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Abstract. We investigate the influence of the Coriolis force and magnetic reconnection on the evolution of the Parker instability

in galactic disks. We apply a three-dimensional (3D) model of a local gas cube, permeated by an azimuthal regular magnetic
field. We numerically solve MHD equations including the contribution of the Coriolis force. At this stage of the investigation

we omit the &ects of rotational shear. Our previous simulations demonstrate that Parker instability leads to the formation of
helically twisted magnetic flux tubes forming a significant poloidal magnetic field component on the scale of the whole cube.
Such an evolution represents an example of the fast dynamo process proposed by Parker (1992). In the present work we extend
our earlier computations by calculating the basicfiioents of the MHD dynamo as time-dependent functions. The well-
known dynamo caicientse andnr — both in the relevant tensorial formulations — are derived from small scale gas motions
present in the Parker instability model, so in a local formulation the total turbulent electromotive force (EMF) is described as a
guantity dependent on time. The EMF-@o&entse andrr are evaluated within the limit of high microscopic conductivity.
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1. Introduction between certain radii in a modeled galactic disk, where the ratio
. _ . Vesd/ @ is suficiently low to allow for the magnetic field am-
Historically, the classical turbulentdynamo theory involved theiication. These simulations were done without back reaction
problem of the dynamo cdiécients obtained from fluctuating o¢ ¢ magnetic field on the turbulent motions and the dynamo
gas motions present in the interstellar medium (ISM) causggd; sients were estimated semi-analytically. Fully dynamical

by different sources of turbulences like supernova (SN) explgry cimulations of the dynamo cfiients with a magnetic

sions, winds from stars,ﬁérent_instabilities, shearing m°ti°n§quenching of SN explosions in the local galactic medium done
etc. The dynamo process relles_ on the concept of a hel'B?' Ziegler (1996) give quite opposite results. Kinematic cal-
tqrbulence, Wh'Ch IS parametgrlz_ed by th_e_ trgnsporﬂh—oecmaﬁons made by Ziegler et al. (1996) generally confirmed
cients:a, allowing for a magnetic field amplification, and turq riare’s results. However, taking into account a magnetic

bulent difusivity n (Ruzmaikin et al. 1988) responsible forquenching of turbulent motion causes a symmetrical padt of

