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ABSTRACT

Aims. Nonlinear behaviour of galactic dynamos is studied, altgafor magnetic helicity removal by the galactic fountaimilo

Methods. A suitable advection speed is estimated, and a one-dimaadsicean-field dynamo model with dynamieeffect is explored.
Results. It is shown that the galactic fountain flow iffieient in removing magnetic helicity from galactic discsisTalleviates the constraint
on the galactic mean-field dynamo resulting from magnetiicibe conservation and thereby allows the mean magnetid fie saturate at a
strength comparable to equipartition with the turbulenekic energy.
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1. Introduction lical magnetic fields with the opposite sign of magneticc¢igfi

Unless the small-scale magnetic field can be transportedfout

The major controversy in mean-field dynamo theory is rgse system, it quenches theeffect together with the mean-
lated to its nonlinear form relevant when the initial expoti@ o dynamo.

growth of the large-scale magnetic field saturates and tlek fie Blackman & Field [2000) first suggested that the losses

reaches statistical equilibrium. The core of_thg probleitinés of the small-scale magnetic helicity through the boundiaoie
effect of the small-scale (turbulent) magnetic field on the evho dynamo region can be essential for mean-field dynamo ac-

lution of t_he Iarge—scale (mean) magnetic field. It has been flon. Such a helicity flux can result from the anisotropy o th
gued (Vainshtein & Cattanéo 1892, Cattaneo & Hudhes!199g)) 101 ce combined with large-scale velocity shear (Misb
that the Lorentz force due to the rapidly growing small-sca Cho[2007, Subramanian & Brandenbiifg 2004) or the non-
magnetic fieldb can make the large-scale dynamo action ine&'niformity of the a-effect (Kleeorin et al 5000)_ Theffect
fi(;ient solhat it produces only a negligible mean fiBldwith of the Vishniac-Cho flux has already been confirmed in sim-
B” ~ R.'b?, whereR,, (> 1) is the magnetic Reynolds num-ylations, allowing the production of significant field,~ b
ber. Here and below, overbars denote averaged quantities(Hrandenbur§ 2005).
particular, ther-effect (a key ingredient of the mean-field dy-  Here we suggest another simple mechanism where the ad-
namo) is catastrophically quenched well before the lagdes yection of small-scale magnetic fields (together with the as
magnetic field can be amplified to the strength observed in aggiated magnetic helicity) away from the dynamo region al-
trophysical objects3 ~ b. lows healthy mean-field dynamo action. Thigeet naturally
The suppression of the-effect can be a consequence of tharises in spiral galaxies where magnetic field is generated i
conservation of magnetic helicity in a medium of high eliectrthe multi-phase interstellar medium. The mean magnetid fiel
conductivity (see Brandenburg & Subramariian 2005a for a ig-apparently produced by the motions of the warm §4s3(in
view). In a closed system, magnetic helicity can only evolvBeck et al[1996), which is in a state of (statistical) hytktis
on the Ohmic time scale which is proportionaRg; in galax- equilibrium with a scale height di ~ 0.5kpc (e.g. Korpi et
ies, this time scale by far exceeds the Hubble time. Since #ig1999). However, some of the gas is heated by supernova ex-
large-scale magnetic field necessarily has non-zero teliti plosions producing a hot phase whose isothermal scale theigh
each hemisphere through the mutual linkage of poloidal ajsd3 kpc. The hot gas leaves the galactic disc, dragging along
toroidal fields, the dynamo also has to produce small-saale the small-scale part of the interstellar magnetic field. S hu
the disc-halo connection in spiral galaxies representschaze
Send offprint requests to: anvar.shukurov@ncl.ac.uk nism of transport of small-scale magnetic fields and srales
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magnetic helicity from the dynamo active disc to the galadensity and velocity, respectively. A gauge-invariant metie
tic halo. As we show here, this helps to alleviate the catdselicity density y can be defined fob as the density of corre-
trophica-quenching under realistic parameters of the interstédted links ofb using Gauss’s linkage formula (Subramanian
lar medium. & Brandenbur@ 2005). Such a definition can be introduced for
random magnetic fields if their correlation length is finiteda
much smaller than the system size. The helicity deraitp
defined with the Coulomb gaug¥®,- a = 0, is only approxi-
The hot gas produced by supernovae cannot be confined tortfaely the same gg. In the presence of a helicity fluk, the
galactic disc and therefore it is involved in systematictiver magnetic helicity density for the small-scale field evolass
cal motions. The gas flows to the halo where it cools and caisubramanian & Brandenburg 2005)
tracts at a height of several kiloparsecs and then falls down 5
the disc in the form of cold, relatively small clouds, forgin - +V - F = -2&- B-2yj-b, 2)
what is known as the galactic fountain (Shapiro & Field 1976,
Bregmari_1980). The initial vertical velocity of the hot gas iwhere& = U'x bis the turbulent emf anglis the Ohmic mag-
U, = 100-200 km st (Norman & lkeuch[I989), Kahn & Brett hetic difusivity. (We use units wheré = V x B.) In the steady
1993, Avillez & Berry[Z001). state, Eq[R) yield§ - B = ~3V-F-nj- j - b. Without a helicity
The fountain flow drives gas mass flux from the dist= flux, &- B = —7] - b follows, WhICh vanishes ag — 0 for any
2nR%pn fu, through both surfaces, whefds the area covering reasonable spectrum of current helicjtyb so thatj - b o ~*
factor of the hot gaRR ~ 15 kpc is the radius of the galactic disavith « < 1. In the presence of helicity fluxes, howevér, B
with vigorous supernova activity, aggl ~ 1.7 x 1072’ gcnr3  needs not be catastrophically quenched as 0.
is the hot gas density. A lower estimate of the area covering We study the ffects of the simplest contribution to the flux,
factor is given by the volume filling factor of the hot gas a th
disc midplanef = 0.2-0.3 (e.g. Korpi et al._1999), because

