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Abstract. We show that radial flows (directed either inward Disc dynamos with a radial velocity were considered by
or outward) suppress mean-field dynamo action in a thin digtudritz (1981a,b), Stepinski & Levy (1990) and Mangalam &
Under conditions typical of spiral galaxies, the reduction in tHeubramanian (1994a,b) in the context of accretion discs. Man-
growth rate of the large-scale magnetic field can reach 25-30§alam & Subramanian solved an equation similar to [EG. (11)
The dynamo-generated galactic magnetic fields themselves bafow, but paid no attention to the specific effects of radial mo-
drive radial flows at a rate of ordér1 M. yr—!. These radial tions on the dynamo efficiency.
flows can contribute to the saturation of the dynamo action to- Accretion flows driven by dynamo generated magnetic
gether with other nonlinear effects. We also present argumetiisids, and axisymmetric mean-field galactic dynamos with ra-
and an illustrative computation, to support the view that in thdal inflow were discussed byiRliger et al. (1993) who obtained
inner regions of barred galaxies the magnetically driven masasvard velocities of the orddrkm s~ or less (assuming a speed
accretion rate may be substantially larger than the above esfisound of10 km s—!) and argued that the sign of depends
mate due to deviations of magnetic field from axial symmetrgn the field parity — even or odd in (It is not quite clear to us
The magnetically driven inflow rate in barred galaxies can reaalny the sign of,. can depend on the field parity since magnetic
about3 Mg, yr—1. stress is quadratic in the field.) However, these authors neglect
the contribution tav,. of the gravitational torques from galac-

Key words: accretion, accretion disks — magnetic fields — ISMic spiral arms, which is expected to be dominant (see Bect. 2).
magnetic fields — galaxies: magnetic fields Their numerical model did not allow these authors to isolate
the effects of the radial motions on the dynamo, which are our
subject here.

Radial inflow has been invoked to explain strong vertical
1. Introduction magnetic fields observed in the Galactic centre by advection of

Radial inflow is a generic feature of astrophysical discs, bothqr{rozen-in exte.rnal magnetic field by an accretion ﬂQW (Chan-
spiral galaxies and in the accretion discs around young stars 3 €t al- 2000; Sofue 1987). However, the assumption of ideal
in active galactic nuclei. Accretion arises from the angular mYiHD used by these authors is highly controversial when ap-
mentum transport by viscous and magnetic stresses, winds Bligf 10 @ large-scale magnetic field in a turbulent galactic disc.
from nonaxisymmetric gravitational torques, e.g. from galacti e advection of external magnetic field through a turbulent, dy-
density waves and/or bars. namo active disc will be addressed elsewhere (Moss & Shukurov
The effects of the radial inflow on the regular galactic ma&_OOO). . . . ) ) .
netic field can be significant. Ruzmaikin (1976) (see also Ruz- ' this paper we include radial motions in a galactic dynamo
maikin et al. 1988, Sect. VI.10) argued that the inflow drivefiode! and demonstrate that they tend to suppress dynamo ac-
by energy dissipation in spiral shocks can lead to an enhant@0- Without any significant field at infinity (the appropriate
ment of the galactic magnetic field due to the compression te?ﬁnd't'o_n fpr a dynamo system), th? dynamo has to replenish
B(V - v) in the induction equation, but concluded that the ef'@gnetic field advected by the radial flow away from the re-
fect is of at most marginal importance in real galaxies. Chiba®0n Where it is generated most efficiently; this hampers the
Lesch (1994) developed this idea further and claimed that fy@mo action. Magnetic field compression, described by the
dial inflow can significantly enhance (if not explain completel rmB(V ~v)in Fhe induction equation cannot _coulnterbalance
magnetic fields in galaxies. We show here that radial flows 'S effect. A not|.ceable eff.ect.of the compression is to prqduce
fact hinder dynamo action, and so any enhancement of this tfpéhafpef peak in magnetic field strength at smaller radii. We

can only be possible as the result of magnetic field transpGfNSider kinematic mean-field dynamo models and only briefly
from infinity, rather than as the result of dynamo action. discuss nonlinear behaviour. We often use values of relevant

parameters that are roughly appropriate for the Galaxy. How-
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ever, our results are directly applicable to accretion discs after -1 M
obvious modifications Y e vy = ~Ldkms et —Re) [ — =] @
) R@ 1 ]\/.[@ yr

_ o _ Barred galaxies are notable for stronger radial flows result-
2. Radial flows in spiral galaxies ing from pronounced deviations of the stellar mass distribution

