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Small-scalemagneticfields on late-type M-d warfs
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Abstract. We performeckinematicstudiesof the evolution of small-scalamagnetidieldsin the surfacelayersof M-dwarfs.
We solvedtheinductionequationfor a prescribedselocity field, magneticReynoldsnumberRewn, andboundaryconditions
in a Cartesiarbox, representing volume comprisingthe optically thin stellaratmosphereand the uppermostart of the
optically thick corvective ernvelope.Thevelocity field is spatiallyandtemporallyvariable andstemsrom detailedradiation-
hydrodynamicssimulationsof convective flows in a proto-typicallate-typeM-dwarf (Teg = 2800K,logg = 5.0, solar
chemicalcomposition spectraltype ~M6). We find dynamoactionfor Rem > 400. Growth time scalesof the magnetic
field are comparableto the corvective turn-over time scale(x 150 sec). The convective velocity field concentrateshe
magneticfield in sheetsandtubular structuredn the inter-granulardonvnflows. Scalingfrom solarconditionssuggestshat
field strengthsashigh as20kG might be reachedocally. Perhapssurprisingly Rew is of orderunity in the surfacelayers
of coolerM-dwarfs, renderingthe dynamoinoperatve. In all studiedcasesve find a ratherlow spatialfilling factorof the
magnetidield.
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1. Intr oduction

M-type dwarfs show the highestdegreeof magneticactivity.
BesidesX-ray andH,, emissionasindirecttracers,Zeeman
broadeningof magneticallysensitve photospheridines has
beenobsened(Johns-Krull& Valenti1996,Kochukhao etal.
2001).Thephotospheridinesshow no rotationalmodulation
or netpolarization,indicatingthatfields of small scale (rel-
ative to the star’s radius)exist on the surfacesof M-dwarfs.
Thesefields canhave an appreciablestrength(few kG), and
cancover asubstantiabrea(filling factorsup to 50%).

Little is known aboutthe structureof magneticfieldsin
the photospheresf M-dwarfs. From an obsenational point
of view onewould like to get someinput from theory that
would alleviate the problemof disentanglingfield strength
andfilling factor To this end we startedto investigatethe
kinematiceffectof thecorvectivevelocityfield onamagnetic
seedield. This hashecomepossibledueto recentprogressn
the hydrodynamicamodelingof atmospheres the regime
of cool M-dwarfs (Ludwig, Allard, & Hauschildt2002).The
presentinvestigationis targeting at an applicationto spec-
troscopy, meaningthatwe focuson layersnearoptical depth
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unity. To overcomepartially the limits stemmingfrom the
restrictionto the kinematicmagneto-hydrodyamicsregime
(hereafter‘kinematic MHD”), we tried to relateour results
to the situationin the Sun,emphasizinghe scalingfrom fa-
miliar solarconditionsto M-dwarfs.

2. Model setup

2.1. The corvective velocity

Thevelocity field wastakenfrom aradiation-hydrodynmnics
simulationof a prototypicalM-dwarf atmospheréLudwig et
a. 2002,seeFig 1) of Teg = 2800K, logg = 5.0, andso-
lar chemicalcomposition(correspondingo aspectratypeof
~M®6). The 3D radiation-hydrodyamicscode of Nordlund
& Stein(Stein& Nordlund1998,andreferencesherein)has
beenadaptedfor this purpose.The codetreatsthe interac-
tion of radiationand gasflows in detail, rotation and mag-
neticfieldsareneglected Rotationhasonly a minor effecton
the structureof the corvective flows nearthe stellarsurface
dueto the shortcornvective turn-over time scaleg(relative to
typical rotationperiodsof severalhoursor longer).Magnetic
fieldscanpotentiallyinfluencetheflow structuresignificantly
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Fig. 1. Snapshobf the vertical componenbf the magneticfield at
opticaldepthunity (contours), emegentintensity(greytones, and

the velocity field (arr ows) towardsthe end of an evolutionary se-
quenceof anunquenchednodelwith Ren=20.

providedthefield is strong,i.e. dynamicallyimportant.How-
ever, this correspondso thefull MHD casewhichis beyond
the scopeof this paper We selecteda temporalsequencéo-
wardsthe endof the simulationrun, which comprisesl 500s
of stellartime, correspondingo roughly 10 corvective turn-
over time scales.The sequenceonsistsof 150 snapshotef
the flow field, eachcomprising125 x 125 x 82 grid points
correspondingo 250 x 250 x 87km?® in geometricalsize.
At ary instantin time about10 granularcells were present
in the computationaldomain,ensuringa statisticallyrepre-
sentatve ensembleM-dwarf granulations onthequalitative
level similar to the solargranulation Quantitatvely, thereare
differenceswhich arediscussedelov whererelevant.

