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Small-scalemagneticfields on late-typeM-dwarfs
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Abstract. Weperformedkinematicstudiesof theevolutionof small-scalemagneticfieldsin thesurfacelayersof M-dwarfs.
We solvedtheinductionequationfor a prescribedvelocity field, magneticReynoldsnumber�
	�� , andboundaryconditions
in a Cartesianbox, representinga volumecomprisingthe optically thin stellaratmosphereand the uppermostpart of the
optically thick convectiveenvelope.Thevelocityfield is spatiallyandtemporallyvariable,andstemsfrom detailedradiation-
hydrodynamicssimulationsof convective flows in a proto-typicallate-typeM-dwarf ( �������������� K ������� �!�#"%$ � , solar
chemicalcomposition,spectraltype & M6). We find dynamoactionfor �
	'�)(+*,��� . Growth time scalesof the magnetic
field are comparableto the convective turn-over time scale( &.-'"/� sec).The convective velocity field concentratesthe
magneticfield in sheetsandtubular structuresin the inter-granulardownflows. Scalingfrom solarconditionssuggeststhat
field strengthsashigh as20kG might be reachedlocally. Perhapssurprisingly, �
	�� is of orderunity in thesurfacelayers
of coolerM-dwarfs, renderingthedynamoinoperative. In all studiedcaseswe find a ratherlow spatialfilling factorof the
magneticfield.
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1. Intr oduction

M-type dwarfsshow thehighestdegreeof magneticactivity.
BesidesX-ray and 021 emissionasindirect tracers,Zeeman
broadeningof magneticallysensitive photosphericlines has
beenobserved(Johns-Krull& Valenti1996,Kochukhov etal.
2001).Thephotosphericlinesshow norotationalmodulation
or net polarization,indicatingthat fields of small scale (rel-
ative to the star’s radius)exist on the surfacesof M-dwarfs.
Thesefields canhave an appreciablestrength(few kG), and
cancovera substantialarea(filling factorsup to 50%).

Little is known aboutthe structureof magneticfields in
the photospheresof M-dwarfs.From an observationalpoint
of view onewould like to get someinput from theory, that
would alleviate the problemof disentanglingfield strength
and filling factor. To this end we startedto investigatethe
kinematiceffectof theconvectivevelocityfield onamagnetic
seedfield. Thishasbecomepossibledueto recentprogressin
the hydrodynamicalmodelingof atmospheresin the regime
of cool M-dwarfs(Ludwig, Allard, & Hauschildt2002).The
presentinvestigationis targeting at an applicationto spec-
troscopy, meaningthatwe focuson layersnearopticaldepth
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unity. To overcomepartially the limits stemmingfrom the
restrictionto the kinematicmagneto-hydrodynamicsregime
(hereafter“kinematic MHD”), we tried to relateour results
to thesituationin theSun,emphasizingthescalingfrom fa-
miliar solarconditionsto M-dwarfs.

2. Model setup

2.1. The convectivevelocity

Thevelocityfield wastakenfrom aradiation-hydrodynamics
simulationof aprototypicalM-dwarf atmosphere(Ludwig et
a. 2002,seeFig 1) of 35476+8:9<;>=?= K, @BA>CEDF8HGJI = , andso-
lar chemicalcomposition(correspondingto aspectraltypeofK M6). The 3D radiation-hydrodynamicscodeof Nordlund
& Stein(Stein& Nordlund1998,andreferencestherein)has
beenadaptedfor this purpose.The codetreatsthe interac-
tion of radiationandgasflows in detail, rotationandmag-
neticfieldsareneglected.Rotationhasonly aminoreffecton
the structureof the convective flows nearthe stellarsurface
dueto the shortconvective turn-over time scales(relative to
typical rotationperiodsof severalhoursor longer).Magnetic
fieldscanpotentiallyinfluencetheflow structuresignificantly
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Fig.1. Snapshotof the vertical componentof the magneticfield at
opticaldepthunity (contours), emergentintensity(greytones), and
the velocity field (arr ows) towardsthe endof an evolutionaryse-
quenceof anunquenchedmodelwith �
	�� =20.