the magnetic field decay. In genera_ll, both dyna[ndfudem_s to be strongly suppressed by the magnetic field, wiile,
should be treated as tensors. The first of thewan be splitin ., conirast, depends only slightly on the mean magnetic field
two p_a_rts:_the symmetric one responsible for the magnencflqjg]sion_ The main conclusion of this paper was that the tur-
ampllflcatmn fxx = arr, @y = ay andag, local X, Y andZ bulent buoyancy overwhelms anyaction. Brandenburg et al.
coordinates run alonB, ¢ andZ of the global galactic system,(lg%) and Brandenburg & Donner (1997) get strong depen-
respectively) and the antisymmetric one representing turbulegt, . of, on the magnetic field, as well. They got the oppo-
velocities responsible for the magnetic field buoyancy (the SQge sjgn of this cogicient than was earlier estimated in classi-
called pumping fect, see also Ossendrijver et al. 2002). 1p,) 4ynamo papers (e.g. Ruzmaikin et al. 1988). Both models of
a thin galactic disk an important component of the dynan,qenpurg and his coauthors take into account strong shear
codficient is o, (Ziegler 1996), also calle¥esc in Ferriere o, yqir resylts cannot be directly comparable to our simula-
(1993a,b), presenting the magnetic field motion inttirec- 45 Traditionally the problem of quenching is analyzed under
tion (buoyancy, see Eq. (4)). The dynamo works if the buoyse assymption that a system is in a steady state (without any
ancy mechanism is lessfieient than the magnetic field am-io qenendence). The new simulations made by Blackman &
pI|f|cat|or_1: The numerical simulations madg by Korpi (1999@randenburg (2002) show that the assumption of the algebraic
and Ferrere (1993a,b, 1995, 1996, 1998) give values of abGlfy of o, which does not depend on time, gives inappropri-
few kms™ for the symmetrical part o& and with a two Or 446 o|ytions for the mean magnetic field evolution. These au-
three times higher value dfeso Ferrere (1998) found a ring thrs take into account the time dependence of the magnetic
helicity and of the functional form of the-quenching. They
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obtained that algebraic quenching prescriptions are inconggproach we calculate the dynamo fméentse ands; as time-
tent with that from a time-dependent analysis (Blackman &ependent tensors (Ruzmaikin et al. 1988;fidtt 1978). The
Brandenburg 2002). The time-dependence of the dynamo cqadssibility of stochastic excitation of magnetic fields by a fluc-
ficients becomes crucial in forthcoming models concerning theatinga-effect is well established in the solar dynamo theory
amplification of the mean magnetic field in the astrophysic@.g. Hoyng et al. 1994). These excitations may contribute, for
objects. The physics of our Parker instability model incorpanstance, to irregularities of the solar cycle (Choudhuri 1992;
rates the magnetic field quenching by definition. Moss et al. 1992; Schmitt 1993). Numerical computations of
The next important problem in the dynamo theory is a cothe evolution of helical turbulences in the local medium show
servation of the total magnetic helicity in objects possessititat despite the strong fluctuating nature, a significaseffect
high magnetic Reynolds numbers, thus also relevant for galappears to be presentin such flows (e.g. Brummell et al. 1998;
ies. The galactic dynamo gives the small and large-scale m&ghmalz & Stix 1991; Covas et al. 1997, 1998), which could
netic field with a certain value of the magnetic helicity, whiche responsible for the classical large-scale dynamo action.
should be conserved in a given volume over time (Kleeorin The numerical and theoretical studies concerning the
et al. 2003). This quantity also influences the character MHD dynamo process, where we analyze what kind of gas
the turbulent electromotive force extending the dynamo cmotions could be responsible for the magnetic field amplifi-
efficients to time-dependent variables nonlinearly dependaation in astrophysical bodies, can be loosely divided into two
on the magnetic field (see Kleeorin et al. 2000, 2002, 200g;0ups: flows exhibiting small-scale dynamo action, and those
Rogachevskii & Kleeorin 2001; Kleeorin & Rogachevskisustaining the field on the large-scale (Brummell et al. 2001).
1999). According to this theory, the dieienta separates into It was presented that nonlinear gaseous flows that were respon-
a magnetic and kinematic part as was originally proposed biple for the local dynamos were not directly connected to the
Frisch et al. (1975) and Pouquet et al. (1976). large-scale dynamos. Thus there are gas motions that do not lo-
The mentioned above problems with the magnetic quendally amplify the magnetic field but they could give the large-
ing of the turbulent dynamo action (summarized in Widrowcale dynamo and flows responsible for the local dynamos, re-
2002) prompted the idea of a new mechanism to help in solvisglting in a much smallet-effect (Brummell et al. 2001). For
this problem. The concept of magnetic buoyancy serving asheese reasons we decided to calculate the EMHictents as
source of helical turbulences was considered by Parker (199@he-dependent quantities. They are evaluated within the limit
Moss et al. (1999), Korpi et al. (1999), Brandenburg & Schmittf high microscopic conductivity.
(1998), Ossendrijver et al. (2001, 2002) (the last three papers
studied the solar dynamo) resulting in hints that this mechf-
nism could work both in galactic and stellar dynamos. This
fast magnetic field amplification is also necessary to explaiie basic quantity in mean-field electrodynamics is the mean
the modern observations of magnetic fields in irregular galaalectromotive force (EMF)
ies (Chyy et al. 2000, 2003; Otmianowska-Mazur et al. 2000();. , ,
While the underlying physics of these models ifetient from < = (U'x B @)
the classical dynamo, the equations concerning the dynamo g@msecurl determines the time evolution of the mean magnetic
efficients are the same (Widrow 2002 and references thereirje|d (B):
The concept of Parker instability working as the fast dy-
namo was considered in a series of papers by Hanasz & Le ) = curl (& + (uy x (B)), (2)
(1993, 1997, 1998, 2000). They studied the dynamics of fluf't
tubes under the influence of cosmic ray pressure with thwth u andB being the velocity and the magnetic field induc-
approximation of thin tubes and estimated values of the djon, respectively. In these equations the notatlon(whereF
namo coéicients,« andn. Their papers provide evidence thatoncernsu or B) denotes quantities averaged by a proce-
the Parker instability operating in rotating galactic disks coaure according to the Reynolds rules (e.g. Mt 1978) —
tributes very éiciently to the production of the poloidal mag-usually an ensemble averade. represents fluctuations (see
netic field from the initial azimuthal one. This implies that thi©tmianowska-Mazur et al. 1997). Instead of averaging over an
instability can be considered as a reasonable candidate for deimsemble one can also define mean values by the integration in
ing the galactierw-dynamo. space. In the present simulations, angular brackets denote aver-
In a previous paper (Hanasz et al. 2002 — Paper |) we awing in planes parallel to theY plane (the galactic plane) in
alyzed the full 3D MHD evolution of the Parker instability inorder to get th&Z-dependence of both quantities. This implies
a local galactic cube, permeated by an azimuthal large-sctilat the coéicients are constant in planes, however the deriva-
magnetic field and we solved numerically the 3D MHD equdion of non-isotropic magnetic EMF cfiients is also possi-
tions including the contribution of the Coriolis force. We do ndtle (Rogachevskii & Kleeorin 2001; Kleeorin & Rogachevskii
apply the process of shearing caused If§edéntial rotation of 1999), but this is a separate issue.
the galactic disk, which will be the subject of a future study. From our model of Parker instability (see Otmianowska-
In this paper we present results of computations of the dytazur et al. 2003; Kowal et al. 2003a,b and Paper I), we ob-
namo coéicients for simulations of the Parker instability intained helical small-scale gas motions evolving in a rectangu-
galactic disks published in Paper I, following the method déar parcel (in Cartesian coordinates). In the present study we
scribed by Otmianowska-Mazur et al. (1997). In the presesstimate how strong am-effect we can get from our previous

Basic equations and the dynamo coefficients
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simulations. Thus we calculate simultaneously to our Parkéommonly one can separate the abovementioned antisymmet-
instability computations the resultant components of both teme part ofe,x as (e.g. Ossendrijver et al. 2002; Rutt 1978):
sorsa’ ands as time-dependent quantities. We restrict ourselves

to the computation of the turbulent EMF (Eq. (1)) in the highgA - (@ — ) (6)
conductivity limit. Then the second-order correlation approxi-y 2
mation yields the expression &Rler 1980): The difusion codicient is calculated according to the follow-
o0 ing form:
Ei(x,t) = f(&ij(x,t,‘r)(Bj)(x,t—T;t) 0 00
1
0 ( ) o= g [f(ux(t)ux(t—r))dﬁ f(uy(t)uy(t—r))d‘r
R o(Bi(x,t—1;1)
it ) T T e ® ° °
with the dynamo cdicientsai; andrij, andB; as the mag- + f(uz(t)uz(t - 7)) dr}. 7
netic field components. Detailed expressions for the EMF 0

are given by Krause & &iler (1980). We apply them for a
g y ( ) PRl This equation allows also for negative values of th&udion

