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Distribution of magnetic flux density at the solar surface

Formulation and results from simulations
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Abstract. A formal description of the distribution of magnetic flux density in a quiet Sun region supplemented by an ex-
ample and an application is presented. We define a flux-based probability density, which is useful to reveal the presence of
any strong-field component in the region. The corresponding flux-based probability distribution gives the fraction of the total
absolute magnetic flux with a given field-strength limit. Application to the simulations of convective field intensification of
Grossmann-Doerth et al. (1998) shows, that, depending on the strength of the initial homogeneous vertical field, 1-50% of
the total magnetic flux within the computational domain of 3 arcsec width is concentrated into flux fibrils with a flux density
exceeding 0.1 T. It is shown that a lofieiency of the flux-concentration process is compatible with new observations that
suggest a large fraction of the surface magnetic field to have a flux density below 0.1 T.
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1. Introduction Zeeman fect. In fact it seems that with ever increasing spa-

) ) ) tial resolution of polarimetric measurements more and more of
Results of recent observational and theoretical studies compglqium strong magnetic field is discovered.

to question the conventional picture of the distribution of mag-

netic flux density at the solar surface of the quiet Sun. The con- Lin (1995) measured the distribution of the magnetic flux
ventional picture holds that more than 90% of the magnefi€nsity in both, active and quiet regions, using the Michigan
flux would occur in concentrated form of flux fragments or fluetate University Infrared Array (MIRC) camera to record
tubes with a density0.1 T, occupying only a few tenths of oneStokes-V profiles of the infrared Felines A1 1.5648 and
percent of the solar surface, while the rest 10% was to attribdt©652um. For the quiet regions he measures a bimodal distri-
to a weak, turbulent field of less than 0.01 T strength. For raution with a dominant weak field component at around 0.05 T
views see Stenflo (1989), Stenflo (1994, chapter 12), Sola@d a strong field component at approximately 0.14 T. A simi-
(1993, chapter 5.1). The dichotomy of strong flux tubes and@ bimodal distribution was found by Lites (2002) from Stokes
weak, turbulent field has earlier been refuted by the measufi@ta recorded with the Advanced Stokes Polarimeter (ASP)
ments of Livingston (1991) anduRidi et al. (1992), which re- comprising the pair of Felines at 630 nm, which limits the
vealed flux densities between 0.04 and 0.1 T in regions wittfRgalysis to network fields and their immediate surroundings
low magnetic filling factor. These authors used the near infraréfe network halo). While the core of the magnetic network
line Fer 1564.85 nm, which allows for a direct measurement §Pnsists of magnetic elements-6.15 T, the second peak in
weak fields from the Zeeman splitting. Also Rabin (1992), utpe distribution, near 0.04 T, stems from the halo of polariza-
ing the same line, measured true field strengths between 0.898 surrounding the strong network fields.

and 0.1 T. The 90%-limit may still hold, but more I|ke|y it be- Collados (2001) investigates “an extreme|y quiet Sun re-
comes subject to revision, too. Itis important to remember thabn, void of network fields, with the Tenerife Infrared
the 90%-statement is subject to the condition of a limited spAp|arimeter (TIP). He uses the same lines like Lin but dif-
tial resolution of the magnetographic measurement (Fraziefgrent from Lin (1995) and Lites (2002), for this region the
Stenflo 1972; Howard & Stenflo 1972) and is therefore of refyropability for finding a given flux density at a given location
ative value. It cannot be ruled out that a substantial fraction @écreases exponentially with field strength from 0.02 T on-
the total absolute (unsigned) magnetic flux is of mixed polarifyards, without displaying any clear signal in the rangel T.

