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Abstract The generation of magnetic fields of galaxies is usually idlesd by the dynamo mechanism.
This process is characterized by the Steenbeck — KrauselerRgguation, which is the result of averaging
the magnetohydrodynamics equations by distances whiclasseciated with the size of turbulent cells
in the interstellar medium. This equation is quite difficitsolve both from an analytical and numerical
point of view. For galaxies, the ne-approximation is widely used. It describes the magneticdien

thin discs. For such objects, where it is important to studgyertical structure of the field, it is not very
applicable, so it is quite useful to adopt tiR&-model, which takes into account the dependence of the
distance from the equatorial plane. During our researchave bbtained the critical values of the dynamo
number for galaxies with large half-thickness. We have disscribed typicat-structure for the magnetic
field. Moreover, we have demonstrated that it is possiblesttegate dipolar magnetic fields.
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1 INTRODUCTION is a result of averaging the magnetohydrodynamics
equations. Unfortunately, they are quite difficult to be
It is now well-known that some spiral galaxies havegg|yed analytically in a general way, and as for the
magnetic fields of several microgaudkeck etal. 1995  ymerical modeling, the process of the solution needs quite
From an observational point of view, their existencenigh computational resources. Also even if we solve the
is proved by measurements of Faraday rotation of th@quations numerically, the results are not very transparen
polarization plane of electromagnetic waves on differenty pe analyzed. So, it is quite important to apply some
radio telescopes. As for the theory, the magnetic fielsemi-analytical models, which can be useful to describe the
large-scale structures are thought to be generated with triﬁagnetic field. As for galaxies, most of the problems are
dynamo mechanism. The dynamo is based on joint actiogg|yeq utilizing the so-called ne-approximation, which
of two different effects. The first one is the alpha-effect,, 55 developed for thin discsSgbramanian & Mestel
which describes the vorticity of interstellar turbulent 1993 Moss 1995Phillips 200). It takes into account that
motions. It is connected with transition of the angularipe magnetic field nearly lies in the equatorial plane. In
component of the field to the radial one. The secondyqgition, the:-dependence of the field is approximated
one is differential rotation, which characterizes the NON4y a cosine law. So, we can assume that some obthe
solid rotation of the galaxy. It is associated with tramsiti  jerivatives can be taken from the solenoidality condition,
of the radial field component to the angular one. Thesgnq another can be changed by algebraic expressions.
effects compete with the turbulent diffusion, which tries gives an opportunity to make some estimates for the
to destroy the magnetic field. So, the dynamo mechanisigagnetic field and to model it numerically employing quite
is a threshold effect: if the joint intensity of the alpha- podest computational resources. This model has shown
effect and differential rotation is higher than the turlmile efficiency for most actual problems of galaxy magnetism:
diffusion, the magnetic field will grow. But if it is less i can pe taken for problems connected with generation
intensive than the dissipative process, the field will decayy the field in different objects. For example, it was used
(Arshakian et al. 2009 to describe the connection between material and magnetic

Usually, the magnetic field evolution is describedarms (Vioss 1998, to study the magnetic field reversals
by the Steenbeck — Krause — Radler equation, which
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(Moss et al. 2012Andreasyan et al. 202(and even for In this work, we construct th& Z-model for the mag-
magnetic fields in the outer rings of galaxidddss etal. netic field of galaxies. We follow the approaches which
20163. Some of the extensions of this model were appliecare similar to the ones employed when constructing the
to examine fields with helicity fluxesS(r et al. 200y, We  torus dynamo modeDOeinzer et al. 19938rooke & Moss
can also add that it can also be utilized for some objectd994 Mikhailov 2018. The equations are written for the
with similar shape, such as accretion diskéoés etal. p—components of the field and vector potential, and they
2016h. So, we can conclude that the a@pproximation are solved numerically. We obtain the solutions which
can be regarded as the basic model to compare the resuttescribe different parameters of the model and initial
of different approaches. conditions.