A major mechanism of accretion in spiral galaxies is the noffom axial symmetry in the bar region. These result in mass in-
axisymmetric gravitational torque produced by stellar densiipW at arate of 24 Mg yr~! (Athanassoula 1992); in the inner
waves, which results in an accretion rafe= 0.2-0.3M, yr—!  Parts of the bar 5 1kpc, magnetic stress may play ale in
(Lubow et al. 1986), corresponding to a radial velocity d;nvmg the inflow (Beck et al. .199.9). Inflow at th!s rate may
v, ~ —0.4kms~! near the Sun. The viscous stress (Lyndeﬁ_lgnlflcantly affect dynamo action in barred galaxies, although

Bell & Pringle 1974) provides\I = 47vo ~ 0.05 Mg yr—!, Stronger shearing of magnetic field by nonaxisymmetric flows
wherev ~ 1026 cm?s~! is the turbulent viscosity and ~ typical of barred galaxies can alter the nature of the dynamo

13 M, pc—2 is the gas surface density (with equal contrib2ven more profoundly.
tions from the cold and warm phases of the interstellar medium
and4 M pc—2 from molecular hydrogen) (cf. Sanders et aB. The effect of accretion flows on disc dynamos

1984, Lacey & Fall 1985). Stress due to the random magnetic,, . . . .

) . . . IR this section we extend the standard asymptotic analysis for

field plausibly provides an inflow rate comparable to that of ; . L . .
an-field dynamo in a thin disc, valid for small aspect ratios

: m
the viscous stresses. Stress produced by the regular magr}\eﬁc h/ro, 1o include the effects of a prescribed radial flow
field drives inflow ata ratd/ = B, B, H/Q ~ 0.06 Mg yr~*, . y L o

where we have takeB, — 5 uC, B, /By = 1/4, H = 200 pe Hereh andr, are the semi-thickness (assumed for convenience

(an effective scale height of the gas in the warm and cotl% be uniform) and characteristic radius of the ionized gas disc,
phases), and? — 220kms-!/8.5kpc. Thus, gravitational respectively. (Note that ~ 500 pc is significantly larger than

. : .. the scale height of the denser, neutral components of the inter-
torques would appear to be the major mechanism driving in- . i
. . stellar gas whose effective scale heightds~ 200pc.) The
flow in the Solar vicinity. g : o
. . C . analysis is presented in Chapter VII of Ruzmaikin et al. (1988),
One more source of radial flows in the galactic discs, impor- ; : . :
ﬁnd we only give an outline here and focus on the inclusion of

tant for the chemical evolution of spiral galaxies, is the infa . >
; a radial velocity in the model.

of metal-poor gas that has angular momentum different from The standard mean field dvnamo equation is

the local equilibrium value in the disc (Mayor & Vigroux 1981; y q

Lacey & Fall 1985; Pitts & Tayler 1989, 1996; Chamcham & B

Tayler 1994). The resulting radial velocity within the Solar orbitt

can be of ordep, ~ —1kms~" (Lacey & Fall 1985, Pitts & wherea andy are the usual mean field coefficients quantifying
Tayler 1996). the alpha effect and turbulent magnetic diffusion, arahd B
Sakhibov & Smirnov (1987, 1989) have analyzed gas Vgre the large-scale velocity and magnetic fields. We write
locities in a few_s_piral galaxies, inferring inflow at azimuthallx,Q(r)g) + v, (r)7, with respect to cylindrical polar coordinates
_?]"T\;Ziied veIomtllzskof 3 ;{(3_13311;1115; :tga:eg_gggj( (r, ¢, 2). Only axisymmetric solutions will be considered, so
: ) Up = —I0XKIMS "= axpel Y thatd/d¢ = 0. Inthis case we can pB = Byp+V x (A, ).
NGC 925, and an even stronger inflow in NGC 6643 (Sakhi- Eé. [2) is nondimensionalized in the c%nventioﬁlaiﬁm)amner

bov & Smirnov 1990); an outflow at a velocity3 kms~! at ( o . . .
: . cf. Ruzmaikin et al. 1988) by measuringr andt¢ in units of
r = 4kpc was found in the galaxy NGC 2903 (Sakhibov , 7o andh? /i respectivelyy,., Q anda are measured in units

Smirnov 1990). These velocities are noticeably larger than th%?% pical valuesy, Q, anday. We also define a unit magnetic
implied by the above estimates. Persistent inflow at a velociiy,\"s "2 4 unit \%ct(:)r poteoﬁtidR Boh (with Ry, = agh/)