providedthefield is strong,i.e.dynamicallyimportant.How-
ever, this correspondsto thefull MHD casewhich is beyond
thescopeof this paper. We selecteda temporalsequenceto-
wardstheendof thesimulationrun,which comprises1500s
of stellartime,correspondingto roughly10 convective turn-
over time scales.The sequenceconsistsof 150snapshotsof
the flow field, eachcomprising P,9?GRQ!P,9?GRQS;>9 grid points
correspondingto 9?G?=TQS9>G<=TQU;WV kmX in geometricalsize.
At any instantin time about10 granularcells werepresent
in the computationaldomain,ensuringa statisticallyrepre-
sentativeensemble.M-dwarf granulationis onthequalitative
level similar to thesolargranulation.Quantitatively, thereare
differenceswhich arediscussedbelow whererelevant.

2.2. Kinematic magneto-hydrodynamics

We assumethe kinematic regime of MHD, whereone ne-
glects the back-reactionof the magneticfield on the fluid
motions.This meansthat the non-linearbehavior cannotbe
renderedcorrectly in this regime, which is also sometimes
referredto as the linear regime of MHD. Then solving the
MHD equationsreducesto theproblemof seekingthesolu-
tion to thetime-dependentinductionequation:Y5Z
Y\[ 8^]�Q`_bacQ Zed fFg ]Rh Zji (1)

where a is the prescribedvelocity field (from the radiation-
hydrodynamicsimulation),

Z
the magneticfield, and

g
the

magneticdiffusivity. We assumea spatially constantmag-
neticdiffusivity. Note,thattheproblemis linearon this level
of approximation.We vary the magneticdiffusion by set-
ting the magneticReynolds number kml�n which is defined
as kol�np8rqos�t g , where U is a characteristicvelocity, s
a characteristiclength scale,and

g
the magneticdiffusiv-

ity, which in turn is relatedto the electricalconductivity u
through

g 8vP%t,wxu .

We solve Eq. (1) using staggeredvariableson the grid
of thehydrodynamicalflow field. Thenumericalmethodwas
originally developedby Galsgaardandothers(Galsgaard&
Nordlund1997) for generalMHD purposes.A specialver-
sion is the codeusedby Archontis & Dorch (Dorch 2000;
Archontis,Dorch,& Nordlund2002) to studydynamoaction
in prescribedflows.

We kept the samevelocity field, and studieddifferent
magneticdiffusivities.To first orderwehopeto representthe
different conditionsencounteredin variousM-dwarf atmo-
spheresby thethechangeof magneticdiffusivities.

2.3. Magnetic quenchingof the velocity field

The kinematicapproximationto the MHD equations— i.e.
neglecting the back-reactionof the magneticfield by omit-
ting the Lorentz force in the equationof motion — be-
comesinaccuratewhen the magneticfield becomessuffi-
cientlystrong.Thatis, whenthemagneticenergy densityap-
proachesequipartitionwith the kinetic energy density, cor-
respondingto a field strengthy 4�z 8�{5| w~} . Onecantry to
capturethe effect of a near-equipartitionmagneticfield, by
utilizing a quenchedvelocity field thathasa reducedampli-
tude in the regionswherethe magneticfield is strong.In a
few caseswe employedsucha quenchedvelocity field when
solvingtheinductionequationEq.(1).Thequenchedvelocity
field a�z wasmodeledaccordingto

a z 8�a+l/�J���m��_�� n t<��� d h i (2)

where � is a constant,�,n thelocal magneticenergy density,
� � the averagekinetic energy density, taken to be constant
in time andspace.The quenchingreducesthe velocity am-
plitudeat locationswherethemagneticenergy (or field) be-
comescomparableto thekinetic energy of thefluid motions:
it thusreducesthe growth of the magneticfield in thesere-
gionscausingit to saturate.We chose��8�P?I�V<G which en-
suresa z K a up to field strengthof 10%of y�4�z , and a�z K =
at a field strengthof 1.2 timesequipartition.Note, that this
quenchingproceduremakestheproblemnon-linearin B, and
that a constant� � merely introducesa scalingfactor in the
solution,i.e. its concretevalueis unimportant.In futurework
we plan to replaceEq. (2) with a more realistic quenching
expression,takinginto accountthegeometryof theflow and
themagneticfield.