on a scale below the spatial resolution of the instrument afflis implies that almost none of the flux in the internetwork
thus, escapes polarimetric measurements that are based OR&afirs in strong flux tubes. All these measurements together
suggest that the distribution of flux density depends on the
e-mail:steiner@kis.uni-freiburg.de region under consideration, which is incompatible with the
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proposition by Stenflo & Holzreuter (2003a,b) of a univer2. Probability density function and probability
sal distribution function for scales of the solar radius down to distribution of the magnetic flux density

the dissipation scale. Steiner (2003) suggests that rather, the . .
different distributions might be expression offeient phys- | "€ probability that the flux density assumes a valiat a

ical processes that structure the magnetic field at the sdi@pdom location in a certain field of view is given by

surface at diferent scales. Examples include the fast dynamo B
(Cattaneo 1999) or flux concentration to thermal equipartitid?{B) = f p(B’) dB’,
values by the convective collapse (Spruit 1979), or by thermal >
relaxation (van Ballegooijen 1984;a8Chez Almeida 2001). where P(B) is called theprobability distribution p(B) is
For a discussion on systematic errors in the determinationtbé probability density function(PDF), or for short,prob-
the field strength derived from visible and infrared lines sexbility density and B may assume values in the interval
Socas-Navarro (2003) and Bellot Rubio & Collados (2003}c0 < B< +0 (Sachs 1999; Zelen & Severo 1970).
It should be mentioned that measurements of the flux densiignsidering a finite field of view of ared, the probabil-
and histograms derived thereof depend on model concepts @pdor the field strength at a given location within this area,
inversion techniques. For exampl@rhez Almeida & Lites B, to have a valueB is equal to the area that harbours a flux
(2000) and Socas-Navarro &a8chez Almeida (2002) con-density with this property divided by the total area of the field
clude from the same data set as Lites (2002) that “a significarftview from where it follows that
fraction” of the quiet-Sun contains fields exceeding 0.1 T, even A
for the internetwork, without a bimodal distribution. p(B) = A f&(B - B) da. (2)
Numerical simulations of the solar surface layers compris- A
ing the photosphere and the top part of the convection zone can think ofB as, e.g., the vertical component of the flux
result in a distribution of the magnetic flux density that doetensity vector at the solar surfa®, or the line-of-sight com-
not show a sharp separation between fields of thermal equigssnent,B_os, or the absolute value &, |B|, or sign@,)|B|.
tition energy and weak field either. Cattaneo (1999) obtains Next we imagine our field of view to be subdivided into in-
an exponential decrease in the probability density of the fiefiditesimal flux elements with equal amounts of magnetic flux,
strength from weak to strong, where fields of thermal equipadd|. Then, the probability that a given flux elemedtD|, has a
tition strength represent just the peaks in the field fluctuationfiix density with a value in the intervaB}, By + B] is equal to
the fast dynamo driven by the turbulent motion of convectiothe absolute magnetic flux trough the afethat has this same
Stein et al. (2003) obtain from a three-dimensional magnetolpyroperty, divided by the total amount of absolute flij.
drodynamic simulation including radiation transfer probabilit€orrespondingly, we can define a “flux-based” probability den-
densities that show either an exponential decrease or a bimagigl given by
structure with a distinct component of 0.15 T, depending on
the initial and boundary condition for the magnetic field. In Bo(B) = 1 f(;(B_ |§) ||§z| da. ©)
similar simulation \6gler et al. (2003) and &jler & Schissler |Plrot Ja
(2003) start with a homogeneous, vertical field of a flux degy, the two special cases Bf= B, andB = |B] it follows from
sity of 0.02 T, which they superimpose on a relaxed coNVegys. (2) and (3),
tion state, and obtain, after relaxed magnetoconvection, a bi-

1)

modal probability density, consistent with Stein et al. (2003) py_ __|BP(B2)

