1 AU, we conclude that the two most efficient acceleration scenarios involve
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combined curvature drift and generalized betatron acceleration in contracting and merging flux ropes
in the compressible limit, and parallel guiding center motion acceleration by the parallel reconnection
electric field of merging flux ropes. The latter tends to dominate for the largest magnetic island cross
sections in the inertial range when the anisotropy in the particle distribution not too small.

5. Stochastic acceleration by small-scale flux ropes

A main factor that contributes to differences between the efficiency of coherent acceleration in
response to mean flux-rope properties, and the efficiency of stochastic acceleration due to fluctuations
in flux-rope properties, is the anisotropy in the energetic particle distribution. In the case of stochastic
acceleration, both the isotropic and anisotropic part of the distribution function plays a role in all four
acceleration scenarios. As discussed above, net coherent acceleration only occurs for the anisotropic
part of the particle distribution for most acceleration cases. The exception is acceleration by flux-rope
flow compression which also yields net acceleration when acting on the isotropic part of the
distribution. We find for stochastic acceleration that all four acceleration cases contribute to particle
acceleration when the particle anisotropy is strictly zero, as long as we take the quasi-linear transport
limit of our theory. In the non-linear transport limit the acceleration expressions becomes
undetermined in this limit. When comparing ratios of coherent acceleration rates with ratios of
stochastic acceleration rates, the results are similar qualitatively for the most part. Quantitative
differences in the acceleration ratios are most noticeable when near-isotropic energetic particle
distributions are assumed, which is a disadvantage for most coherent acceleration scenarios.

6. Comparing stochastic acceleration by small-scale flux-ropes and Alfvén waves

We find that stochastic acceleration involving parallel guiding center motion acceleration of
suprathermal protons at 1 AU in response to fluctuations in the parallel reconnection electric field of
merging small-scale flux ropes to be the only flux-rope acceleration scenario in the quasi-linear spatial
transport limit of our theory that is more effective than stochastic acceleration by parallel propagating
Alfvén waves in standard quasi-linear theory [25]. However, stochastic acceleration by active small-
scale flux ropes in the non-linear transport regime of our kinetic transport theory is significantly more
efficient when compared to the quasi-linear limit of our theory. Consequently, in the non-linear limit
also combined stochastic curvature drift and generalized betatron acceleration in response to
fluctuations in the properties of small-scale flux ropes contracting and merging in the compressible
limit, is more effective than stochastic acceleration by Alfvén waves for a wide range of suprathermal
proton kinetic energies above ~ 10 keV. The enhanced acceleration efficiency can be attributed to the
fact that, in the non-linear transport regime of our theory, energetic particles are modeled to have
diffusively distorted guiding center trajectories inside flux ropes (scattering on smaller-scale flux
ropes) when traversing these structures in the background/guide field direction. Thus, energetic
particles spend more time being accelerated in each active flux rope (quasi-trapped) compared to the
quasi-linear regime. In the quasi-linear regime, particles traverse flux ropes in the guide field direction
more rapidly because of the assumption of undisturbed guiding center motion, leaving less time for
acceleration in each flux rope.

7. Pitch-angle scattering by small-scale flux-ropes and Alfvén waves

In our current focused transport approach, the variance in the magnetic mirroring force present in
small-scale flux ropes is predicted to play an important role in energetic particle pitch-angle scattering
in solar wind conditions at 1 AU. This is related to our finding that energetic particle pitch-angle
scattering by small-scale flux ropes in the quasi-linear spatial transport limit of our focused transport
theory approach is more efficient compared to previous quasi-linear kinetic theories for particle
interaction with 2D turbulence, where particle scattering is determined by the variance in the magnetic
Lorentz force associated with 2D turbulence. Another difference is that in earlier approaches the
particle decorrelation time is determined by a competition between the time scales for gyromotion
around B, and the turbulence dynamic time scale [e.g., 26]. Because the turbulence was treated as
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strictly 2D, the option exercised in our current theory of particles experiencing decorrelated flux-rope
turbulence while propagating along the guide field was not considered. In addition, we find that
energetic proton pitch-angle scattering by small-scale flux ropes at 1 AU should be more efficient than
pitch-angle scattering by Alfvén waves, provided that the non-linear spatial transport limit of our
theory is applicable, but less efficient than pitch-angle scattering by Alfvén waves when we take the
quasi-linear limit of our theory. This raises the question which limit of our theory applies best to solar
wind conditions near 1 AU. Fits to observed intensity time profiles of solar energetic events at 1 AU
using focused transport theory suggest that the energetic ion parallel mean free path 4 can vary widely
between ~2x107? - 1 AU during quiet solar wind conditions in the absence of interplanetary shocks
[27]. Nonetheless, it appears that ;> L; because the maximum small-scale flux-rope cross section at 1
AU is L; = 0.01 AU, indicating scatter-free transport of energetic particles through these structures so
that the quasi-linear limit of our theory is more appropriate in quiet solar wind conditions. However,
one would expect that the values of 4 in the enhanced turbulence levels behind traveling shocks
should be significantly smaller, providing potential conditions for the application of the non-linear
transport limit of our theory.