2.4. Initial and boundary conditions

The numerical method used to solve Eq. (1) by default
considersperiodic boundaryconditionsin all threedimen-
sions.We implementnon-periodicvertical boundarycondi-
tionsthrough“ghostzones”at thetop andbottomof thedo-
main: thenonemay constrainthe magneticfield to be ver-
tical (horizontal)by requiring its horizontal(vertical) com-
ponent(s)to be anti-symmetricacrossthe boundary, andthe
remainingcomponent(s)to besymmetric.

Theinitial magneticfield iseitheruni-directional(vertical
or horizontal)or smoothlyvaryingonsmallscales.Theinitial
field strength y�� is set to be much smallerthan y 4�z (only
relevantfor thecaseswith quenchedvelocityfield).
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3. Results

3.1. Magnetic Reynoldsnumbersof order unity in cooler
M-dwarfs

In the following we discusskinematic MHD modelswithkml�n as low as20. In the astrophysicalcontext, low values
of kml�n areuncommon,mostlydueto thelargespatialscales
usuallyinvolved.However, in M-dwarf atmosphereswe can
be confrontedwith the situationof ratherlow kol�n (Meyer
& Meyer-Hofmeister1999):Fig. 2 shows the ratio of elec-
tron to gaspressure,and kml�n in the 35476U8�9?;?=?= K M-dwarf
model aswell as the Sun. kol�n hasbeenevaluatedassum-
ing constanttypical lengthandvelocityscalesindependentof
depth1. kol n primarily reflectstherunof theelectricconduc-
tivity in theatmosphere,whichin turn is mostlycontrolledby
theelectronto gaspressure.Theconductivity hasbeeneval-
uatedassuminga weakly ionizedplasma(Kopeck̀y 1957,as
quotedby Stix 1989).

Evenif oneconcedesanappreciabledegreeof uncertainty
relatedto the choiceof scales,at sufficiently cool tempera-
tures kol�n reachesorderunity in thesurfacelayers.This is a
consequenceof the decliningelectrondensity, theshrinking
of spatialscales(dueto smallerpressurescaleheights),and
smallerconvectivevelocities(dueto lowerenergy fluxesand
higheratmosphericdensities).This refersto thesurfacelay-
ers.Qualitatively, we expecta strongincreaseof kol�n with
depth,andbeyond a certaindepththe regime of kol�n���P
is reachedagain.However, gasmotions in this depthwill
generallybe slower andthe tanglingof magneticfield lines
lessrapid,whichmayreducetheefficiency of chromospheric
and coronalheating.Whetherthis plays a role for the ob-
serveddeclineof stellaractivity at the transitionfrom M- to
L-dwarfs (Gizis et al. 2000) is presentlya matterof debate
(Mohantyetal. 2002,Berger2002).

3.2. Scalingof the field strength

In orderto obtainan estimateof the field strengthto be ex-
pectedin M-dwarf atmospheres— providedlocal conditions
indeedcontrol its value— we comparedkinetic energy den-
sities and pressuresobtainedfrom our M-dwarf radiation-
hydrodynamicsmodel with a similar model computedfor
the Sun.Figure3 shows that the kinetic energy densitiesin
the surfacelayer of our referenceM-dwarf model are sys-
tematicallysmallerthanin the Sun,but only within a factor
of 2. At the �^8�P level the pressureis higherby a factor
of 12 and densityby a factor of 42 in the M-dwarf model
relative to a solar model (not shown). Assuminga scaling
of the magneticfield with gaspressure,we expect a maxi-
mum field strengthin flux concentrationsof about10times
thesolarvalue,or about20kG if onescalesvaluesfound in
magneto-hydrodynamicalsimulationsfor theSun(Steinetal.
1999).However, thekinetic energy densitiespoint towardsa
field of slightly sub-solarfield strengths.