the scale height of the galactic disc is comparable to theeafiz Which arises from the netfiect of advection by upward and
the hot cavities. This yieldM ~ 1.5M,yr ! (cf. Norman & downward flows (cf. Subramanian & Brandenburg 2005) dom-

Ikeuchi’I989 who obtaiivl = 0.3—3M, yr1). inated by the upward flow in the case of galactic fountaing Th

The dynamo model discussed below refers to quantities @verall gfect of the resulting helicity advection from the disc
eraged over scales exceeding the size of the hot cavitids, 8hthe galaxy is not immediately obvious since the flow can
so it treats the multi-phase interstellar medium in an ayeda also remove the mean magnetic field from the dynamo-active
manner. Then it is appropriate to introduce dieetive foun- region. To reveal the netiect of the fountain flow on the dy-
tain speed as the one that drives the same mass flux as atitaf@0 we solve the helicity equation simultaneously with the
by advecting the diuse interstellar gas at its mean densitynean-field dynamo equation,
p=17x102gcnt3 (i.e. number density of.@ cnT3) 5B o _

— =Vx(UxB+&-nJ). 3)
Uo= fu, 2 ~ 1-2kms? 1 o
P We adopt§ = oB — nJ (assuming isotropic turbulence) and

and less for largep (say, 0.3-07 km s for the gas number takea = ax + am (following Pouquet et al._1976), wherg
density of 03 cn3). Given the uncertainty of the magnitude ofepresents the kinetie-effect,am = %P_lTJ bis the magnetic
f (e.g.,f = 0.1in the model of Norman & lkeuchi 1989), thecontribution to thex-effect, andy, = §Tuz
rangeUp = 0.2-2kms* seems to be plausible. The dynamics o, is controlled by Eq[02). We argue that
The hot gas that leaves the galactic disc carries magnektie main contribution tay,, comes from the integral scale of
fields of scales smaller than the size of the hot cavitiesH0.the turbulencdy = 2r/ko. For Kolmogorov turbulence, we
1kpc); these are mostly turbulent magnetic fields (of scéleshave the following spectral scalingk - by o kbﬁ « k3 and
100 pc). The time scale of the removal of the small-scale mag-« k=23, so thatay, « k™1/3. Moreover, numerical results of
netic fields is of ordeh/Uq ~ 5 x 10yr (with h ~ 0.5kpc the Brandenburg & Subramanian (2005b) indicate that gvemis
scale height of the warm gas layer which hosts the mean-figieminated by the larger scales. This justifies the estimate
dynamo), which is comparable to the turbulerffubion time
of the mean fieldh?/n, ~ 8 x 1P yr, with 1, = 10°6cnmP s the a@m = 37 7k§
turbulent magnetic dliusivity. Hence, the leakage of the small-
scale magnetic helicity produced by the galactic fountain cWith B, = pu? andRn, = /7, we then rewrite EqIJ2) as (cf.