Cartesian geometry whegaepresents the azimuthal direction hcient Foct ted for the d h
andx the radial one. Both tensors are calculated from the safffe \c/€NtS, an EeCt expected for the dynamo theory (see

velocity field. Parker 1979).
It is convenient to write locally Eqg. (3) in the form of its
components: 3. The model of small-scale gas motion
Ex = axx(Bx) + axy(B,) + 17 9By _ a<BZ>’ In the present numerical model we study the time evolution of
0z Ay the dynamo coiicients (Eq. (3)) induced by the Parker insta-
a(BY a(B,) bility mechanism as presented in Paper I. In Paper | we ana-
&y = ay(By) + ayx(Bx) — 17 oz T T ox lyzed the 3D evolution of the Parker instability in the presence
of rigid rotation and fast magnetic reconnection (without shear)
a(B,) (B, in a parcel of galactic gas situated in the vicinity of the Sun
& = azABy) — 17 o T oy (4) (Paper I; Kowal et al. 2003a; Otmianowska-Mazur et al. 2003).

Our initial equilibrium state was an exponentially stratified disk
: L as, proposed by Parker (1966). The equilibrium state was char-
defined by Eq. (7), due to the fact that we are mainly IntereStg?terized by uniform vertical gravity, an isothermal equation of

in components of they; tensor (see Eq. (5)) representing th%tate and a sound speed constant across the disk. The fixed ra-
a_lmpl_lflcatmn _anc_i the buoyancy mechanisms of the MAINEHS of the magnetic pressure to the gas pressure was given by
field in galactic disks.

. : . = In a Cartesian reference frame with coordi-
For homogeneous and isotropic small-scale gas motions ﬁ‘i’é’é Pmag/ Pgas

-tensor has no non-diagonal elements; however as we Wroge s, y, z corresponding locally to the radial, azimuthal and
@ 9 ! vertical coordinates in the disk, the assumed initial magnetic

in Sect. 1 we analyze the model with a fully anisotropic velog- . .
ity field and because of that we should check the strengthi‘%]sq\giﬁ;r?uuée;yugﬁlt?azghggsvgsBO(Z)e” and the dependence

the buoyancy force by also computing the antisymmetric part

In our model we apply only the meanfilision codicientnr

of a,x. From Mafatt (1978) and Otmianowska-Mazur et al.p,(z) ny(z) B3(? _7 g
(1997) it follows that Po0)  mo(0) B2(0) = (ﬁ) (8)
Qxx = f(uy(t)auzgx_ ) — uz(t)au'”gx_ 1) Y, with the midplane particle density(0) = 1 cnt3, the isother-

mal sound speec, = 7 km s!, vertical gravitational accelera-
tiong = —2x107° cm s2, agyn = 1.0 and a vertical scaleheight

P _ _ H = (1 + aayn)c?/lgl =~ 150 pc. We used the angular velocity
ayy — f(uz(t) 6UX(t T) _ ux([) 6“2(1‘. T) >dT’ yn)%s
Ay Ay
0

0

of the galactic rotation of the Solar ortit = 0.025 Myr .
The chosen value afqyn = 1.0 corresponds to the magnetic
field of 4.5uG at the galactic midplane (see Paper | for ex-

_ AUt - 7) au,(t - 1) planation). We used the concept of an anomalous resistivity
ay = [ (uy() ~ Ug(t) ydr, . : alous |
oy oy which depended on the current density (Ugai 1992; Tanuma
0 etal. 1999, 2001; Konz et al. 2000)
r ouy(t — ouy(t — . o o VL2
= f w280 PR D n(i) =2 (2~ Z) O (17 - 124 ©)
0

wheren, was a constant cdigcient, j.iy denoted the critical

0 ou,(t - 7) Bt — 1) current density above which the resistivity switches on @nd
Qg7 = f(ux(t) ”8 - u,(t) Xa v yr. (5) was the Heaviside step function (see Paper | for explanation).
z z
0

With the help of the Zeus-3D code (Stone & Norman 1992a,b)
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30 | I T T T I 4. Numerical simulations

o5l —— a-somy X __ In order to estimate the dependence of the dynamfficants
== a- ”s Myr ,/'\‘ /\ i computed on the grid size (Egs. (5) and (7)) we calculated two

dt = 0.5 Myr experiments: B1 with the smallesty(= 3,n, = 3,n, = 1)

20 | ‘IJ
i -
]
- |
15 |

N and D1 with the highestng = 10,n, = 5, n, = 5) num-

: ‘\—\ bers of harmonic components of the velocity perturbations (see
- Paper 1) using the time step of 5.0 Myr for both experiments.
To check the accuracy of the integration procedure, the experi-
10 ! | ment D1 was recalculated for two smaller time steps: 2.5 Myr

and 0.5 Myr. We average both dynamo ffaents over all
i [) ] planes parallel to thXY plane at the chosen heightbecause

S J ] we would like to compare these quantities with magnetic field
! | I ! I

o xx [km/s]