1 Sun: ����-'"/��� km, ���)�<$ * km/s; Mdwarf: �R����� km, �S��?$�-�� km/s
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Fig.3. Kinetic energy densitiesexpressedin terms of the corre-
spondingequipartitionfieldstrengthasafunctionof Rosselandopti-
caldepth.Depictedareresultsfrom hydrodynamicalsimulationsfor
the �����R F¡�¢�£�£ K M-dwarf (solid lines) andtheSun(dash-dotted
lines). Thetotalkineticenergy densityis brokeninto contributionof
horizontal(thick lines) andverticalmotions(thin lines).

3.3. Dynamoaction and magneticReynoldsnumber

A flow is a fast (kinematic)dynamowhen the exponential
growth rate ¤ is positive,where

¤U¥§¦©¨Bª«/¬® ¤ « ¥§¦B¨©ª«/¬® ¦B¨©ª¯ ¬±° ¦B²>³µ´�¶
·e´�¸º¹¼»%¶
·T´b½¾¹º¹¼»,¸�¿ (3)

where ¶
· is thetotal magneticenergy, and ¤ « is thegrowth
rateat a specificdiffusivity, correspondingto a certain ÀoÁ · .
That is, fast dynamoaction requiresa continuousincrease
of magneticenergy, even in the limit of vanishingdiffusiv-
ity. This limit is relevant becausemost astrophysicalsys-
temshave ÀmÁ ·ÃÂ Ä and small but non-zero Å . It is be-
lieved (but not proven) that turbulent astrophysicalsystems
are fast dynamosoperatingat ÀoÁ�· Â Ä . When ÀoÁ�· in-
creases,the length scaleof magneticislandsdecreasesand

scalesas ÀoÁ<ÆmÇÈ· . Thereis a maximumvalueof ÀoÁ�· , which
canbeachievedwith our numericalresolution ÉRÊË¥§Ì km,
andthereforethe largestmagneticReynoldsnumberthatwe
canallow is of theorderof 400correspondingto Ì�ÉRÊ (the
Nyquist wavelength).Figure 4 shows the two-dimensional
power spectrumof the total magneticfield and its vertical
componentatopticaldepthunity in thecaseÀoÁ · ¥ Ä ½?½ : the
power on small-scalescloseto the resolutionlimit is much
lessthanonthegranulationscale.Hencein thefollowing,we
concentrateon situationswith ÀoÁ�·�ÍÏÎ>½>½ .
3.4. Kinematic models

In the absenceof non-lineareffects, in caseof a dynamo,
oneexpectsacontinuingexponentialgrowth of ¶
· . Figure5
shows the result in termsof ¶�·R´b¸º¹ for five different mod-
elscorrespondingto varying ÀoÁ�· : mostof themodelsin fact
aredominatedby decayingmodes,with negativegrowth rates
¤ «RÐ ½ . In particular, thecasewith ÀoÁ�· = 20(highdiffusion)
is clearlyanexampleof ananti-dynamo:thediffusionworks
fasterthantheflowscansweepupthefield andconcentrateit
in theinter-granulardowndraftlanes,andthedominantmag-
netic modeis a decayingone.IncreasingÀoÁ · decreases¤ «
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Fig.2.Theratioof electronto gaspressure(left panel), andthemagneticReynoldsnumber(right panel) asafunctionof Rosselandoptical
depthin a ��b�R�F������� K M-dwarf (solid line) anda solarmodelatmosphere(dashedline). Note the low magneticReynoldsnumberin
theM-dwarf model,primarily reflectingthelow electricconductivity of thestellargasin therathercool M-dwarf atmosphere.
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Fig.4. The power of the magneticfield at the surface( ÖË�×- ) in
a model with ��	 � = 100. Shown are the total field strength(full
curve) andtheverticalfield component(dashed). Theverticallines
indicate the Nyquist wavelength(left) and the typical size of the
granularcells(right ).
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Fig.5. The total magneticenergy Þß��à�Þ á asa function of time in
units of 150 seconds(the typical convective turn-over time). Five
modelsare presented,with different amountsof diffusion: ��	�� =
800 (full ), 400 (dotted), 200 (dashed), 100 (dasheddotted), and
20 (dashedtriple dotted curve).