Sadly, the noz approximation cannot be used for 2 MAIN EQUATIONS
some objects. Firstly, if we study outer rings of galaxies,
the vertical length-scales cannot be assumed as a smale large-scale magnetic fieB of galaxies (and other

parameter compared to radial ones. So for such objectgbjects) is described by the Steenbeck — Krause — Radler
the torus dynamo model has been developirizer et al.  equation

1993 Brooke & Moss 1994Mikhailov 2018. There are
some s_pecigl effects which cannot be obtained in the no- 5_5 = curl(aB) + curlV, B] + nAB, (1)
approximation, but we can add that for some cases, even

for main parts of the galaxies, we should describe thgnere Vv is the large-scale velocity; is the turbulent

vertical structure of the field. For example, we can take thejif;sion coefficient andy characterizes the alpha-effect.
galaxies with large half-thickness of the disc. For galaxie For the magnetic field in the axisymmetric case, we
with intensive star formation, it could be important to ., take the modeDeinzer et al. 1993

take into account vertical flows of the medium, which are
associated with corresponding regioMikhailov 2014). B = Be, + curl(4e,), (2)

There have been different approaches to study thghere B is the toroidal component of the magnetic field,
vertical structure of the galactic magnetic field. Firstly, and A is the part of the vector potential which is connected
direct numerical simulation of the equations can bewith the poloidal field.
used Brandenburg 2015 This gives quite important If we rewrite the Steenbeck — Krause — Radler equation
results, but it would be better to have a simplified modekqr every componentand take into account that the poloidal
which takes into account-dependence, which is more ¢omponent is much smaller than the toroidal one, we will

clear for analysis and does not require large computationgytain the following equationdikhailov 2018
resources. Equations containing-derivatives of the

field were written in the early works connected with 0A

. o — = R1zB + )\2AA;
galaxy magnetism Ruzmaikin et al. 1988 Poezd et al. ot 3)
1993, but the main interest in these works was the 0B _ R 00 0A L 2AB
radial dependence of the field. Also for thin discs, ot o 92 '

the approximate solution for the-dependence was

obtained Goward 1992 Priklonsky etal. 200D There These equations are written in dimensionless form.

are some models for the field in haldddss & Sokoloff The (?Ilstances are_erasured n the radius of the galaxy, and
time is measured ih“ /7, whereh is the half-thickness of

2008 Ferriere & Terral 2014 which describe the vertical ; . .
o . __the galaxy. Here are different parameters which describe
structure of the magnetic field, but they rely on analytical . .
. . . . . .the dynamo action:R; describes the alpha-effeck;,
approximations and ideas about the parity of the field. . . . : !
: . — the differential rotation and\ characterizes the disc
The model which accurately takes into account the thick
structure was characterize@l{amandy et al. 2034but it |cTnhess. ic field h be infini
does not study the-dependence. Of course, we should h Ide rrllag_netlc leld growt cannot fehln '?'tled’ Sl(f) vr\:e
mention the models which were applied to describe the"! _taer I(ljnt_o account jgturat!on (f) t e feld. the
observational dataHan et al. 2018 Now there are some magnetic field is measured in units of equipartition, the

works which describe both and z-dependence (see, for equations will be the following

example,Shukurov et al. 2019 but they expressed the OA ) )
magnetic field as a series expansion. Also it would be i RizB(1 = B%) + A"AA;
interesting to describe the poloidal field utilizing vector OB 90 HA (4)

i CZ RS- £ A2AB.
potential. B Ror -+
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It is also interesting to study the influence of vertical Lp| T B ]
flows in this model. If the velocity of vertical flow i§”, e
the equations will be the following o e N
,,,,,,,,,, '/\ SN \\/, \“l/ W i \l,‘ '{’ ;
0A 0A " NV AR T T T A
E = RlzB — ‘/2(2)8— + )\QAA, 1072 \"';""“M} N/ ‘l,' \u’ ',‘ : : : E : : ‘ ! i '
\ " 1 | i
OB 0094 . 0B ®) W
— = —Ror—— — V,(2)— + \?AB; s I L b
ot e S |
0.0 0.5 1.0 1.5 2.0 2.5 3.0
where vertical velocity, (z) is described with profile ¢
Fig.1 The magnetic field evolution for different values of
Vo(2) = Vi exp (M) _ the parameteD.
h h
We use the following initial conditions in simulations. o ——
There is one type of condition for field in all cases 1001177 D= 1000 dok SR AN
A4 =0, .
t=0 ;
|
and two different types of conditions for field i