T components averaged in the same manner in Paper | (Fig. 8).
We analyze the time evolution of the turbulenffdsivity and
0 200 400 600 the @ tensors as well as their time averaged valg€X) and
] rms time variations-(X), X being the components af; or 5.
time [Myr] The standard deviation is computed in order to give informa-
Fig. 1. The evolution of the dynamo cfiwientayy for the model D1; tion how big the fluctqations are in comparison with the time-
the height above the galactic planezis= 300 pc for diferent time averaged value of a given quantity for the models B1 (Tablle 1)
steps. and D1 (Table 2). In order to check how the magnetic field
strength influences the dynamo @deents we recalculated the
model B1 with 2 times lower initial magnetic field for the low
resolution case (the model B2). In such case the ratio of mag-

in Paper | we performed a series of more than 20 numerigqtIC to gaseous pressure 11 in B1 and D1 experiments,

simulations of the Parker instability applyindgigirent pertur- te Paper).

bations. The major simulations were done with the resolution

of 120x90x 240 zones in the, y andz directions, respectively. 5. Results

To check the fect of the finite grid resolution we repeated the

same simulations with the resolution of:680x 120 grid cells; The dependence of our simulations on the adopted time step is

however, these simulationsitired only in minor details com- Presented in Fig. 1 as the time evolutionag resulting from

pared to the high resolution cases. For all the simulations {{¢¢ model D1 for three dierent time steps: 5 Myr, 2.5 Myr

applied the Cartesian computational domain of physical siZd 0.5 Myr, computed at the height of 300 pc above the galac-

of Lx = 600 pc,L, = 1800 pc and., = 600 pc. tic plane. The three curves obtained have very similar shapes
In our present simulations, at every time step the resulll?_dlcatlng that the process of integration in our code is not de-

ing velocity field (from our Parker instability model) is usecf)endent on the time step and we can compute models for the

to calculate the EMF cdkcients (Egs. (5) and (7)). Due to arglf_st tlmg s:]ep ofiMyr wnhort I_osm? z;cc;:;cy. b
the Coriolis force and the density stratification, the small-scale igure 2 shows t gume evolution of the . entayy Ob-
motions of gas possess a helical character, so we decide ed from the experiments B1 (left) and D1 {right) at the cho-

compute both dynamo cfiiients in two chosen experiments.Senz above the galactic plane with the high (1200 x 240)

from 20 simulations presented in Paper I. In order to start tﬁgd low (60x 90 x 120) grid resolution. The evolution pre-

evolution of the Parker instability we assumed that at the pgnted starts from 250 Myr because before that time the value

ginning a multicomponent velocity perturbation in the form o;f’f all coleﬁi_ments IS aLbout l_zdelr_o. The dfottehd I;]r?eﬁ are flort;cheh
waves occurs. The perturbations are given by the formula; 'OW resolution case, the solid lines are for the high one. In bot
experiments there are no bigfgirences between the high and

low resolution models. This means that calculations with both

Up(X 4, 2) = nwz”inz % os 27ixX + 6 resolutions give similar results for the dynamo fiagents. For
AN G = & g, Ly 'x this reason in Figs. 3—6 we present results for the high resolu-
o o _ tion computations, while the low resolution is applied for the
y cos( Wy . %) sin(izz + ¢iz) (10) model B2 (with an initial magnetic field two times weaker than
L, for the run B2 see Figs. 7-9).

The time evolution of coficients «,, starting from
whereny, n, andn, are the numbers of harmonic componen®50 Myr for the high resolution models B1 and D1 are shown in
in the x, y and z direction, ¢;,, ¢i, and ¢;, are the random Fig. 3 left and right respectively, again at three chosen heights
phases. The limitation of the perturbationszta H is moti- above the galactic plane. For the model B1 theflbcient axy
vated by the assumption that the stellar activity in the disk (e(gee Fig. 2 left) reaches its maximum value of about 80 Km's
supernova explosions, stellar winds or cosmic rays) initiates thethe time step of about 425 Myr at the height of 700 pc.
instability. Two cuts at lowerz show much smaller values. Experiment
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time [Myr] time [Myr]

Fig. 2. The time evolution of the dynamo ceientayy for the models D1 (right) and B1 (left) at three chosen heights above the disk plane for
the high (HR, solid lines) and low (LR, dotted lines) resolution models.
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300 400 500 600 700

time [Myr] time [Myr]

Fig. 3. The time evolution of the dynamo ciiieientsa,, for the models B1 (left) and D1 (right) at three chosen heights above the disk plane
for the high resolution models. The curves are described in the insets.

D1 yields a maximum value of about 100 km§see Fig. 2, looks very diferent (Fig. 3). The growth of this component is
right). The position of this maximum is shifted significantly imot so dficient, probably due to the small value of the random
time to about 550 Myr, thus later in comparison with B1. Theelocity in theX direction (see Discussion). It reaches its max-
componenty,y for two cuts at lowerz again has smaller val- imum of about 3 kms! at 450 Myr for the case B1 at of

ues (Fig. 2). The time changes of the secondffodient,, 700 pc above the galactic plane (see Fig. 3 left). During the
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Fig. 4. The time evolution of the dynamo ceient «,, (left) and the difusion codficientny (right) for both models at three chosen heights

time [Myr]

time [Myr]

above the disk plane for the high resolution models. The curves are described in the inset.
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0 100 200 300 40600600 700 0 100 200 300 40600600 700

time [Myr] time [Myr]

Fig. 5. The time evolution of three dynamo cﬂieients:a.{}X (solid lines),a,x (dashed-dotted lines) amg, (dashed lines) for the model B1 (the
left panel) and D1 (the right panel) a& 700 pc. The curves are described in the insets.