(numerically),sothatfor kol n = 200thedecaytimeis 40time
longer thanat kol n = 20. In termsof providing dynamoac-
tion, themostpromisingcasesarethosewith lowerdiffusion
and kml n � 300–400:at kol n = 400agrowing modeseemsto
be dominating.Oneof the modelsin Fig. 5 had kml n = 800,
i.e. it producedmagneticstructurestoo small to beresolved,
andthereforemagneticenergy is lost from thecomputational
domainand â n seemsto saturatebecauseof enhancednu-
mericaldiffusion.

In the high diffusion case(e.g. kol�n = 20) the magnetic
field variessmoothlyacrossthedomain,andits powerpeaks
onscalesapproximatelys K G?= kmwhenconsideringã2ä (see
Fig 1).At higher kol�n moresmallscalesaregeneratedmostly
aroundthedowndraftlanes.

3.5. Quenchedmodels

To examinethe structureof the magneticfield in the high
kml�n caseswith dynamoaction,we computeda few models
includingthequenchingmentionedabove:quenchingtheve-
locity field only affectsthosemodelsthat aredominatedby
growing modes( åJæ ��= ). In caseof a low kol�n , the results
remainunchangedsincethe field never becomescompara-
ble to y 4�z . For kol n = 200thedominantmodeis still decay-
ing. At kol n = 400 the field is amplifieduntil it approaches
equipartitionand the quenchingcausesâ n to saturate;see
Fig. 6. At the time of saturationthereis a lot of power at
smallscalescloseto theresolutionlimit, but themainpower
is concentratedatlargerscalesaround100km.Thesaturation
level is artificially fixedby our choiceof quenchingfunction
Eq. (2), thevalueof � , andour choiceof a constantvalueof
� � . Henceour simulationresultsin no direct informationon
theamplitudeof themagneticfield,only onthegeometrythat
onemayexpectin anon-linearsimulation.

Figure7 shows thePDFsof ãçä for threedifferentvalues
of kol�n : thebroaddistributionof field strengthsfor low kol�n
shouldbe seenin contrastto the narrow onefor high kol n .
At any time the strongestpart of the field occupiesonly a
very small part of the volume no matterwhat the level of
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Fig.6. The total magneticenergy Þß�èà/Þ�á asa functionof time for
a modelwith ��	 � = 400anda quenchedvelocity field (full ). Also
shown is thetotalavailablekineticenergy (dashedcurve).
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Fig.7. The probability distribution function (PDF) of the vertical
field componentaroundoptical depth unity. Lines show the dis-
tribution in unquenchedmodelsfor magneticReynolds numbers��	 � �F�/�?�ì*,���?�í�/��� “outside-in”of thehatshapedPDFs.Notethe
non-monotonicbehaviour with �
	'� .

diffusionis, but for low kml�n thepreferencefor strongfields
is lesspronounced;thefield is lessintermittent.We attribute
thenon-monotonicbehavior of themodelsdisplayedin Fig.7
to themodelwith kml n 8�î>=>= showing dynamoactionwhile
theothersdo not.

4. Conclusions

– The geometryof small-scale(i.e. locally generatedor
modulated)magneticfields lookssimilar to thesituation
for theSun(i.e.mostlylocatedin theintergranularlanes).
The basicreasonis that M-dwarf granulationis qualita-
tively similar to solargranulation.

– There are differencesdue to potentially quite different
magneticdiffusivities (andvaluesof kol�n ).

– Dependingon kol�n we get or do not get local dynamo
action.

– Sincewearemakingakinematicstudy, theabsolutefield
strengthisundefined.ScalingfromtheSunwouldsuggest
flux tubeswith up to factor 10 higher fields (assuming
equipartitionwith thegaspressure),or slightly sub-solar
(within a factor2) fields(assumingequipartitionwith the
kinetic energy density).
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A&A (preprintastro-ph/0204208)

Berger, E.: 2002,preprintastro-ph/0111317
Dorch,S.B.F.: 2000,PhyS61,717
Galsgaard,K., Nordlund,Å.: 1997,JGR102,219
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