2.2. Kinematic magneto-hydrodynamics

We assumethe kinematicregime of MHD, whereone ne-

glectsthe back-reactionof the magneticfield on the fluid

motions. This meansthat the non-linearbehaior cannotbe

renderedcorrectlyin this regime, which is also sometimes
referredto asthe linear regime of MHD. Then solving the

MHD equationgeducedo the problemof seekingthe solu-

tion to thetime-dependerihductionequation:

1)
whereu is the prescribedvelocity field (from the radiation-
hydrodynamicsimulation), B the magneticfield, andy the
magneticdiffusivity. We assumea spatially constantmag-
neticdiffusivity. Note, thatthe problemis linearon this level
of approximation.We vary the magneticdiffusion by set-
ting the magneticReynolds numberRey which is defined
asRey = Uf/n, whereU is a characteristicvelocity, ¢
a characteristidength scale,and n the magneticdiffusiv-
ity, which in turn is relatedto the electricalconductvity o
throughn = 1/ po.

We solve Eq. (1) using staggeredrariableson the grid
of thehydrodynamicaflow field. Thenumericalmethodwas
originally developedby Galsgaardcand others(Galsgaard
Nordlund 1997 for generalMHD purposesA specialver-
sion is the code usedby Archontis & Dorch (Dorch 200Q
Archontis,Dorch,& Nordlund2002 to studydynamoaction
in prescribedlows.

We kept the samevelocity field, and studied different
magnetiaiffusivities. To first orderwe hopeto representhe
different conditionsencounteredn various M-dwarf atmo-
spheredy thethe changeof magnetiadiffusivities.

2.3. Magnetic quenchingof the velocity field

The kinematicapproximationto the MHD equations— i.e.
neglecting the back-reactiorof the magneticfield by omit-
ting the Lorentz force in the equationof motion — be-
comesinaccuratewhen the magneticfield becomessuffi-
ciently strong.Thatis, whenthemagneticenegy densityap-
proachesequipartitionwith the kinetic enegy density cor
respondingo a field strengthB., = u,/up. Onecantry to
capturethe effect of a nearequipartitionmagneticfield, by
utilizing a quenchedrelocity field that hasa reducedampli-
tudein the regions wherethe magneticfield is strong.In a
few casesve employed sucha quenchedrelocity field when
solvingtheinductionequatiorEg.(1). Thequenchedelocity
field uy wasmodeledaccordingo

ug = u exp —alem/ex)?, 2)
wherea is aconstantey thelocal magneticenegy density
ek the averagekinetic enegy density taken to be constant
in time and space.The quenchingreduceshe velocity am-
plitude at locationswherethe magneticenegy (or field) be-
comescomparabléo the kinetic enegy of thefluid motions:
it thusreduceghe growth of the magneticfield in thesere-
gionscausingit to saturate We chosea = 1.75 which en-
suresu, ~ u upto field strengthof 10%0f By, andug ~ 0
at a field strengthof 1.2 times equipartition.Note, that this
quenchingrocedurenakesthe problemnon-linearin B, and
that a constantex merelyintroducesa scalingfactorin the
solution,i.e. its concretevalueis unimportantin futurework
we planto replaceEg. (2) with a morerealistic quenching
expressiontakinginto accounthe geometryof the flow and
themagnetidield.

2.4.Initial and boundary conditions

The numerical method used to solve Eq. (1) by default
considersperiodic boundaryconditionsin all three dimen-
sions.We implementnon-periodicvertical boundarycondi-
tionsthrough“ghostzones”at the top andbottomof the do-
main: then one may constrainthe magneticfield to be ver-
tical (horizontal) by requiringits horizontal (vertical) com-
ponent(s)to be anti-symmetricacrossthe boundaryandthe
remainingcomponent(sjo be symmetric.

Theinitial magnetidield is eitheruni-directionalvertical
or horizontal)or smoothlyvaryingon smallscalesTheinitial
field strengthB, is setto be much smallerthan B, (only
relevantfor the caseswith quenchedrelocity field).
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3. Results

3.1. Magnetic Reynoldsnumbers of order unity in cooler
M-dwarfs

In the following we discusskinematic MHD modelswith

Rem aslow as20. In the astrophysicatontet, low values
of Reym areuncommonpmostlydueto thelarge spatialscales
usuallyinvolved. However, in M-dwarf atmospherewe can
be confrontedwith the situationof ratherlow Rem (Meyer
& Meyer-Hofmeister1999): Fig. 2 shaws the ratio of elec-
tronto gaspressureandRey in the Tog = 2800 K M-dwarf

modelaswell asthe Sun.Rey hasbeenevaluatedassum-
ing constantypical lengthandvelocity scalesndependenof

deptht. Rey; primarily reflectstherun of theelectricconduc-
tivity in theatmospherewhichin turnis mostlycontrolledby

the electronto gaspressureThe conductvity hasbeeneval-

uatedassuminga weakly ionizedplasma(Kopecky 1957,as
guotedby Stix 1989).