—1 H H « o T ’
of the order ofL0 kms™" would result in an accretion rate Ofso that Eq.[(R) then splits into the following two scalar equations

1 : : X
about}?]]V[l@ gr V\:'th as_,rsk?mat?d deplejon of thf |lr{1te(s_t1ella(n terms of the dimensionless variables where, for convenience,
gas within10” yr or less. The values af. = —(0.5—1) kms we use theww approximation:

resulting from theoretical estimates discussed above appear to

=Vx(vxB+aB—-nV xB), (2)

be more plausible for galaxies where deviations fromaxial syd3s ;04 . By 20 12(7&3 )

metry are not strong. However, radial velocities of order 10-9¢ 9 0z 022 or |ror ¢

30kms~! or more may occur in a galaxy with a strongly non- b

axisymmetric velocity field, e.g., a barred galaxy (cf. §eci. 5.1). — ARy (v:By) ®3)
_ L|_ttle is knqwn about radial proflles_of the radial velocmes% B 02A, 2010

in spiral galaxies. A crude model, applicable-at 4 kpc, can = aBy + 9.2 +A |79 (rdy)

be obtained by assuming that the gas surface density decreases

exponentially with galactocentric radius with a radial scale of Y Rvﬂg(r Ay) . (4)
aboutk~! ~ 5kpc (cf. Lacey & Fall 1985). Assuming thait/ ror

is independent of radius (and thus neglecting star formation aredre D = apQoh3 /n? is the dynamo numbeRR, = voh/n
infall), so thatv,, = M /(27ro), this yields andg = rdQ)/dr.
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Now transform variables, with andr = 1, then édw% satisfy the same boundary condi-
o R. [T tions, and Eq[(T]1) is formally identical to a standard (i.e., with
(Bg,Ag) = (By, Ag) exp (2;:/ v (1) dr’> , (5) R, = 0) radial dynamo equation, but withreplacingy. Thus
0 for R, = O(1), the effective local growth rat¢ in Eq. (I1) is
so that Eqs[{3) an@(4) reduce to significantly reduced at all radii from that of the standard so-
~ ~ 0 lution. It is obvious from Eql{I2) that the effect acts orat
% — —Dg% + 9°By + >\2Q {18( §¢)] zero order in\, and thus also at zero order 6n- see Eq{I11).
ot 0z 022 or [ror We can demonstrate (see Appendix A) that the last terms in
~ Uy ov,. Eqgs.[®) and[{T0) enhance the dynamo action, but their effect
+ By (—41137%”3 + %)‘R“T - éAR”ar> » (6) is weaker, of orden?. Thus the overall effect of a radial flow
~ s with R, = O(1) will be to decrease the global growth rdte
04, ~ 04y 20 10, ~ : . .
—% = aBy+ =+ AN — [(TA¢)] in a disc of small or moderate thickness. Note that the lowest
ot 9z or [ror order effect is quadratic in,., so both inflow and outflow tend

= r dv, to suppress the dynamo
Ay (1R%0? — AR, + AR, T ). (7 PP ynamo. -
+Ae < T L e @ In the next section we consider the effects of radial motions

We now consider solutions with exponential time depeﬁ’—n disc dynamos using a_nother approximate method, and find
dence and set reasonable agreement with the above arguments.

By = Q(r)b(r,2) exp(T't) , Ay = Q(r)a(r,z)exp(T't) , (8) 4. A simplified numerical model

a form characteristic of dynamo solutions in a thin disc (Rugve compare the prediction of Sddt. 3 that radial motions tend
maikin et al. 1988; see Priklonsky et al. 2000 for a comprgs suppress the dynamo with the results from a simple explicit
hensive treatment). In order to obtain a consistent equation fQImerical model of a dynamo in a thin dige< r < R of half-
Q(r), i.e. so that Eqs[{6) andl(7) both lead to the same equatigfitkness, using the ‘nos’ approximation of Moss (1995),

for @, we require that andb satisfy where we replace-derivatives by inverse powersibfn Egs. [3)
9a 9% v, v, and [4) and note thaB, = —0A,/0z (See also Subramanian
Y(r)b = —Dgz-+ 55+ 3R, (r ~ ) b, (9) & Mestel 1993). The code is described in Moss (1995), and rep-
92 5 resents a different scheme of approximation to that of Eect. 3. It
~vFa = ab+ 22~ I\R, (”’“ _ vr) a, (10) applies to solutions that are even with respect to the midplane
0z? or (quadrupole-like), and is consistent with vacuum boundary con-
so that ditions at the surface of the disiz| = h. The relation of this
dT1d approximation to that of Se€f. 3 is discussed by Phillips (2000).
rQ=75(rQ + A2 {(rQ)} , (11) We restrict our attention to axisymmetric solutions, and take
dr | rdr a Brandt rotation law
where 0 % , (13)
F(r) = ~(r) — 1R%? . (12) [1+(r/ro)?]