2. The disc-halo connection in spiral galaxies

b}

o
‘OI><

significantly dfect the mean-field dynamo. Blackman & Brandenburig 2002, Subramariian2002),
6am _ 2 8 . E am .
3. Magnetic helicity balance with fountain flow ot _Zn‘ko( BZ, + ﬁ) -V (amU). (4)

In the following we use, wherever appropriate, lower casgch  Since galactic discs are thin, itffiges to consider a one-
acters to denote random, small scale quantities definedeasdimensional model, retaining only tizederivatives of the vari-
departure from the corresponding mean, eg= A - A, ables (Ruzmaikin et a[._1988). In terms of cylindrical coor-
j = J—-Jandu = U - U for the vector potential, currentdinates {, ¢, 2), we adopt a mean flow consisting of rotation
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(shear) and vertical advection, with = (0,U,,U;), where ' '

U, = Upz/h within the disc. We usex = agz/h. The mean-

field dynamo equation, in cylindrical coordinates, becomes .

9B i ya—— B

Tt = 5z (0B 8t © |

8§¢ (3 — = 82§¢ — —_—

ot = _a_Z(UzB¢_8r)+77ﬁ +0Q0obBr, (6) 'E 1g—i \ _
10-

whereq ~ —1 for a flat rotation curveQ o« r71, andQq is [ 1078 Y\ Cy=0

the local rotation rate. We solve Eq3 (£}-(6) with the boupda 1078F 0 50 100150 | ) l

conditions ! LW

B =B,=0 atz=zh (7) 0 50 100 150

y M ki® t
We adoptay, = 0 att = 0, and a symmetry conditian, = 0

atz = 0 follows automatically from the symmetry &; the . _ . .
two conditions result in a unique solution of EGl (4). (Thisre Fig.1. Evolution of the field strength a = 0 obtained by
no need to be specify separately atz = +h.) We introduce solving Eqgs [#)-7) with vertical advection (solid lin@y =

dimensionless numbers 0.3) and without it (dashed lin€y = 0), forCq = -2,C, =1
Uo Qo . andR, = 10°. The dynamo is neutrally stable @, = 0.26

Cu=—-, Co=—3, Cy= " (8) for Cy = 0.3 andCqy = 2. The dotted curve, obtained for
mka kg L Cu < 1, shows that even weak advection céiieet the long-

wherek; = n/h. For the fiducial value$ = 500pc,U, = term evolution of magnetic field. ForyC= 0, nonlinear €ects

0.2-2kms?t, Qp = 25kmstkpc?, ap = 0.5kmstandy, = mMake thex profile flatter at smallz; this causes an oscillatory
10?6cm?s™1, we haveCy = 0.1-1 Co ~ —2 andC, ~ 0.8. We decay of the field. The inset shows similar results for €£0.1

useko/k; = h/lp = 5 as appropriate for the galactic disc, anfsolid), 15 (dashed), 2 (dotted) and 3 (dash-dotted).
present our results in the units of

Beq~ 5uG and (k?)™ ~8x 10" yr field is removed too rapidly from the dynamo active region. A
od compromise between rapid growth and large saturation
Id strength is reached f&@y ~ 0.1, which is close to the
values expected for spiral galaxies.

Modest advection does not noticeabliest the spatial dis-
tribution of magnetic field. The profiles &; andB, shown in
4. Results Fig.[d for the steady state do notfgir much from solutions of
- . . . he kinematic dynamo equations (cf. Ruzmaikin e{_al._1988).
We c.:ompare m_led]l the evolgtzmr], with and without the a "he corresponding profiles @f and ay, shown in the lower
vective flux, of(B")/BZ, where(B") is the mean square of thepanel, indicate that the suppressioneoin stronger near the
large-scale magnetic field over the range< h. The solutions gjgc midplane (at sma), where magnetic field is stronger.
are non-oscillatory and have quadrupolar parity; they g@w  The steady-state strength®f can be estimated from mag-
Co > 021if Co = -2 andCy = 0. For the fiducial param- netic helicity conservation. Averaging E@l (4), withm/dt =