Evenif oneconcedeanappreciabl@egreeof uncertainty
relatedto the choiceof scalesat sufficiently cool tempera-
turesRey reacheorderunity in thesurfacelayers.Thisis a
consequencef the decliningelectrondensity the shrinking
of spatialscales(dueto smallerpressurescaleheights),and
smallercorvective velocities(dueto lower enegy fluxesand
higheratmospheriadensities) This refersto the surfacelay-
ers. Qualitatively, we expecta strongincreaseof Rey; with
depth,andbeyond a certaindepththe regime of Reyy > 1
is reachedagain. However, gas motionsin this depth will
generallybe slower andthe tangling of magneticfield lines
lessrapid,whichmayreduceheefficiency of chromospheric
and coronal heating.Whetherthis plays a role for the ob-
sened declineof stellaractivity atthe 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-

pectedn M-dwarf atmospheres— providedlocal conditions
indeedcontrolits value— we comparedkinetic enegy den-
sities and pressureobtainedfrom our M-dwarf radiation-
hydrodynamicsmodel with a similar model computedfor

the Sun.Figure 3 shaws that the kinetic enegy densitiesin

the surfacelayer of our referenceM-dwarf model are sys-
tematicallysmallerthanin the Sun,but only within a factor
of 2. At the r = 1 level the pressureés higherby a factor
of 12 and densityby a factor of 42 in the M-dwarf model
relative to a solar model (not shaovn). Assuminga scaling
of the magneticfield with gaspressurewe expecta maxi-
mum field strengthin flux concentration®f about10times
the solarvalue,or about20kG if onescalesvaluesfoundin

magneto-hydrodynaival simulationsor the Sun(Steinetal.

1999).However, the kinetic enegy densitiegpoint towardsa
field of slightly sub-solaffield strengths.

1 Sun:¢ = 1500km, v = 2.4km/s Mdwarf; £ = 80km, v =
0.16 km/s
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Fig. 3. Kinetic enegy densitiesexpressedin terms of the corre-
spondingequipartitiorfield strengthasafunctionof Rosselanadpti-
caldepth.Depictedareresultsfrom hydrodynamicasimulationsor
the Ter = 2800 K M-dwarf (solid lines) andthe Sun(dash-dotted
lines). Thetotalkinetic enegy densityis brokeninto contribution of
horizontal(thick lines) andvertical motions(thin lines).

3.3. Dynamo action and magnetic Reynoldsnumber

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

v = lim oy = lim, lim log(Em(t)/Ewm(0))/%, 3)

whereEy; is the total magneticenegy, and-y, is thegrowth
rateat a specificdiffusivity, correspondingo a certainRey;.
That is, fast dynamoaction requiresa continuousincrease
of magneticenegy, evenin the limit of vanishingdiffusiv-
ity. This limit is relevant becausemost astrophysicalsys-
temshave Reyy > 1 and small but non-zerog. It is be-
lieved (but not proven) that turbulent astrophysicabystems
are fastdynamosoperatingat Remy > 1. WhenRey in-
creasesthe length scaleof magneticislandsdecreaseand

scalesasRe;,[%. Thereis a maximumvalue of Reyr, which

canbe achieved with our numericalresolutionAz = 2 km,

andthereforethe largestmagneticReynoldsnumberthatwe

canallow is of the orderof 400 correspondingo 2 Az (the

Nyquist wavelength).Figure 4 shavs the two-dimensional
power spectrumof the total magneticfield and its vertical

componenttopticaldepthunity in thecaseRey = 100: the

power on small-scalegloseto the resolutionlimit is much
lessthanonthegranulationscale Hencein thefollowing, we

concentrat®n situationswith Rey < 400.

