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The a-effect and proton acceleration in the solar wind

The quantum field model is used to study the correlation functions of velocity
and magnetic fluctuations in helical developed MHD turbulence of solar wind
which is generated by random forces with mixed noise correlators. The
exponential increase of the magnetic fluctuations is stabilized by spontaneous
symmetry breaking mechanism, which leads to the creation of homogeneous
magnetic field (E), and consequently, gives rise to the c-effect. The maximum
value of the u-effect is determined in the Kolmogorov universal regime and
its contribution to the proton acceleration is estimated. The contribution of the
a-effect to ~100 MeV-proton acceleration is discussed and compared with the
2nd Fermi acceleration mechanism.

a-9OQDEKT H YCKOPEHHE ITPOTOHOB B COJIHEYHOM BETPE, IlIA-
XOB B. A.,, CTEITHK M. — Hcnoav3yemcs. K8aHmogonoJsiedast Mooesb Oast
uccaedo8anust KOPPersiyUOHHbIX GYHKUUI CKOPOCMU U MAZHUMHbLX daykmya-
yull @ paszgumol cnupaneHou MI/[-mypbyrenmnocmu CcOAHEHHOZO Gempa,
komopast 6030yx0aemcst CAYHAUHBIMU CUNAMU CO CMEWAHHbIMU KODPEAIMOpa-
MU wymMa. FKCNOHEHUUANIbHOE B03PACMAHUE MACHUMHbBIX daykmyauui cmadu-
JIUIUPYEMCSL MEXAHUIMOM CHOHMAHHOZ0 HAPDYWEHUSL cCUMMempuu. Imo npugo-
oum K NnoseAeHUr0 00HOPOOH020 Maznumnozo nois (E) u k 603HUKHOGEHUIO
a-ahgexma. Onpedenena ez0 MAKCUMAAbHASL GEJUHUHA OJS1 YHUBEPCATLHOZO
KOAMOZOPOBCKOZ0O PeXUMA, U OueHeH ez0 8kaad 8 yckoperue npomonoa. Obcyx-
daemcsi @xkaad 6 yckopenue ¢ sHepeuel nopsoxa 100 Ms3B npomonoé u
RPOGOOUMCSL CPDAGHEHUE C MEXAHU3IMOM Yckoperust Pepmu amopozo pooa.

a-E@QEKT I ITPHCKOPEHHS I[MTPOTOHIB Y COHIYHOMY BITPI, IIA-
XOB B. O., CTEIIIK M. — Bukopucmogyemuscsi KGaHMOBONO1b03a MOOenb
Onst QOCAIOXKeHHST KOpeasyiinux GyHKYil weuokocmi i MazHimuux grykmyauyii
y possunenii cnipanvhii M J-myp6yrenmnocmi cCOHsiuHO20 8impy, ska 30y0-
KYEMbCSA GUNAOKOBUMU CUAAMU 30 3MiaHuMu Kopeasmopamu wymy. Excno-
HeHUiliHe 3POCMAaHHsL MAZHIMHUX @aykmyauiil cmabinizyembCs Mexanizmom
CHOHMAHHOZ0 NOPYWEHHST cumempil, wo npu3éodums 00 NOsiGU OOHOPIOHOZO
maznimnozo noas (E) [ 0o eunuknenns c-egpexmy. Busnaueno riozo makcu-
MAIbHY GeNUHUHY Ol YHIBEPCAIbHOZO KOAMOZOPIGCHLKO2O pexXumy, [ OuiHeHo
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020 @HecOK y npuckopenHss npomounia. O6z080OPHOEMbCSL BHECOK Y NPUCKOPEHHSL
3 enepeicio nopsoky 100 MeB npomonis, npoéooumbvCsi NOPIGHSIHHSL 3 Me-
xanizmom npuckopenuss Pepmi opyzoeo pooy.

1. INTRODUCTION

The astrophysical turbulent dynamo theory still arouses great interest. As it is
well known, instabilities occuring in astrophysical conductive turbulent medium
lead to the growth of magnetic fluctuations and to the creation of large-scale
(mean) magnetic field. Presently existing models describing the stationary
and/or nonstationary turbulent dynamo are mostly based on linearized
magnetohydrodynamic (MHD) equations [14, 15]. The c«-effect is a very
important mechanism aligned with the mean magnetic field generation, which
appears in the reflective non-invariant, i.e., helical or gyrotropic MHD with
non-zero helicity density. In fact, the origin of the «-effect is connected with
the creation of mean electromotive force E parallel with the mean magnetic field
(B). The coefficient alpha is designed as a coefficient of proportionality, E =
= a(B).