Egs.[®) and[{I0) can be considered as describing local §yjth 7w = 0.2R. We assume that (= ao) andy are uniform

namo action in a uniform slab, withy a, v, anddv, /9r eval- with respect to radius. Following nondimensionalization using
uated at a radius; then~(r) is the local growth rate. These@ time unith? /7 and length unit?, the dynamo equatioil(2)

equations reduce to those given in Ruzmaikin et al. (1988) wHfCOmMes

R, =0. 0B, v O
v . . . = —AR,——(B,r) — Ro.By — B,

The last terms on the right-hand sides of the local equation8t Aty r ar( r) = BaBy

(@) and [ID) arex~! times smaller than the remaining terms 32 0 [10 B |

and we show in Appendix A that it only gives a perturbation T ar | ror (rBr)|

of order \? to the local growth ratey. SinceA < 1, their gp 9 a0

effect on the local dynamo action is relatively small. In theaT = —ARvE(Uquﬁ) J’_ROJTBTE — By

thin-disc approximation discussed in this section, the magnetic 9110

pitch anglep is determined from the ratio of the dimensional + )\25 e (rBg)|,

field components resulting from the local probletanp = - -
R.B,/By = —Ry,h(0a/0z)/b. Therefore the main effect of whereX = h/R. Similarly to Sec{’P, the dynamo numbers are
theO(\) terms in the local equations will be on the pitch anglelefined ask, = aoho/n, R, = h?*Qo/n, andR, = voh/n.
itis shown in Appendix A that the effect gn(whose magnitude With typical values) = 10%¢ cm?s~! andh = 500 pc, R, = 1
is of order)) is sensitive to the radial profile af.. corresponds tog ~ 0.7kms~!.

The effect of the radial motions on the disc dynamo is now In the noz model, B, and By are to be regarded as av-
clear. If the boundary conditions a,, A, = 0 atr = 0 erages over at given radius, or as representative mid-plane
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Table 1. Growth (decay) rates of the leading even, axisymmetric mode for the mmdel with radial velocity profiled(14)£{1 7)., = 0.2;
an asterisk indicates that the spatial resolution was becoming inadequate-agaBlank entries indicate that no calculation was performed
for those parameter values.

R, -3 —2 -1 0 1 2 5 6 10
Casel —-0.18 0.23 0.63 0.80 0.63 0.24 —-0.17
Case 2 0.80 0.73 0.60 —0.14"
Case 3 0.80 0.80 0.785*
Case 4 0.80 0.75 0.16 —0.01
1o L _ i stant magnetic field at the outer boundary to allow for advection
e NG of magnetic flux from infinity. However this never leads to en-
05 L s N hancement of magnetic field in the main parts of the disc, as
+ y 7 N envisaged by Chiba & Lesch (1994), as the dynamo action ac-
0.0 y \ tively suppresses any externally supplied magnetic field unless,
\ ///-/w e perhaps, the external field is unrealistically strong, or the inflow
05 I\ // i velocity unrealistically large. These issues are discussed in more
[ detail by Moss & Shukurov (2000).
1o S ‘ ‘ ‘ We first determined (by step by step integration) the linear
0.0 0.2 0.4 0.6 0.8 1.0

growth rateI’ = d1n | B|/dt, of the fastest growing eigenmode
for a number of values ak,, for the choices of;,. of Cases 1-3.