. i 0(B) = ——————. and (4)
The influence of initial and boundary conditions for the mag- f |B,p(B,) dB,
netic field on the resulting distribution of the flux density is h IBJp(IB,)
a matter that needs further to be investigated. Here, we g8K|B,|) = —= d d : (5)
whether the convective-collapse scenario is in principle com- fo 1B2p(IBZl) diB]

patible with a continuous distribution of field strength with As illustrative examples, we consider an exponential and a
large fraction of flux in the weak state, or whether it inevitabl . i probability der,1$ity representing twéatient mag-

must lead to a high degree of field copcentration, which WRtic components, and the combination of the two for a region
thought to be the case for an explanation of the Convent'o%hsisting of these two components. The exponential probabil-

picture. consisting of these !
The above mentioned studies, all show histograms of tl% sy 1s given by
distribution of either the absolute value or the vertical or lingy(x) = ae™®* x> 0. ®)

of-sight component of the magnetic flux density on the solar
surface. In Sect. 2 of this paper we propose a flux-based prdbe random variablet can be thought to stand f¢i8,|. From
ability density and distribution, which immediately shows thEd. (5) we then obtain

fraction of the absolute magnetic flux with a given field strength
limit, thus useful for testing the conventional 90%-statemerite
We give _exampl_es fand gpply t_his formulation to the results ¢f,e Gaussian probability density is given by
the field intensification simulations of Grossmann-Doerth et al.

(1998) in Sect. 3. The results of this application are discussed 1 _% (x-a)?

in Sect. 4 and conclusions are given in Sect. 5. Pa(X) = @0_8 -~ (8)

o(X) = a?xe™ ™ = axpe(X). (7)
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Fig. 1. Continuous probability densities
and associated probability distributions.
a) Exponential ancb) Gaussian probabil-
ity density andc) a linear combination
of a) and b) with weight factorsf and
1 - f, respectively, wheref = 0.95.
d) Probability distribution for the combined
casec). e)g) Flux-based probability den-
sities corresponding ta)-c), respectively.
h) Flux-based probability distribution of
the combined casg). Py(X) renders the
fraction of the total flux that has a field
Lebela bbby strength<x. E.g., 72% of the total flux has
X 10 astrength less than 5.
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From Eq. (5) and under the conditian> o, we obtain cells from observations or numerical simulations, respectively,
2 we establish a histogram of the measured quantity in order to
1 _1a oy . N " :
Pea(X) = xe 2 02 = =pg(X). (9) obtain a qualitative view of the probability density.
V2roa a Subdividing the range of values dkx measurementd;,

For the combination of the two we use a fill facfok 1 sothat | = 1...Npix, INto Neassclass-intervals, the discrete probability
density for thekth interval, By, Bk + AB], is given by

Pe(X) = fpe(x) + (1 - f)ps(X)

1 Np\x
and = N 2B 1 (13)
(x) = fpea(X) + (1 - Hlaapse(X) 1) PO BB Biras
PealX) = f+ (1= Haa

where the sum on the r.h.s. of Eq. (13) is the absolute frequency
The probability densities of Egs. (6)—(11) including the probandAB the (constant) class interval. For the flux-based proba-
bility distribution for the combined cases are shown in Fig. bility density we correspondingly obtain

where the following parameters have been chogser:0.8,

N IX
o = 05,a = 60, andf = 0.95. The top row shows from - 1B, A (14)
left to right the exponential and Gaussian probability densiti®s* = AB [@ly; ol e
according to Egs. (6) and (8), the combined probability density et

pf Eg. (10), gnd the probability distribution obtained by NUMe{ghere A is the area of théth pixel or grid cell. WithA; =
ical integration of Eq. (10)_. From panel ¢ we see that_W|th a_f'}i/Npix = const and(|B,|)x the arithmetic mean of the vertical
factor of 5%, the strong-field component is barely d'Scem'b&%mponents of all pixels belonging to clalssve obtain the

easily go unnoticed in a superficial analysis. Remedy is pro- \
pix

vided by the flux-based probability densifye, which more 1 i(lB N 12 {IBzIk Pk .
clearly displays the strong field component as can be seerPft= AB|®]or Npix 2l/k Z - AB 3N 1By, i
panel g. Another advantage of this method consists in provid- Bi<Bi<BirAB k=1

ing the fraction of the total magnetic flux with a given property,
which allows for a direct test of the 90%-statement, recalled ) Results from MHD-simulations