The a-effect is of great importance in kinetics of high-energy particles in
the astrophysical plasma. In fact, the occurrence of E along (B) causes effective
acceleration of charged particles [5, 12]. Known various estimations of
a-coefficient were usually made in terms of the magnetic field correlation tensor
[14] or in terms of the HD velocity field tensor [11], and its magnitude is
expressed by the nonsymmetric part of correlation tensors using some lineariza-
tion procedure.

Here an alternative and more close view on the astrophysical HD as well
as MHD turbulence is used which is provided by the quantum field (QF)
formalism. It is suitable to describe the final stationary turbulent regime (see
{1] and references therein). The stationary turbulent dynamo was explained by
the spontaneous symmetry breaking mechanism widely used in quantum theory
{2, 91. In the present paper the magnitude of a-coefficient is calculated in this
formulation [9], therefore, its value holds for the steady state of fully developed
MHD turbulence. The next section gives a brief description of the QF model.

2. THE STOCHASTIC MODEL

The interaction of electrically neutral conductive turbulent incompressible
astrophysical plasma is driven by the stochastic MHD equations. In the
following, the magnetic induction B will be measured in Alfven velocity units,
B = V4am (B, + b), where m is the mass density, B, and b are the mean and

fluctuating parts of magnetic field in Alfven velocity units, respectively. Then
the MHD equations may be read as:

"+ =0, "+ =0, D
where -
L"= — Vu +vAu — (bd)b — V p + F*[u, b], @

I"= - Vb +vAb — (bd)u + F*[u, b].

Here V, = 3, + (ud) is a covariant derivative. The magnetic diffusivity v’ is
connected with the coefficient of molecular viscosity v by the relation v' = v
with dimensionless magnetic Prandtl number z~!. Additional terms F* and F®
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will be specified later. The external random forces f* and f* simulate the
stochasticity of the interaction of the fields fluctuations with mean flows, and
they are assumed to have a Gaussian distribution with a given matrix of the
noise correlators D = {ff), with the following matrix elements: the hydrodynamic
D" noise, magnetic D, and mixed D" ones. Their choice depends on the
model of an energy injection into the turbulent medium to compensate the
dissipation losses and usually are chosen in the standard power form [1]:

uu 371-2epl
Djs =g k Pjs;
l)}:.“ — gr,VBkl—ZastZS’ (3)

D};h = g~V3kl_(l+a)EP%.

In helical MHD the tensor structure of the noises is represented by linear
combination of both tensor and pseudotensor parts. Therefore, Pfx = P +
+ ip,&jki/ k, where Pj; = (O — kiks/ k%) stands for transversal projector and ¢, is
the Levi — Civita pseudotensor. Dimensionless real parameters p = {p;, o,
ps) satisfy the conditions Ipl < 1, p3 < Ipyp,|. The parameters g, g', g play
the role of the bare coupling constants, and a, ¢ are free parameters of the
theory (the value £ = 2 corresponds to the Kolmogorov energy pumping from
infra-red region of small k [6]). The QF renormalization group approach makes
possible to construct e-expansion of correlation functions with respect to £ close
to zero.

In the QF formulation problem (1) is described by the action of fields, u,
b and some “auxiliar” transversal fields u’, b

S = %(u’D““u’ + 2u'D"b’ + b’ D) + v [L"] + b'[L]. 4

The integration over the space-time variables and the trace over the vector
indexes were implied. All the correlation and response functions (Green
functions) are usual functional averages of corresponding fields with the weight
exps, i.e.,

(©...0)= [@... ® exp SDuDbDu'Db’,

where @ = {u, b, v, b'}. These functions (or (v;) in our case) may be
calculated through the usual Feynman diagram procedure.