Fig. 1. The model radial velocity profiles: Case 1, Eqi(14) (solid\\e adopted as standard illustrative valdgs = 1, R, = 10,
Case 2, Eq[(15) (long-dashed); Case 3,[Ed. (16) (dotted); and Casg 4. () 5. (These parameters can be thought of as correspond-

Eq. [17) (short-dashed)

values, in contrast to the asymptotic analysis whggeand A,

ingto R = 10kpc,n = 2 x 10 cm? s, ag = 1kms~! and
Qo = 10715571, butthese examples are intended to be generic,
and not to model any specific galaxy.) The results are summa-

are functions of. Note the different definitions of the dimen-fized in Table 1. The spatial resolution was poor far = 10,
sionless radial magnetic field between this section and SectP4dt the eigenvalues still seem to be reasonably reliable, even
the variable here denotdg}. is equal toR,, B, of SectB. How- for this extreme value. In Cases 1 and 2 the outcome is clear —
ever, for our model wher&,, ~ 1, this distinction is of minor 9rowth rates are significantly reduced whén,| > 0, and be-

importance.

come negative for large enougR, |. As expected, the effect is

Boundary conditions3, = B,, = 0 are applied at the outerinsensitive to the sign aRk,,. Radial inflow shifts the maximum
boundaryr = 1. The boundary conditions in the inner disc ar@f an eigenfunction to smaller radii. In Case 3, the same trend

specified below.

We considered several radial velocity profilgsshown in

Fig.[, with (in dimensionless form)

is observed, but the magnitude of the effect is much smaller
because, # 0 in only a small part of the disc.

As mentioned above, the Case 4 velocity field was chosen
to represent a simple model of the galactic inflow. In this case

1. v, =sin7r; (14) wetookR, =1,R, =20,A =1/30andry = 1/3. The linear
2 b — { —sin(mr/ry) , <71, (15) results for this model are also given in Table 1; we verified
S sin[r(r —ry,)/(1—=7,)], 7>7ru; that these results were not sensitive to the boundary condition
3 b — { —sin(nr/ry), r<r,, (16) imposed at = r;, nor to the value of; — takingr; = 0.2, for
T 0, r>T,, example, caused no significant changes. The radial dependence
4 r of B, andBy in the linear eigenmode witR,, = 0 andR,, = 4
4. vp = —0.05r" exp <¢0> ’ (17) " is displayed in the lower panels of Figs. 2 did 3.

) ] We also investigated briefly simple nonlinear solutions for
with a suitably choseny, (see below). Cases 1-3, see Hsl. (14)=5se 4, taking an alpha-quenchingg (1+B2)~". We showin

(18), are intended to illustrate in idealized form the main effegise |ower panels of Figs] 4 afHl 5 the fielfls, B, in the steady

of radial flows, and there we took the inner boundary;at 0. state withR, — 0 and4. As we can see, the displacement of
The velocity field in Case 4, Eq.{1L7), was chosen to havegs field toward smaller radii by the inflow occurs also in the
resemblance to the more realistic case of Eq. (2), and here yé@inear solutions. Further increasiflg causes the field to be
took r; = 0.1, because this simplistic model is not applicablgycentrated still more to smaller radii.

in the inner regions of the. Milky Way, and an unrealistically \yie show in the upper panels of Figs[ 25 the variation with
large velocity there could distort our results. The boundary coRygiys of pitch angle in our linear and nonlinear solutions with
ditions applied at the inner boundary= r; are B, = By =0 3 Case 4 radial flow. As expected, the pitch angle is weakly af-

if r; = 0anddB,/0r = 0By/0r = 0if r; > 0. We also fected by the radial motions, as described bydi@) terms in
tried a selection of other boundary conditions, including a con-
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Fig. 2. The ‘no=’ model with no radial velocities R, = 0), linear Fig. 3. As Fig[d, except that the radial velocity profile is that of Case

eigenmode. Upper panel: the pitch angle (in degrees) of the magnéltigq' (1), withz, = 4.
field. Lower panelB,. (solid) andBy (broken).

with regions of gas streaming. The Lorentz forces of these fields

the local equationg19) anf{10). The dependence of the pitfre not included in the original dynamical model, but simple
angle on the radial profile of, in both linear and nonlinear estimates given in Se€t. 5.2 show that the effects may be sig-
solutions is consistent with the approximate solution of Eqgs. (9ificant when|B| ~ 10 .G, especially because the magnetic
and [T0) presented in Appendix A. An axisymmetric radial flofield varies on a relatively small horizontal scale of order 1 kpc.
cannot enhance the radial magnetic field by stretching the d5us field strength can be reached in the inner regions of spiral
imuthal one, so the effect is only weak. However, one migBglaxies and in the bars of barred galaxies.
expect the pitch angle to be affected more strongly in nonax-
isymmetric flows. 5.1. The magnetically driven accretion flow

We can compare the results from Case 1 with the results of

Sect[B for the perturbation to the local growth rat&). If we In order to make arather more detailed estimate of the velocities
take amean value of of 3, thenAy = —(3R,v,)* ~ —4 for driven by the Lorentz forces, we solve the Navier—Stokes equa-