Sect. 1. For example, from panel h we find that 28% of the total _ _
flux has a strength5. The structuring of magnetic flux at the solar surface presum-

Given the probability densityy(X), the probability den- gbly originates from df_erentphysical processes as pointed out
sity pu(u) for the new random variable, with the strictly N Sect. 1. One candidate process is the convective collapse,

monotonic transformatiorx, = f(u), is given by a plasmg instability t_hat ensues if a magnetig: flux tube is em-

bedded in a superadiabatically stratified medium (Parker 1978;

pu(u) = M = pu(X) - d_X = px(f(u))m. (12) Spruit 1979). It leads either to a concentration of the flux den-
du du du sity up to the thermal equipartition value or to a flux dispersal,

We can use this relation for deriving probability densities fatepending on whether the perturbation of the initial equilib-
the “field energy” in which case « B2. Applying this trans- rium configuration is in the upward or the downward direction.
formation to our three exemplary probability densities reveal$e instability draws its energy from the superadiabaticity of
that they become singular at= 0, but this singularity disap- the top layer of the convection zone. In this sense it is not dif-
pears when using the flux-based probability density. ferent from the regular thermal convective instability, except

In practice we do not have a continuous probability densitliat the presence of a strong enough magnetic field does pre-
available, but instead, given the finite number of pixels or griecent it from onset (Spruit & Zweibel 1979).
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carried out by Steiner (1996) and Grossmann-Doerth et al.
(1998). An unexpected result of these simulations is that, de-
pending on the magnetic flux taking part in the process, a “re-
bound shock” can form as a consequence of the strong down-
flow within the collapsing tube, leading to a subsequent upflow
and flux dispersal. Here, we do not further go into the details of
these simulations (see also Steiner 1999) but concentrate on the
probability density of the resulting surface magnetic field. Note
that these results refer to single convective-collapse events and
their close vicinity and not to a relaxed magnetoconvective
state.

The simulations start with a homogeneous vertical mag-
netic field of a given field strengttB,iir, where we inves-
tigate the three cases with;i,y = 0.01, 0.02, and 0.04 T,
corresponding to the simulation runs C1, C2, and C4 of
Grossmann-Doerth et al. (1998), and to panels b, c, and a of
Fig. 2, respectively. Figures 2a—c show for each case magnetic
lines of force in a narrow height range of 400 km around the
Ts00nm = 1 surface at a time instant shortly after the convective
collapse has taken place and, 150 s, 200 s, and 250 s, respec
tively, after the initial state of a homogeneous vertical magnetic
field.

The probability density of the initial condition can be ex-
pressed in terms of&distribution: p(B;) = 6(Bzinit — B,). One
would expect that, after the convective collapse has taken place,
the “s-peak” were shifted to the thermal equipartition value of
B ~ 0.15 T and broadened to some extent because fii-di
sion dfects taking place. Instead, Fig. 2d shows discrete prob-
ability densities forB, with an exponential-like core and only
a modest or no peak in the range of the thermal equipartition
field-strength, although clearly flux tubes have formed as can
be seen from the field-line plots of panels a—c.

Here and in the following, the magnetic field is measured
along a curve that delineates optical deptgonm = 0.1,
which curve runs approximately parallel to and 140 km above
] the curve of optical depthsgonm = 1.0, also indicated in
o o soc o 4,z Figs.2a—c. In panels d—g curves plotted with heavy lines, cor-