next 50 Myr it oscillates rapidly around zero with an amplihas an even smaller maximum value than in the experiment B1
tude of 3 kms!. Later on, the amplitude decreases while th@ig. 3 right).

oscillations persist until the end of the evolution. The rest of Figure 4 left panel shows the time-evolution of the coef-
the curves at lowez behave similarly, however with a smallefficient a,,, while the right panel presents it faf. The pre-
amplitude of variations. The same ¢ieient for the model D1 sented evolution starts again from 250 Myr. In the classical
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20 I I L T 1 T -40 AN N AN NN NI B!
0 100 200 300 40600600 700 0 100 200 300 408600600 700

time [Myr] time [Myr]

Fig. 6. The time evolution of the natural logarithm of the mean square velocity (left) and the chosen dyndiw@eoate(right) for both models
at 700 pc height above the galactic plane for the high resolution models. The curves are described in the insets.

100 T | T | T | T | T 2 T | T | T | T | T
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- — -+ B2, low resolution|

| | | | | | | | | - | | | | | | | | |
0 200 400 600 800 1000 1O 200 400 600 800 1000

time [Myr] time [Myr]

Fig. 7. The time evolution of the dynamo clieient ayy (left) ande,, (right) for the model B1 (solid lines) and B2 (dashed-dotted lines) at
z =700 pc. The experiment B1 has two times stronger the initial magnetic field than B2.

dynamo theory (Ruzmaikin et al. 1988);, should be neg- values at the height of 700 pc 80 kms?! and-60 kms*
ative above the galactic plane due to the Coriolis force (sk® the models D1 and B1, respectively. The fiméent of mag-
Discussion). The evolution of our modeled fodent is more netic difusion nr presented in Fig. 4 (right panel) shows a
complex. It changes its sign from plus to minus with extreng@milar evolution toaxx. B1 yields a maximum value of about
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Fig. 8. The time evolution of the dynamo ceient o, (left) and the difusion codicient nr (right) for the model B1 (solid lines) and B2
(dashed-dotted lines) at= 700 pc. The experiment B1 has a two times stronger initial magnetic field than B2.
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Fig. 9. The time evolution of three dynamo cﬂieients:ajX (solid lines),a,x (dashed-dotted lines) amd, (dashed lines) for the model B1 (the
left panel) and B2 (the right panel) a& 700 pc. The experiment B1 has a two times stronger initial magnetic field than B2.

6 x 10%% cnm? s7! at 450 Myr. The peaks in D1 are shifted to @mall-scale motions of gas evolving in the Parker instability
later time of about 575 Myr with a similar maximum value oprocess are highly anisotropic: the tensor compoigpt+
6.0x 10?6 cn?sL. —ay,. In both modelsyy, (dashed lines) has a much higher ex-
The time evolution of the antisymmetric part of; is tremum (about-15 kms™) thana,, (dashed-dot lines). The
presented in Fig. 5 for the high resolution models B1 (lefomponentr,, for the model B1 (left panel) has in the begin-
panel) and D1 (right panel). Our simulations show th&ting aslightly negative value (maximum abedkms*) then
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Table 1. The time-averaged valu&X) and standard deviatiors(X) of the dynamo tensor components for B1: the height is inyin,km st
andzyisin cnfs™.

Height E(ax) o(ax) Elo,) oley,) Elez) olaz) E(aﬁx) o(ayx) E(rr) a(nr)
700 16.76 2356  0.14 0.84 0.48 18.99  1.27 2.30 816l0%® 193x 105
300 12.71 13.44 -0.01 0.17 -3.92 11.87 0.85 089 .3x10® 89x10®
100 1.36 2.77 0.10 0.14 1.62 3.12 -0.02  0.07 Lx10%® 13x10%®

Table 2. The time-averaged valu€{X) and standard deviatiorgX) of the dynamo tensor components for the experiment D1: the height is
inpc,ainkmstandnisincn?s™.

Height E(ax) ofon) Elay) olay) Ele) olem) Elep) ofle)  E@r) o)
700 1238 2445 -007 015 203 1637 1.02 178 .9%10P® 154x10®
300 777 982 002 014 061 180 026 038 .1:810° 4.0x10®
100 140 193 001 014 -010 032 001 0.06 .6x10° 0.8x10®

positive values (about8 km s as the maximum value) oscil-are smaller for cuts at lowexr The positive values aiyy are
lating to the end of simulations with decreasing amplitude. The agreement with the expectations of helically twisted turbu-
componenty,y for the run D1 shows a similar character fofences (due to the Coriolis force, see Discussion). The mean
time evolution (Fig. 5, right panel), however the amplitude ofalues ofe,, and a,, are similar and very small. We note,
variations is smaller than in the previous simulation B1. The reewever, that whilex,, oscillates strongly in time between
sulting antisymmetric par/, defined by Eq. (6) (solid lines) +80 kms* and—60 kms™ (note the highr in Table 1),a,,

in both presented experiments (Fig. 5 left and right panels) atays small £3 kms™) over the whole evolutionary time (see
tains a maximum of about 8 km% showing oscillations with text for the model description). Fluctuationsagfin both mod-

a smaller amplitude until the end of the evolution. els result in several knt$ as the standard deviation. The mean

A -
For general comparisons we presentin Fig. 6, the left pan\é"iﬂueS Ofa,, are about 1.02 knt$ and 1.27 kms' for mod

the natural logarithm of the mean square velocitiesug >, e_Iét_D 1 and Bt’ retsi)esc:!vely ?]t_=h700thpc. :[I;]helr standalr d de:I'h
< 12 >and< U2 >) averaged in space at a height of 700 pg;2 'S are about =.> imes Migherthan e mean values. ° e