R, = 1, compared WithAT' = 0.63-0.80 = —0.17 from the tion including only the Lorentz forces associated with the dy-
first line in TableCl. This is arguably as good an agreement 2&Mo generated magnetic fields of Moss et al. (1999), together
could be expected. However, for larger value®ofthe approx- With a scalar turbulent viscosity. In these dynamo solutions an
imation of SecfI3 gives a larger reduction of the local grow@PpProximately steady field pattern rotates with the gas spiral
rate than obtained for the global growth rate with these num@attern spee€,,. We show in Fid.16 a snapshot &(, ¢, ¢) at

ical experiments, that is the dependence\&fon R, from the an arbitrarily chosen time. _ _

solutions of this section is weaker thad™ o« R2. We should e take the governing equation for the flow in the form
note, however, thaf is not the same quantity ds so it does 5, 1

1
not necessarily follow that E{}L2) is a poor approximation. .~ + (u-V)u (Vx B)x B — ;Vp +vV-T,(18)

 dmp
wherew denotes the magnetically driven velociti€s,is the
rate of strain tensor, andis the kinematic diffusivity (assumed
In this section we turn to the question of how accretion flonnstant). We nondimensionalize in terms of a sgéekbngth
might be driven by dynamo generated magnetic fields. Mossfttime R/U, field strengthB, and densitypo, and it is con-
al. (1999) modelled the dynamo generation of magnetic fieldsianient to takd/ = 1kms~!, R = 15 kpc (the radius of the
a weakly barred galaxy (IC 4214). The striking feature of theseodel galaxy) ang, = 10724 gcm 3. We allow for a density
fields was the relatively large field strengths locally, associatttht varies with radiusy(r) = pop, wherep is the dimension-

5. Magnetically driven accretion flows
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Fig. 4. The ‘no=’ model with R,, = 0, nonlinear &-quenched) solu- Fig. 5. As Fig[4, except that the radial velocity profile is that of Case 4,
tion. Upper panel: the pitch angle (in degrees) of magnetic lines. Lowey. (17), withR, = 4.
panel: B, (solid) andB, (broken).

less density. Thd3 values from Moss et al. (1999) are in units
of ¢B.q, Where B2, = 4mpv? defines the equipartition field
strength withp andv; the gas density and turbulent velocity, and
q is of order unity. These units arise from the alpha-quenching
nonlinearity used in that paper. In this model, at radikpc [ "

‘‘‘‘‘‘‘‘‘

with only small variations. .
We do not have a satisfactory continuum model for the gas, =~
because the velocity field results from aArbody simulation,
and so cannot readily include the pressure gradient term. We
anticipate that the gas pressure gradient will adjust to compen-
sate for the magnetic pressure component of the Lorentz force,
but not for the magnetic tension, and that the centrifugal force
is balanced by gravity and the total pressure gradient. In tihig- 6. Sn.aps.hot ofmagqeticfield vectors, used in the model of Bect. 5,
spirit, we ignore the pressure gradient and the centrifugal forg arbitrarily chosen time.
terms in Eq.[(IB), and include only the part of the Lorentz force
corresponding to the magnetic tension. (In fact, the omission of
the centrifugal force term has very little effect on the solutions.)
Then, in dimensionless variables

Our u,

2 Ou U
1A, L0 29
R ( oo + r2 9¢ r2)’

whereR = UR/v is the turbulent Reynolds numbek,., =

(20)

Up OUy

= —u, _ 2 +p AL, r=Y8/0r)(rd/or) + r=28%/0¢*, A = B2/(4nU?py), and
ot or r 0o L = B - VB isthe dimensionless magnetic tension. We recog-
L R! (A ol — 2 dug uT») (19) nize that in a more consistent nonlinear treatment the zero order
renr 299 r2)’ velocities of the nonmagnetic dynamical simulation should also
duy Oug  up Ouy  Urug —1AL be included, but as they were not derived from a continuum hy-
ot "or  r 8¢ 1 ¢ drodynamical model, this was not practical. Thus we regard the
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Fig. 7. The radial dependence of the axisymmetric£ 0) component _. . o . 24 _3
: S BN . . -, Fig. 8. The radial dependence of density (in unitslof =~ gcm™")
of the radial velocity (in kns~*) in a model with nonuniform density for M — 3 Mo yr—1: A = 10 (solid), A — 30 (dashed).

for M = 3 Mg yr—! andA = 10 (solid) and 30 (dashed), and in a
model with uniform density foA = 30 (short-dashed).