3.4. Kinematic models

In the absenceof non-lineareffects, in caseof a dynamo,
oneexpectsa continuingexponentialgrowth of Ey;. Figureb

shaws the resultin termsof Ey(t) for five different mod-
elscorrespondingo varyingRenm: mostof themodelsin fact
aredominatedyy decayingnodeswith negativegrowth rates
~n < 0. In particulat the casewith Ren= 20 (high diffusion)
is clearlyanexampleof ananti-dynamothediffusionworks
fasterthantheflows cansweepupthefield andconcentratét

in theintergranulardowndraftlanes,andthe dominantmag-
netic modeis a decayingone. IncreasingRey decreases;,
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Fig. 2. Theratio of electronto gaspressuréleft panel), andthemagnetidReynoldsnumber(right panel) asafunctionof Rosselanaptical
depthin a T.s = 2800 K M-dwarf (solid line) anda solarmodelatmospherg¢dashedline). Note the low magneticReynoldsnumberin
the M-dwarf model,primarily reflectingthelow electricconductvity of thestellargasin therathercool M-dwarf atmosphere.
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Fig. 4. The power of the magneticfield at the surface(r = 1) in
a model with Rem= 100. Shawvn are the total field strength(full
curve) andtheverticalfield componen{dashed. Theverticallines
indicate the Nyquist wavelength(left) and the typical size of the
granularcells(right).
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Fig. 5. The total magneticenegy En/Eo asa function of time in
units of 150 secondgthe typical corvective turn-over time). Five
modelsare presentedwith differentamountsof diffusion: Rem=
800 (full), 400 (dotted), 200 (dashed, 100 (dasheddotted), and
20 (dashedtriple dotted curve).

(numerically) sothatfor Rey = 200thedecaytimeis 40time

longerthanat Rey = 20. In termsof providing dynamoac-

tion, themostpromisingcasesrethosewith lower diffusion

andRey; > 300—400at Rey;= 400a growing modeseemso

be dominating.One of the modelsin Fig. 5 hadRey;= 800,

i.e. it producedmagneticstructuregoo smallto beresohed,

andthereforemagneticenegy is lostfrom the computational
domainand Eyr seemgo saturatebecauseof enhancedu-

mericaldiffusion.

In the high diffusion case(e.g. Rem= 20) the magnetic
field variessmoothlyacrosshe domain,andits power peaks
onscalesapproximately ~ 50 kmwhenconsideringB, (see
Fig 1). At higherRey moresmallscalesaregeneratednostly
aroundthedowndraftlanes.

3.5. Quenchedmodels

To examinethe structureof the magneticfield in the high
Rem caseswith dynamoaction,we computeda few models
includingthequenchingnentionedabove: quenchingheve-
locity field only affectsthosemodelsthat are dominatedby
growing modes(y, > 0). In caseof alow Rey, the results
remainunchangedsince the field never becomescompara-
bleto B.q. For Reys= 200the dominantmodeis still decay-
ing. At Rey = 400 the field is amplified until it approaches
equipartitionand the quenchingcausest,; to saturatesee
Fig. 6. At the time of saturationthereis a lot of power at
smallscalescloseto theresolutionlimit, but the mainpower
is concentratedtlargerscalesaroundl00km. Thesaturation
levelis artificially fixed by our choiceof quenchingunction
Eq. (2), thevalueof a, andour choiceof a constantvalueof
ex. Henceour simulationresultsin no directinformationon
theamplitudeof themagnetidield, only onthegeometnithat
onemay expectin anon-linearsimulation.

Figure7 shavs the PDFsof B, for threedifferentvalues
of Rem: thebroaddistribution of field strengthdor low Rey
shouldbe seenin contrastto the narrov onefor high Rey.
At ary 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 magneticenegy Enm /Eo asa functionof time for

amodelwith Rem= 400anda quenchedrelocity field (full ). Also

shawn is thetotal availablekinetic enegy (dashedcurve).
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Fig. 7. The probability distribution function (PDF) of the vertical
field componentaroundoptical depth unity. Lines shav the dis-
tribution in unquenchednodelsfor magneticReynolds numbers
Rem = 20, 400, 200 “outside-in” of the hatshaped®DFs.Notethe
non-monotonidehaiour with Rew.

diffusionis, but for low Rey; the preferencdor strongfields
is lesspronouncedthefield is lessintermittent.We attribute
thenon-monotonidehaior of themodelsdisplayedn Fig. 7
to themodelwith Rem = 400 shawving dynamoactionwhile
theothersdo not.

4. Conclusions

— The geometryof small-scale(i.e. locally generatedor
modulated)magneticfields looks similar to the situation
for theSun(i.e. mostlylocatedin theintergranuladanes).
The basicreasonis that M-dwarf granulationis qualita-
tively similarto solargranulation.

— There are differencesdue to potentially quite different
magnetiadiffusivities (andvaluesof Rey).

— Dependingon Rey; we getor do not get local dynamo
action.

— Sincewe aremakinga kinematicstudy, the absolutefield
strengthis undefinedScalingfrom theSunwouldsuggest
flux tubeswith up to factor 10 higher fields (assuming
equipartitionwith the gaspressure)or slightly sub-solar
(within afactor?2) fields (assumingequipartitionwith the
kinetic enegy density).
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