From these graphs we can easily get the saturation time"gan values of that component at two lower cuts are signifi-

: : ntly smaller. Forr the model B1 gives the mean value about
the modeled process, when the evolution of the Parker insfa- Lo . . ;
b x 10%° cn?s71, which is almost two times higher than in

bility stops. The saturation time for small-scale gas motio .
Ty S ops saturation 1 smar-s gas Mot 1e model D1 with value of about® 10?° cn¥ st at 700 pc.

in the model B1, assuming a low number of harmonic com . . L
! ssuming wnu ' I b pe model B1 and D1 yield their standard deviations 1.5 and

nents of the velocity perturbations, is reached at about 450 Mg p hiaher than thei | tively (both model
100 Myr earlier than for the run D1. We can see that the v Hmes higherthan their mean value, respective y (both models
tz= 700 pc). The cuts at lowergive again smaller values of

i,o;;g)é %?rgpﬁrr:]esqu)]é\?vc::dtﬁgﬁszhzafv\fg eo;srl]ge?lftl:z?]:\;lgnsengler&e averaged quantities and the standard deviations.

andu,, reaching 15 kmd and 5 kms! as the maximum, re- In order to check how our process depends on the initial
spectively. This fact is important in the evolution@tompo- magnetic field strength we make additional simulations, B2,
nents (see Discussion). We compare three dynami@icieats: with the initial componenB, two times lower than its value
IN(axx), In(aﬁx) and Ingr) in the same figure, the right panelin the computations B1 and D1. The multicomponent velocity
The rest of the cd@cients strongly oscillate between positivgerturbations are similar to the experiment B1, so the modeled
and negative values and it is not possible to take their loggiantities can be compared with results of this model but with
rithm. As shown in the figure the presented fiméents have the low resolution case. Due to the weakness of the initial mag-
the same time scales of the growth as the velocities: 450 Mytic field, the Parker instability in the run B2 evolves signifi-
for the model B1 and 550 Myr for D1. cantly slower, however in all our experiments (B1, D1 and B2)
tgg_initial magnetic field pressure is in an analytical equilib-
rium with the gas pressure and the gravitational potential (see
Ilg'glper ). In Figs. 7-9 for simplicity we present only quantities
@a/_eraged in space at= 700 pc.