B =0 atr = 1 imposed on the dynamo solution may distort
solution of Eqs[(119) and (20) as just giving an indication of tr@omewhat the solution near this boundary.) The azimuthally av-
gross effects of including the Lorentz force. eraged {» = 0 Fourier component) of the magnetically driven

Whenv = 2 x 10%¢ cm?s~! (equal to the value of the tur- radial velocityw,. for A = 30, open boundary conditions and
bulent magnetic diffusivity in the dynamo calculations), then,;, = 0.1, is shown as a function afin Fig.[4. Solutions are
R~! ~ 0.05. A rather larger valueR ' = 0.2, was used in insensitive to the value of,,;,, and are not significantly affected
the calculations reported here, for reasons of numerical cday-change of boundary conditions.
venience, but the solutions do not appear to be very sensitive These models are inconsistent in that they imply a mass
to this choice. For the parametdr = ¢?v2/U?, the range inflow rate that varies with radius or, alternatively, they cannot
10 £ A < 50 seems to be reasonable, taking the typical esuly be near to a steady flow state. Thus we also examined mod-
timate ofy, ~ 10kms~!. Boundary conditions are either thaels in which we took a constant mass inflow rate throughout the
u. = 0 atr = ry, andr = 1, or are ‘open’, withu,. < r disc, and determined the density py= p, — M/(47rr<ur>H),
atr = ryn ando(ru,)/0r = 0 atr = 1. Alsou, = 0 at where(u,) is the azimuthally averaged radial velocif,is the
r = rmm andr = 1. scale height for the gas distribution, amgrepresents a ‘back-

The field patternB rotates with the pattern speél, = ground’ gas density, generated by effects that we do not include
37.3kms 'kpc ', and is steady in the rotating frame. Notdere, such as gravitational torques, infall from the halo, etc.
that | B| has a marked spiral structure at larger radii (outsid@ather arbitrarily, we toolp, = po for illustrative purposes.
of the corotation radius), but is less pronouncedly nonaxisymtodels were calculated for several values\ofnd A, taking
metric within this radius. The pitch angle becomes smaller, ang;, = 0.1 with open boundary conditions. The general nature
the magnetic arms broader, as radius increases, aimteso of the solutions was quite similar to those found previously as-
alia for a given field strength in the arms the azimuthally avesuming that density was constant. We show in[Big. 7 the radial
aged strength will increase with radius, for purely geometricdépendence dfu,.) for models WithM = 3 Mg yr~!, A = 10
reasons. By timestepping Eds.](19) ahd (20), we computed and 30. In FigiB we give the functigi(r) for these cases. The
lutions that were oscillating at low amplitude in the rotatingzimuthally averaged values of the radial velocity of some tens
frame, forA = 10, 30 and 50. of kms~! are consistent with our estimates presented below.

First we considered the rather unrealistic case of uniforpir) is dominated by the effects of the magnetically driven ac-
density,p = 1. This simplification might be justified to a de-cretion flow, i.e.p is significantly greater thap, (p larger than
gree by noting that the scale of variationofs rather greater 1), which is arguably unrealistic. Increasipgwould decrease
than that off B| (see Moss et al. 1999). Also, the effects of athe infall velocities, but we did not attempt to pursue this point,
inhomogeneous density will be to decredméwherep > 5 in view of the other major simplifications present in what is
and to decrease it whepe< p, with g the mean density. Our in- only intended to be an illustrative model. There is also a more
terestis in the accretion rate, given by the azimuthally averageddamental point, that in a truly self-consistent solution, the
radial velocity, which we might expect would not be stronglgccretion ratél/ would be determined simultaneously with the
affected by this approximation. For each valuéafonsidered, flow velocity field (rather than being prescribed). We did not
the flow is everywhere close to radial and inwardly directedursue this further in what is intended as only a first approxi-
except perhaps very close to= 1. (The boundary condition mation to a solution.
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5.2. The accretion rate Even though each individual mechanism may be weaker
alpha quenching is believed to be, together they may be

. . . : . th
We can estimate a typical mass accretion rate, taking a rad|u3§|f2 to saturate the dynamo more efficiently