8. Summary

It was discussed how the basic small-scale flux rope drift and betatron acceleration mechanisms
present in guiding center kinetic theory relate to flux-rope plasma drift contraction or merging in both
the incompressible and incompressible limits. It was shown that drift and betatron acceleration in flux-
ropes undergoing incompressible contraction and merging can be interpreted in terms of shear flow
acceleration linked to a negative parallel component of shear flow inside flux ropes. Drift and betatron
acceleration in flux-ropes contracting and merging in the compressible limit can be viewed as
compression acceleration in flux ropes with a relatively negligible magnetic curvature or parallel
component of shear flow. We found that when the drift and betatron acceleration mechanisms in
guiding center kinetic theory are expressed in term of plasma drift compression and shear flow
acceleration, a close link exists between the flux-rope acceleration mechanisms of guiding center
kinetic theory and those in focused transport theory which we use to model energetic particle
acceleration by small-scale flux ropes. Focused transport theory includes an additional acceleration
mechanism associated with parallel guiding center motion acceleration by the parallel component of
the acceleration of the flux-rope flow (non-inertial force). Furthermore, it was discussed that, only in
the case of compression acceleration, net energetic particle acceleration occurs for both the isotropic
and anisotropic parts of the energetic particle distribution. For all other flux-rope acceleration
scenarios (shear-flow acceleration during incompressible contraction and merging, parallel guiding
center motion acceleration by the parallel reconnection electric field in merging flux ropes and the
parallel component of the acceleration of the flux-rope flow (non-inertial force)), net acceleration
occurs only for the anisotropic part of the distribution.

In an extension of previous work, we presented the outline of a statistical transport theory for self-
consistent energetic particle acceleration by and large-scale transport through numerous contracting
and merging quasi-2D small-scale flux ropes. The theory applies to flux rope cross-sections belonging
to the inertial range of turbulence and is valid for small-scale flux ropes in the strong
guide/background field limit. It was assumed that flux-rope dynamics are occurring essentially in the
2D plane of the magnetic island (twist) component perpendicular to the guide field (axial) component
of these structures. The extended theory, as presented, consisted of two coupled equations: (i) a
focused transport equation which divide all flux-rope acceleration mechanisms into coherent
acceleration in response to mean magnetic island dynamic quantities, and stochastic (2™ order Fermi)
acceleration due to statistical fluctuations in these quantities and, (ii) a new equation for the transport
of total energy density (kinetic and magnetic) of magnetic islands advected with the non-uniform solar
wind flow based on a recent nearly incompressible MHD theory for solar wind turbulence. Coupling
between the two equations were established with the inclusion of newly derived magnetic island
damping coefficients in the magnetic island transport equation derived on the basis of conservation of
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total energy in the energy exchange between energetic particles and magnetic islands for both coherent
and stochastic acceleration.

Test particle, coherent energetic proton acceleration rates at Earth were compared for different flux-
rope acceleration cases in the strong guide field limit for flux-rope cross sections in the inertial range.
We found the two most efficient acceleration scenarios to be combined curvature drift and generalized
betatron acceleration in contracting and merging flux ropes in the compressible limit (compression
acceleration), and parallel guiding center motion acceleration by the parallel reconnection electric field
in merging flux ropes. The latter tended to dominate for the largest magnetic island cross sections in
the inertial range provided that the anisotropy in the particle distribution not too small.

Stochastic flux-rope acceleration rates were also investigated. A key difference between the two
types of acceleration is that both the isotropic and anisotropic parts of the distribution function
contribute to net acceleration for all acceleration cases during stochastic acceleration. Coherent
acceleration is solely determined by the anisotropic part of the particle distribution for all the
acceleration cases except acceleration by flux-rope flow compression which also yields net
acceleration from the isotropic part of the distribution. Comparison of stochastic acceleration for
small-scale flux ropes and parallel-propagating Alfvén waves (standard quasi-linear theory) revealed
that parallel guiding center motion acceleration by the parallel reconnection electric field in merging
flux ropes was more efficient than Alfvén waves in the quasi-linear transport limit of our theory. In the
non-linear transport regime of our theory, combined stochastic curvature drift and generalized betatron
acceleration in flux ropes contracting and merging in the compressible limit (compression
acceleration) can also be more efficient than stochastic acceleration by Alfvén waves for energetic
protons at 1 AU.

Finally, our theory suggested that the variance in the magnetic mirroring force present in small-scale
flux ropes plays a potential important role in energetic particle pitch-angle scattering in solar wind
conditions at 1 AU. Analysis of pitch-angle scattering showed that energetic proton pitch-angle
scattering by small-scale flux ropes should be more efficient than pitch-angle scattering by Alfvén
waves, provided that the non-linear spatial transport limit of our theory is applicable, but less efficient
than pitch-angle scattering by Alfvén waves when we take the quasi-linear limit of our theory.
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