Tables 1 and 2 show the mean values and the standard
viations of the chosen quantitiesyy, ¢, @z aﬁx andnt av-
eraged over the whole time period, for the runs B1 and D1,
spectively. The calculations with high resolution are present
The experiment with a smaller number of harmonic compo- Figure 7 presents the time evolution of two dynamo coef-
nents of the velocity perturbations B1 has (in most casdiients: axx (the left panel) andy,, (the right panel) for the
higher mean values of almost all dynamo componentsakpr model B1 (solid lines) and B2 (dashed-dotted lines). The ex-
we have the mean value of about 16 krhatz = 700 pc. periment B2 yields the maximum afy about 1.2 times higher
The model D1 yields the meany of about 12 kmst. Both than the extremum for the model B1. It is shifted 200 Myr later.
runs give the standard deviation almost twice as large as e coeficientq,, in the simulations B2 (dashed-dotted line)
mean values ofrix. The mean values and standard deviatiormdso shows the highest peak shifted to 800 Myr, but its
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maximum value is about two times smaller than in tha&dditionally oure,, changes sign over a time scale of 100 Myr.
model B1 (solid line). The situation is similar far,,, The The component,, (a,) is essential for thew-dynamo work-
model B2 (dashed-dotted line) with a two times lower inpumg in galaxies, producing the radial component of the magnetic
magnetic fields shows 10 times smaller oscillations than the riigld. This component gives rise then to the azimuthal field due
B1 (see Fig. 8, the left panel, solid line). The situation#er to the diferential rotation of the galactic disk. Our resulting
(Fig. 8, the right panel) is alsofterent to our previous simula-is certainly too small to build féective dynamo action in the
tions B1. The diusion codicient for our new experiment B2 galactic disk. Such a value of, (estimations from the clas-
(dashed-dotted line) shows only one peak reaching the vasieal dynamo give a value of 1 k' Ruzmaikin et al. 1988)
of about 24 x 10?6 cn? s~ at 800 Myr. This value is slightly is caused by the low value of the radial veloaity(see Fig. 6,
smaller than the second maximunmmgffor the model B1 (solid left), which is much smaller than the other velocity compo-
line). nents (see Kowal et al. 2003a). This velocity is responsible for
Figure 9 compares the time evolution of the antisymmaet;, (see Eq. (5)). The rest of the dynamo components also have
ric part of thea-effect: the components,, (dashed lines)y,x terms withoutuy. This small velocity value is caused by the
(dashed-dotted lines) and combinej;{ (according to Eq. (6), character of gas motions in the Parker instability, which allows
solid lines) for cases of the strong (B1) and weak (B2) initidbr the gas flow along magnetic lines of force — alongYremd
field. The model B2 is presented in the right panel of the fig direction in our case. Across the magnetic field lines the gas
ure, the run B1 in the left one. All presented quantities froffow is limited (see Kowal et al. 2003a). This means thgt
the new simulations B2 have the maxima shifted to 650 Mgtrongly depends on the geometry of the initial magnetic field.
in comparison with the simulations B1. The peaksagf is The next important problem is the compatibility of the ob-
1.2 times higher than the equivalent maximum for the expetaineda codficients with the results of Paper |. Our simulations
ment B1, whileajx is about 1.4 times higher than in the othemade in Paper | yielded a quite significant radial compoBgnt
model. These dierences are absent fop, which has only a after 500 Myr of MHD evolution. This means that this compo-
slightly smaller amplitude of oscillations. nent can be converted by the shear to the azimuthal one, am-
plifying the magnetic energy (yielding of small-scale dynamo
action). In Paper |, due to the lack of the shearing process we
have not obtained the amplification of the magnetic field en-
Our model shows that both cfieients axx and a,; possess ergy so far. We expect we will detect it when we incorporate
quite big peaks (positive or negative), much higher than this process into our model. The very crude estimation of the
models assuming the quenching of the magnetic field by turtualue of the &ective locaky,,, which is necessary to get a sig-
lent motion (Ziegler 1996). The time-averaged value of the finsificant radial component and is computed from the dynamo
codficient is also high with a mean value of about 16 kh's equation, gives the value of about 6 kM stz = 0 pc (after
Ferriére in her papers computed the value of four dynamo co&60 Myr). We apply here 6 cn?s™* as the mean value of
ficients, similar to our present study. Her semi-analytically olthe difusion codicient. The large-scale value (computed from
tained gquantities averaged in time and space have a maximiq (5) and averaged over time) @f, from the present calcu-
of 6 kms™ for a; (axx in our case) and 2 knts for a,,. The lations at lowerz is much smaller (see Table 1). A= 100 pc
calculations were made without any assumption of the mage locale,, is about-3 kms?, atz = 200 pc: 1.5 kms! and
netic field quenching. The full 3D MHD simulations with theabove 400 pc this quantity decreases to about O Rmikhus,
magnetic field response to the gas flows were done by Zieglee so-called gective locale,, has its maximum near the bot-
(1996). Due to the estimation method used in his model (the dgm of the cube opposite to the large-scalg which has a
namo coéicients were calculated from EMF), values of onlynaximum value at 700 pc, in agreement with the extremum of
three dynamo components were computed. The peak valughef mean square velocity components (see Fig. 6, left). The un-
azz Was very small in comparison with our results, with thexpected small value af,, from our approximations could be
maximum of about-2 mst. The negative value of that com-explained by the fact that the nonlinear flows of gas respon-
ponentin the Ziegler (1996) simulations was in agreement wifble for the local dynamos are not always directly connected
the classical dynamo theory. The high value@fin our model to the large-scale magnetic field amplification (see Brummell
allows for direct amplification of th&, (Bs) magnetic field et al. 2001, Sect. 1) or that the applied classical approxima-
component according to Eqg. (2) and could yield a so-call¢idon of the dynamo cd&cient a (Eq. (5), Mdfatt 1978) is
?w-dynamo (see also Ziegler 1996; Matt 1978). Oura,, only the kinetic part of the full quantity taking into account
codficient changes sign from plus to minus resulting in quitglso its magnetic part (see Kleeorin et al. 2003; Blackman &
low mean values, between 0.48 km §B1) and 2 kms! (D1) Brandenburg 2002; Rogachevskii & Kleeorin 2001; Kleeorin
with o of the order of 20 kmd. & Rogachevskii 1999). This problem will be a subject of our
The component,, in our present study has a much smalldurther considerations. To better understand the physics of the
mean value (e.g. 0.14 km'sfor B1) than 2 kms! obtained dynamo co#ficients we plan also to perform future calcula-
by Ferriere (1998). On the other hand, ayy, is much higher tions with the initial magnetic field inclined to the azimuthal
than this co#icient calculated by Ziegler (1996). His modedirection in order to get the radial component of the field,
yields only 2-6 m s'1. Brandenburg & Donner (1997) obtainedvhich is more realistic for galactic disks. The shearing pro-
also rather small value of this component, about 0.1'm scess connected to the presence of tiEedintial rotation will
or even smaller, recalculating their values to galactic unitse included as well. Brandenburg & Donner (1997) found that

6. Discussion
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shearing was the most important process to study, as it ha@llas fact remains in agreement with our expectations that a
profound éfect on the sign and value of;. smaller number of perturbations should be more rapidly dis-

In the classical dynamo theoty, should be negative in the Sipated. A smaller number of small-scale gas motions in the
upper part of the galactic disk. Our model shows that the si§fginning also gives the possibility of a slightly higher growth
can change in time and this was also obtained by Brandenb@f#e dynamo tensor components for the case B1 than D1 (see
& Donner (1997) in the calculations of the localized ISM witfables 1 and 2, respectively).
the assumptions of quenching and shearing. Brandenburg et al.The results of the computations of the model B2, with a
(1995) from the cube simulations also get negative values of two times weaker initial magnetic field than the models B1 and
in the upper disk plane. They conclude that tiEeet of a D1, shows that all selected dynamo components redierei
single eddy cannot be explained in a static description of teetly to the magnetic field strength change (see also Ziegler
so-called “Parker loop”, but this process should take into at996; Blackman & Brandenburg 2002; Ossendrijver et al.
count dynamicalects of the loops growing in thedirection, 2001, 2002). The cdcientsaxy, ax, and ajy reach some-
which is a case in our model. In our opinion the EMF forcayhat higher maxima if we decrease the initial magnetic field.
which is changing over time, could give such results in a tuFhe rest of the dynamo cfizients decrease their value if the
bulent medium even with quite strong helicity. Theoretically iwveaker initial magnetic field is adopted. These results are partly
is known that the components @fcould have an opposite signin agreement with results obtained by Ziegler (1996), in which
to that expected, if the line of force is tangled more thatur- the antisymmetric part o& is higher than the rest of cie
ing one turbulence life time (Parker 1979). Two complicateglents for the experiment with decreasing strength of the initial
terms in everyr“codficient (Eqg. (5)) implies that the real be-magnetic field.
havior of the dynamo cdBcients is more complex than one
could expect from classical dynamo models (Ruzmaikin et al.