— quadrupole 20 25 3.0
B = By sin (77) cos (E) , Fig. 2 The magnetic field evolution in the nonlinear case.
-0 2h
- d|p0|e 107 - v‘v/\;t:(::utu\ielrtw:alflows /’/,’:
10° /
B = By sin (7r) sin (E) .
t=0 h m 107
10*
3 RESULTS
107t
The magnetic field evolution is characterized by the

dynamo-numbe) = R;R,. We have ascertained that 00 05 0 15 20 5 30

if initial conditions for field B satisfy a quadrupole, the
magnetic field grows fo> > 15, else it decays. As for
the noz approximation and similar model$/1¢ss et al.
2012 201634, the critical value is smallerlj.. =~ 7),
which can be explained by taking into account some newy CONCLUSIONS

effects in our model, which are connected with vertical

structure of the field. Also, we can ascribe a bit differentWe have studied the magnetic field evolution using the
meaning to the dynamo number in the noiodel and our RZ-model. The typical field dependencies have been
approximation. In case of large valuesiof(such asD =  studied. The magnetic field can grow for values of the
800) it is possible to generate dipole field structure fromdynamo number which are larger than one for thezno-
dipole initial conditions. This field configuration cannot approximation. We have demonstrated the possibility of
be obtained in the ne-approximation, and such time generating dipole magnetic field structures. The influence
dependence is impossible, too. The evolution for differenbf vertical flows was also investigated, which cannot
values of parameteb is displayed in Figurel. Results be done using the ne-approximation. Some such
of numerical simulations in the case of a nonlinear modelconfigurations are not a subject of specific interest in works
described by Equationg), are depicted in Figur2. The  which take into account the vertical structure of the field,
evolution of the magnetic field in the presence of verticalbut they demonstrate such effects as time oscillations of
flows is presented in Figur& Possible configurations of the magnetic fields. This is quite similar with the results
the vertical structure are shown in Figute obtained for a dynamo in a toruBrpoke & Moss 1994

Fig.3 The magnetic field evolution in the model with
vertical flows for different values of vertical velocity.
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D = 100, quadrupole D = 1000, dipole
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Fig.4 Vertical structure of the magnetic fielti= 3.0.

Mikhailov 2018 and now we see that they can take placeBrooke, J. M., & Moss, D. 1994, MNRAS, 266, 733
in the disk, too. Chamandy, L., Shukurov, A., Subramanian, K., & Stoker, K.
Also, we would like to emphasize that— and 2014, MNRAS, 443, 1867
z— components of the field in our model are de- Deinzer, W., Grosser, H., & Schmitt, D. 1993, A&A, 273, 405
scribed utilizing the vector potential, which makes the Ferriere, K., & Terral, P. 2014, A&A, 561, A100
equations more convenient to solve than the equationsian, J. L., Manchester, R. N, van Straten, W., & Demorest, P.
which are written for the field components themselves 2018, ApJS, 234, 11
(Shukurovetal. 2019 The described model can be Mikhailov, E. A. 2014, Astronomy Letters, 40, 398
used in different problems connected with galactic discs¥ikhailov, E. A. 2018, Astrophysics, 61, 147
with large thickness. It gives us an opportunity to MOSS:D-1995 MNRAS, 275,191
examine effects that cannot be described applying simple'}/loss‘ D. 1998, MNRAS, 297, 860
approximations. It also can be interesting to study diffiere Moss, D., & Sokoloff, . 2008, A&A’ 487,197
. . Moss, D., Stepanov, R., Arshakian, T. G., etal. 2012, A&A7 53
objects that have similar shape, such as, for example

> M N
accretion discsNloss et al. 2016 Moss, D., Mikhailov, E., Silchenko, O., et al. 2016a, A&A 59
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