10kpc, mean radial velocity 10kms ™", p = 107** gem ™3,
H = 0.2kpc, giving M ~ 3 Mg yr—!. This value is com- Acknowledgementswe acknowledge support from NATO Collabo-
parable to those required to feed the central activity in barredive Linkage Grant PST.CLG 974737. DS is grateful to the Royal
galaxies (Shlosman et al. 1990; Regan et al. 1997). This c&vciety for financial support, and to the University of Newcastle for its
firms and extends the earlier conclusion of Beck et al. (199®)spitality.
that magnetic stresses may be important in angular momentum
transfer in barred galaxies. Appendix A: expansion in free decay modes

The accretion rate from magnetic stresses in our simulatiof$ the local dynamo equations
is significantly larger than the estimates of Sect. 2 which apply
to axially symmetric magnetic fields. The difference is due 19 orqler to substantiate the discussion of the effects of radial
strong deviations of the magnetic field from axial symmetry ¥glocity on the local dynamo modes, we present here an ap-
scales smaller the those of the local velocity field. This diffeRroximate solution of Eqs.{9) and {10) in the form of series
ence in the local scales results from rapid advection of magnétiPansions in free decay modés(z) anda,, (), satisfying
field from regions of strong velocity shear. Soj,jfis the scale
of the velocity field and g is that of magnetic field, then the
velocity resulting fromlpu - Vu| ~ |(V x B) x B/(4r)| is Wherey, (< 0) is the decay rate of theth mode and a prime
u ~ 30kms~! for Ig/l, = 5 (consistent with our model), denotes a derivative with respectdoFor the sake of definite-
B = 10uG andp = 10~2*gcm—3. This estimate is of the ness, we choose boundary conditions that select quadrupolar
same order as that found in the above simulations, seglFig. Todes (see, e.g., Ruzmaikin et al. 1988),

/! "
'ann = bn P Ynln = Ay ,

6. Discussion The resulting orthonormal set of basis functions is given by

The suppression of the dynamo action by radial velociti bon V2 cos Lr(2n + 1)z
(both directed inward and outward) produces a negative fe%- ) = ( >0 ) ;

back on the dynamo. In principle, the dynamo action might b

saturated by this feedback alone. For illustration assume thap,, | 41 0

v =~ (h?/n)~L. Using Eq.[(IR), the dynamo is saturated whe ) = ( V2sin L7 (2n + 1)Z> ’
5y =0, 0rv, ~ 2n/h ~ 1kms~!. Attributing this velocity to ?

Q2n

A2n+41

the magnetic field alone, we obtain from Yon = Yont1 = —3m(1+2n)*, n=0,1,....
b~ 1 BBy Note that the free decay eigenvalues are all doubly degenerate,
" Ar prQ and two vector eigenfunctions correspond to each eigenvalue,

one withb,, = 0, and the other with,, = 0. The eigenfunctions
are normalized to havﬁ')l(bf,, +a2)dz = 1.
The solution of Eqs[{9) an@(110) is represented as

the corresponding steady-state field strength as
By ~10uG ,

N

where we t0okB,./By ~ 1/4, p ~ 1072 gcm ™3 andr) = g b> ~ exp(t) Z Cn ( bn ) :
200 km s~ ! as typical of the Solar neighbourhood. The resultin @ n
estimate of the magnetic field is only slightly larger than thgfhere v is chosen to achieve the required accuracy of the so-
observed in the outer parts of spiral galaxies. This indicates thaton. We substitute this series into Edg. (9) dnd (10), multiply
this nonlinear effect may contribute significantly to the saturgy (;, 4, and integrate over from 0 to 1 to obtain an alge-
tion of the dynamo, especially in the inner parts of galaxies. dfic system of homogeneous equationsfavhose solvability

vy grows inward as ', the dynamo saturation due to accretiopongition yields an algebraic equation foFor our current pur-
can become significant at~ 3kpe if v, = 1kms™! atthe poges it is sufficient to retain the smallest possible number of
Solar radius. The effect of the radial motions on the dynanpﬁ)odes, which results in a system of two equationsfandc;

might be expected to be stronger in galaxies with stronger aggyy a quadratic equation forwhose positive solution is given
more open spiral patterns and in barred galaxies.

There are several nonlinear mechanisms known that Iet:%
to the saturation of the mean field dynamo action in galaf-~ — 172 4 (Wo Wig + A2L§)1/2 , (A1)
ies independently of the traditionally invoked alpha quenching.
These include inflation of the galactic disc by the magnetic fietf1€re
(Dobler et al. 1996), magnetic buoyancy (Moss et al. 199%/)‘,/ 1 L )
01 = 7/ abjaydz = —5 fora =sinnwz,
0

n=0

magnetically driven accretion (this paper).
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