1988), so a static explanation is no longer valid. In a later p4- Conclusions

per_Brandenburg& Schmitt (1998) showed th_a_tdu_eto the maIﬁ'the present paper we have demonstrated that the Parker in-
netic buoyancy the-effect appeared to be positive in the north-

: ) stability developing in the local galactic medium leads to flows
ern hemisphere, however they computed its value only durmﬁ/. . ;
) ) - giving rise to a substantial-effect. Our model allows for the
the growing phase of instability. ? : o
L ) _ . time and space evolution (along tedirection) of the cho-
For the first time in studies concerning the galactic dynam@y, 4ynamo cdtcients defined as the tensors. This is a new
we obtain two dynamo cdicients connected with the buoy-pq important way to obtain realistic dynamo fiagents and
ancy mechanismy,x anday,. Both experiments: B1 and D1 gy rgle in the mean magnetic field evolution in galaxies and
yield quite diferent time evolutions of these quantities (Segiher astrophysical bodies (see also Blackman & Brandenburg

Fig. 5). This fact is in agreement with our expectations thQBOZ)_ Our key results can be summarized as follows:
the small-scale gas motions are highly anisotropic and the anti-

symmetric part otxjx exists (given by Eq. (6)). The models pre-
sented so far (e.g. Ziegler 1996; Brandenburg & Donner 199
Brandenburg & Schmitt 1998) always assumed that turbulences
were isotropic andy, = a,x. The componerrtjx is responsi-

ble for magnetic field transport outwards of the galactic disk i
theZ direction (see Ossendrijver et al. 2002; Ziegler 1996). So
in our calculations instead Mesc = a,x We identify Vesc with

aﬁ‘x (Vescas in the Fergte papers). We obtain a quite small an-
tisymmetric part ofz, (the mean value is about 1 km'$, by

one order smaller than in the Fenrg (1993a,b, 1998) models.
This fact opens the possibility of an additional magnetic field
amplification in the disk, however we need stronggy (see

:}_. The numerically computed EMFs obtained from small-

' _scale gas motion averaged in planes parallel to the galac-
tic one evolve in time with strong fluctuations of all ¢he
cients of the dynamo tensor.

The time-averaged values @f;, as well as the peak value

of a,, are higher than in the SN numerical models, es-
pecially if quenching is taken into accoumt,, oscillates
between positive and negative values. The time-averaged
mean value ofy,,, which is crucial in the large-scale dy-
namo process, has a much smaller mean value than the first
described cocients. The future inclusion of the radial
component of the magnetic field and théfeliential rota-

Sect. 1)'. . ) ) . tion in our model could probably increase this component
~ Oursimulations resultin a time-averaged value of thiueli - of the g-tensor. For the first time in galactic models two
sion dynamo coficientsr of the order of 18 cn? s, which dynamo coficients connected with the buoyancy force are

is in a very good agreement Wi_th the value obtained in the tur- calculatediry, anda,x. Both quantities show quite fiier-
bulent dynamo theory (Ruzmaikin et al. 1988). ent time evolution, which means that the small-scale gas

The maximum of all dynamo cdiécients and the square  motions are fully anisotropic and it is necessary to com-
velocities is placed around 700 pc, where all the quantities have putea?x (not only e, as in other simulations). The small
the highest peaks. This fact is connected to the character of theyglye of aﬁx obtained causes that the buoyancy mecha-
Parker instability process which has high extension above the nism slowly takes the magnetic field away from the galactic
disk plane, as was also found by Moss et al. (1999). plane.

The saturation time for the small-scale motion flows in th8. In both experiments the time-averaged mean value of the
model B1 with a low number of harmonic components of the diffusion codficient is of the order of 13§ cn?s™1, in good
velocity perturbation is by 100 Myr shorter than for the run D1. agreement with the classical dynamo theory.
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4. The model with a smaller number of harmonic componerkieorin, N., Moss, D., Rogachevskii, I., & SokdipD. 2003, A&A,
of the velocity perturbations exhibits a shorter saturation 400, 9

time (by 100 Myr) than the experiment with more compd(leeorin, N., Moss, D., Rogachevskii, I., & SokdiipD. 2002, A&A,
nents. 387, 453

5. The value of the dynamo cfiieients have their peaks at</e€orin, N., Moss, D., Rogachevskil, I., & SokdipD. 2000, A&A,

’ = 361, L5
about 700 pc above the disk plane, resulting in a large vese o 50 o 2o oo chevskii, 1. 1999, Phys. Rev. E, 59, 6724
tical extent of the dynamo céicients.

g . Konz, Ch., Wiechen, H., & Lesch, H. 2000, Phys. Plasmas, 7, 5159
6. The dynamo Cd_ﬁ(?'?nts react !n q dierent way to the Korpi, M. J. 1999, Ph.D. Thesis, Oulun Yliopisto, Finland
change of the initial magnetic field strength, as W8%rpi, M. J., Brandenburg, A., Shukurov, A., Tuominen, I., &
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