®mag BILT] respond to the snapshot of panelBy{; = 0.04 T), thin-line

Fig. 2. a}<c) Three time instants of magnetic lines of force shortl§urveS to the case of panel Bt = 0.01 T), a_nd the dot-
after a convective collapse has taken place, which led to the flux céfd Curves to panel &nir = 0.02 T). In order to improve the
centrations ak ~ 1900 km in panelg) andb) and atx ~ 200 km Statistics, the histograms of the the latter two cases are based

andx =~ 900 km in panet). The horizontally running curves indicateon data as a function of spae@d time. Time runs from 60
surfaces of optical depthsoonm = 1 (solid) andrseonm = 0.1 (dashed). to 230 s, in case of the thin-line histograms, and from 100 to
zis the coordinate in the vertical directiod)-g) Discrete probabil- 300 s in case of the dotted-line histograms. Both time periods
ity densities and distributions of the magnetic field density along tge about half a granular life-time.
surface of optical depthsoonm = 0.1 of panelsa}-c), where the func- e first concentrate on the solid-line histograms of Fig. 2
tions plotted with heavy lines correspond to paaglthin lines to and note that the modest peakpifB,) between 0.18 and 0.22 T
panelb) and dotted lines to pane). d) Histogram (probability den- i h stems from the flux tube that has formed at around
sity function) of the vertical magnetic flux densi®,. e) Flux-based . .

= 1900 km, becomes the dominant peak in the correspond-

probability densityB,. f) Probability density for the magnetic energy.

€mag = |BI2/(87), normalized to the energy of a fixed thermal equipatn'9 PDF of panel e, which shows the corresponding flux-based

tition field strength of 0.17 Tg) Flux-based probability distribution Probability densityps(B;), introduced with Egs. (3) and (14).
indicating the fraction of the total absolute flux that has an absoluté1€ discrete probability distributionBy(B,), shown in Fig. 2g
flux density of less thafB. (which are integrals of PDFs similar to the ones shown in

panel e but for the absolute field strengj) indicate the frac-
tion of the total magnetic flux through theyo nm = 0.1-surface
A two-dimensional magnetohydrodynamic simulation dhat has a flux densityB. From this plot we see that a large
field intensification by the convective collapse instability takraction of the magnetic flux occurs in the form of weak field
ing compressibility and radiative transfer into account has bedespite of the limited width of 2400 kmx 3 arcsec of the
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computational domain within which the convective collapssubsequently dispersed by an upflow developing in connection
has taken place. Inspecting panel a we readily see that not alvith the “rebound shock”.
the field has taken part in the convective collapse. Weak field While the influence of the initial condition is strong, the
is left over atop the granular upwelling, where flux dispersdbundary conditions are less determining for the interior solu-
takes place, so that in this case still 50% of the total absolditen of the magnetic field because the convective collapse takes
flux appears in the form of field with a strength of less thamlace within a short period of time compared to the granular
0.1 T, as can be readfdhe heavy-line curve of panel g. time-scale. The values f&,(B = 0.1 T) derived here must be
Figure 2f shows the flux-based probability densities exensidered as on the low side because of the special configu-
pressed in terms of the magnetic enemyag " B2, normal- ration of the initial field, which favours onset and development
ized to the thermal equipartition energy at the solar surfaoéthe convective collapse instability and because of the restric-
corresponding to a field of 0.17 T. Since these histograms shidn to one horizontal spatial dimensions, when the flux farthest
classes of equidistant energy increments, the strong field caaway from the collapse location that escapes concentration is
ponent of the heavy-line curve is spread out over many clasgess than would be in two dimensions.
while all the flux densities below 0.1 T fall into the first four
classes.
The time series C1, represented by the instant shown4inDiscussion

panel b, starts from the same flow pattern as does run C4, gx: . . . i
cept that the initial field strength Byt = 0.01 T. Therefore, Kihe previous section we have analysed single events of con

anels a and b resemble each other but due to the sm \(Fctive flux concentrations starting from a homogeneous, ver-
P S N ut du SMEL field. Even in this ideal situation, the convective collapse

amqunt OT magnetic flux the \.N'dth of the flux sheet in the Ca¥bncentrates only a fraction of the available total absolute mag-
of Fig. 2b is much smaller. This leads to a less vigorous convecs

ive collanse. because the thin maanetic flux sheaficientl etic flux over an area of a granular cell and does not produce
PSE, : ' mag : Y flux-tubes of thermal equipartition energy if the initial flux den-
heated by lateral influx of radiation, which has a decelerati

g%% is £0.01 T, which corresponds to approximately*4 @v.
J

effect on the downflowing gas. As a consequence, the field ggt : L
less amplified and the flux sheet, although clearly visible [% aguru & Hasan (2000) found from an analysis of radiative