eters, thee-folding time of the dynamo is about-310° yr for 0, overzon 0 < z < h (with the mean denoted with angular
Cu £ 0.3. Inthe absence of an advective flux, the initial grOWtBrackets) yields
of magnetic field is catastrophically quenched and the targe
scale magnetic field decreases at aboutthe same rate as.itg(g€ - B)  (am) am(h)U(h)
The initial growth occurs while the current helicity buildp to B2 + R 277tk5h =0, ©)]
cancel the kinetie-effect. However, even a modest advective
flux (Cy = 0.1) compensates the catastrophic quenching of teiace U,(0) = 0. For the adopted boundary conditiol$ (7)
dynamo and the mean field energy density stays steady at atame|B,| < |B|,|B,| within the disc, it is meaningful to cal-
102BZ, which corresponds to the field strength of about 10%ulate magnetic helicity within the disc only. Advectioneso
of the equipartition value. not afect helicity conservation, which then implié3 - B) ~

We illustrate in the inset of Fi§l 1 thefect of varying the k2(A-B) = —k2y. Given thai& - B/BZ; = (ak + am)(B/Beg? +
strength of the advection velocity on the dynamo. The steady, (k;/ko)2, and assuming thaix + am = ac, wherea, corre-
state strength of the mean field grows with as the advection sponds to a marginally stable dynamo, Eg. (9) yields the fol-

strength increases to abadg = 0.3. For stronger advection, jowing estimate of magnetic field strength in the steadyestat
Cu = 0.5, the mean field initially grows slower but still attains

a steady state strength slightly exceedintBg, Stronger ad- — ky (D 1/2 o
vection,Cy > 1, afects the dynamo adversely since the mean™ Bqu Do~ 1| C77,

- . . 0
for magnetic field and time, respectively (where gas numb%é
density of 1cm® and the turbulent velocity of 10 kmshas
been used ifBeg).

(10)
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We have neglected the intrinsididirence of the behaviours

0.00 2 of the mean and turbulent magnetic fields near the disc sur-
—0.05¢ face. Since the horizontal size of the hot cavities is latigan
—-0.10 : the scale of the turbulent magnetic field but smaller than the
~0.15 scale of the mean magnetic field, the Lorentz force can resist

the advection of the mean field morgieiently than that of the
turbulent field. Furthermore, large-scale magnetic fielopko
drawn out by the fountain flow can be detached from the par-
ent magnetic lines by reconnection, so that the flow will zarr
mostly small-scale fields. Therefore, a more plausiblegjalb
less conservative) model would include advection of thellsma
scale (but not the large-scale) magnetic field. In such a inode
the dfect discussed here can be even better pronounced.
Brandenburg et al[ {1905) argue that the fountain flow can
transport the large-scale magnetic field into the halo byp+top
logical pumping if the hot gas forms a percolating cluster in
the disc and if the turbulent magnetic Reynolds nun@®gin
the fountain flow exceeds 20; our estimate given below is
_ _ Cu < 1, and we expect that the small-scale magnetic fields are
Fig.2. Plots of By and B; (upper panel) and (solid), am removed from the disc mordfiziently than the mean field.
(dashed) an@k (dotted) (lower panel) versusin the steady The idea that advection of small-scale magnetic fields can
state forCy = 0.3,Cq = -2,C, = 1,Ry, = 10°, andk; = n/h.  help the galactic dynamo may be more robust than our partic-
ular model of dynamo quenching that involves the magnetic
: . . a-effect. For example, if the dynamo dtieients are quenched
whereD = C,Cq s the dy”agno ””;“ber ar 1S its marginal due to the suppression of Lagrangian chaos by the sma#-scal
value, and = 1+CU/(2”)_+k0/(Rmkl) = O(1)- With ks /ko = 5 magnetic fields (Kim_1999), their advection out of the galaxy
andD = D¢, this impliesB = 0.2Bgq in rough agreement with || still allow the dynamo to operateficiently.
the numerical solution. We note that E](10) does not apply
for |D| > |D.| because our arguments are only valid for weakWKcknowledgements. We are grateful to David Moss for helpful com-
nonlinear regimes. ments. KS acknowledges the hospitality of NORDITA. This kvaras
supported by the Royal Society, RFBR grant 04-02-16094 HiAS
grant 2021.
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