The central problem in the QF theory is to eliminate the singularities which
appear in diagrams of the perturbation theory for Green functions. The problem
has been solved for the reflective symmetric magnetoturbulence [7] as well as
for the helical magnetoturbulence [10]. In the latter case, the additional
divergences appear but they can be eliminated by the appropriate counterterms
into the action S. For this reason it is necessary to consider the extended theory
with the additional cross dissipative terms:

F' = WAB,
F® = wAu
with new helical magnetic Prandtl numbers V™!, w . All the inverse Prandtl
numbers u, v, w and the coupling constants g, have definite values in stable
scaling regime [10].
Moreover, in helical MHD an additional singularity appears that causes

exponential increase of the magnetic response function (bb’) = A" in time for
the small wave numbers k. Thus the system becomes unstable, because the
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magnetic response function must be retarded and at the same time it must
ensure the damping of all the perturbations. This problem can be solved with
elegance by the mechanism of spontaneous symmetry breaking.

3. THE SPONTANEOUS SYMMETRY BREAKING MECHANISM

The QF perturbation theory generates the so-called rotor term (rotb) which
should be added to the magnetohydrodynamic equations and this leads to the
instability [16]. The instability problem may be solved on the basis of the
spontaneous symmetry breaking mechanism. Briefly, the “normal state” of the
turbulent helical conductive fluid with zero mean value of the magnetic field is
unstable being stabilized by the spontaneous appearance of the space-uniform
mean magnetic field B, = (b) # 0 [2, 9]. The value of the field appeared is
determined by the system stability condition but unlike the case of standart
models this condition is not reduced to a simple requirement, i.e., to the
minimum free energy. The assumption B, # 0 is fixed directly in action (4) by
the replacing b - b + By which leads to new perturbation diagrams for
correlation functions. The stability condition is equivalent to the requirement
that the unstable rotor term in magnetic response function would be removed.
It turned out to be possible with proper choice of the B, value. The direction
of B, is not fixed in this case and its absolute value is [9]:

By = Svkan/ @+ D~ V)
T3 Y @12 - - w?

(&)

in the Alfven units. Here k, is the parameter of ultraviolet cutoff (k;* = r, has
the meaning of the turbulent dissipative length, an inner scale of turbulence).
Consequently, set (1) has to be completed by terms of B, and action (4) takes
the form [9]:

S =38+ u'(ByV)b + b(ByV)u. (6)

Action (6) creates Feynman diagrams with non-zero free propagators (pair
Green functions in the lowest order) (d®) = A®®. They can be directly found
by extracting the quadratic part ®KX® from the action S and by calculating the
elements of the inverse matrix K~* = A. For our purpose it is sufficient to
calculate only propagator A¥’(k, w given (in the Fourier components) by the
formula:

AW = D™uc* + D™ul* + 60") — D"™OA*
A'u" —070")(Au — 0t) ’
were A = — iw + vk%, u = —iw +viak®, 8 = — iy + vWk*, 0 = — iy + vwk’ and
A" denotes the Hermitian conjugation to 1, etc. All these are proportional to the
transverse projector Pi(k) and y = (k-By).

)

4, CALCULATION OF THE «-COEFFICIENT

The a-coefficient is defined by the relation E = ¢B,, and the clectromotive force
E = Vdzm{u X b). So, one can write:

where m is the mass density. Note that the magnetic field is measured in the
Alfven units and that E(x, f) = E(x) = G(x, x) is treated as the full one-point
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Green function, so, past the tensor summation in (8) using (7) one obtains:
B - Vidrm
Tt
Propagator (7) has two pairs of poles in the complex plane. Performing
contour integration in positive semiplane of w one gets:
E - 2Wam v Af e (By-K)k
@y Bk* + Bo(By k)’

[dk*dwG(k, w) 9)

ao)

where
Bi = (& + DX (u - vw),
By =T+ 1) — (V- w?

A=go[a(d+ 1) — Wy + W+ g [V(v+ w) — (4 + 1)1 + 2¢"ps(w — uv).

The integral in (10) can be handled to the form:

k
4m By F 8k°k 3n
it V] 2 _ 20t "Rd
3, B%{ {k 30 arctan(skdk) .
Using the linear relation between B, and k; (see (5)) one can ascertain
that this integral possesses the linear ultraviolet divergence which has to be

removed by cutting off the dissipation region k£ > k, Putting the integral into
(10) one obtain the result:

a=ﬂgfﬂmf?n_kd. an

The authors of [10] report 2 = ux = 1.393 and g = g« = 3—527t217(t7+ 1) in

the Kolmogorov regime. Others coupling constant as well as the inverse Prandtl
numbers are zero in this stable regime. Note however, that existence of another
regime can modify the resulting «, but its numerical value remains very close.
Consequently, because |p;! < 1, the maximal value of « is @y, = 5.8k Vm.