. . . . ransfer &ects on the onset of convective collapse a critical
panel b, is hardly discernible from the histogram of the veri s limit of ~1 x 10° W which is compatible with the above
cal component of the magnetic flux density, shown in panel o ' o e
(thin line). It becomes not visible until plotting the flux-basef 9" IMIt for the case 0By = 001 T, where amplifica

ion to thermal equipartition fails. This limit would explain why

probability density, shown in panel e, where a peak is Seenv?%'ssibly no strong flux-tubes are formed by the convective col-

tween 0.04 and 0.09 T. From the probability distribution sho Qpse instability in the internetwork region. In regions where it

in pangl g we see that more than 98% of the total absolute ﬂH n take place, e.g., the network and plages, the connection of
has a field strength atoonm= 0.1 of less than 0.1 T. our results of the probability distribution to the observed par-

Figure 2c is a snapshot from the time series C2, which starts . .
from a diferent flow pattem than do run C4 and C1 and WhiCI{IOH of the magnetic flux into the strong and the weak state

o . involves the creational rate and lifetime of flux tubes and shall
has an initial flgld strength d8,i,iy = 0.02 T. In this case two be demonstrated by the following idealized model.
flux conce_ntraﬂonsform at= 100 km andk ~ 800 km, Where Consider an ared, harbouring two components of vertical
the latter is more deeply rooted and stronger. In this casg a

more symmetric probability density f@; evolves (dotted line, mogeneous magnetic field of unique polarity, which cover
. . . . the area completely and together account for the total magnetic
panel d). Since two field concentrations offdient strengths

and since additional, horizontal field concentrations above f{ I%X . The strong-field component consist\afflux tubes of

convective upwelling are present, weak and strong field are | lux @ so that the total flux in the strong statels = Ng P

$ . f
clearly separated as can be seen from the probability dens{@%x tubes are created with a ratg and have a decay time.

of panels d—f. A peak around 0.19 T aaghd ~ 1.25 (corre . andry are constants as they depend on the convective mo-
1. . g - . =

sponding to 0.19 T) is visible in panels e and f, respectively.tlf’n' which is thought to evolve independent on the flux parti-

stems from the flux concentrationat- 800. In this case, the tion. Then, the change in strong flux is
flux-based probability distribution tells us that 70% of the total Ni (t)
absolute flux has a field strength of less than 0.1 T. dds = Ne@r dt —
In all three cases, the weak field component is not restricted
to below 0.01 T but it shows rather an exponentially decreasimpich must vanish after some time when a stationary state has
probability density from very weak flux density to the strongevolved. The flux concentrated in a single tutba, depends
field component, leaving ample flux of medium field strengtion the flux density of the weak component. The creation of a
The distribution of the flux density depends on the initial fieldux tube proceeds by gathering weak flux in a reghgrwith
strength B;init, since it influences the course of the convectiven dficiencye.. ¢ can be identified with the fraction of the
collapse. For example, Bt = 0.01 T, the spatial extent of available flux over a granular area that is concentrated to strong
the flux concentration is so small that the convective collapBeld in a collapse event, which relates to our simulation results:
is hampered by radiative heating so that no strong-field cog-= 1 - Py(B; = 0.1). Consequentlypy = eAg(D — Os)/A. If
ponent withB > 0.1 T can form. IfB,iniy = 0.04 T, 50% of the we denote the creational period per gathering atgawith 74
total flux gathers in a strong field component but it ge{svhich might be about a granular lifetime) and the fraction of

3 D i, (16)
Tt
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