Note that unlike classical quasilinear approximations for the construction of
E dependence on B, the quantum field approach together with spontaneous
symmetry breaking mechanism directly yields the linear dependence of E on
B,, and ¢ is simply the proportionality coefficient.

5. THE PARTICLE ACCELERATION

The effectivity of charged particle acceleration by «-effect in helical turbulent
media can be easily compared with another mechanism, the well-known
statistical Fermi acceleration mechanism. Following [§], the non-zero « leads
to additional particle flux J, = — «,0,N in the modulus space with the diffusion
coefficient

2
, -
% = Fyay (U° + D)) o a

Here A, is the transport path along B, for particles with the momentum
p and velocity v, N(p) is the particle density,
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AII
U=a R,
is the effective convective velocity along By, R, is the particle gyroradius in the
random field V{#%). The coefficient D(p) is aligned to statistical particle
acceleration; it consists of several parts and depends on concrete peculiarities
of medium. For simplicity two extreme situations are considered [5].

The first situation: the component b is weak, 4* < B2, then:

TN B (u-b)? 2

D(p) = <b2> (1 - W) <u )
and a strong cross-correlation {u-b) causes a decrease in the rate of the Fermi
acceleration, so, the a-effect can play principal role. Note that a linear theory
gives (u-b) = 0 for an isotropic random field, while the non-linear interactions
asymptotically lead to the state of maximal correlation (u-b) [8].

The second situation corresponds to the inequality of B3 <4? when the main

contribution is given by estimation of:

D(p) = a;{u?)

and it is connected with the second order Fermi acceleration [6] in randomly
moving magnetic field inhomogeneitiecs (in non-helical magnetoturbulence).
Here ¢; = 0.53 (the Kolmogorov spectrum of magnetic field) up to a; = 1
(when the correlation length of u exceeds Ap [51].

6. DISCUSSION

Numerical estimations of ¢ are nowadays poorly known therefore we restrict
ourselves only to simple estimations. The coefficient ¢, would reach a large
value in the astrophysical objects if the full developed magnetoturbulence is
realized. In the solar wind near the Sun the rough estimation of viscosity [18 ]
is v = 10°T%?/n = 1.6x10'° cm?/s, for the temperature T = 4x10* K and for
the proton concentration n = 20 cm™ n ~ 20 cm>. The maximal value
Omax = 5%10% cm/s is obtained for k; = 1 cm™. The real value of u is
approximately three orders less than iuy; in this case @ = 10° cm/s. It is
necessary to remark that the fully developed hydrodynamic turbulence has
tendency to reaching a limit value of p (¢ = 1) [3]. The question remains if
this happens in the fully developed magnetohydrodynamic turbulence as well.

In [17] a rotating system (with the angular velocity @ and the density scale
height H) was discussed. Their estimation ¢ = L2,Q/H < 10° cm/s in the
galactic wind seems to be realistic. An estimation «¢ = 10° cm/s was obtained in
[4] as well. Note that the estimation of turbulent diffusivity is known for a very
large interval (from 10" cm?/s in the solar convection zone [19, 20] up to
10?* ¢cm?/s in the interstellar medium of the Galaxy [13]).

The value of « which is sufficient for a higher effectivity of particle
acceleration by c-effect in helical turbulent media compared with the well-
known Fermi acceleration mechanism can be easily estimated using (12). In the
solar wind, for example, (1;/R,)* =~ 10, (or 10°—10°), for protons with the
kinetic energy E, =~ 100 MeV and V(&%) = 10° cm/s. The relative effectiveness
of the acceleration by the ¢-effect is determined by the parameter

n* = U/ D(p),
for which inequality #? > 1 holds if ¢* > 10® cm/s.
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Consequently the realistic value @ = 10° cm/s ensures high effectivity of

the considered particle acceleration (with energy of 10 up to 10° MeV) in the
gyrotropic turbulent medium [4] compared to the well-known Fermi accelera-
tion mechanism.
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