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ABSTRACT

Observations suggest that magnetic fields at the solar photosphere may be structured below the limit of the
present resolution. We argue that numerical simulations could be used in a complementary way to observations
in order to study the small-scale structure of photospheric fields. We present a number of illustrative examples.

Subject headings: convection — MHD — Sun: magnetic fields — Sun: photosphere

1. INTRODUCTION with the concept of stable (or even oscillating) flux tubes. In-
stead, it seems that flux located within a particular element at
given time is redistributed to other elements within a turnover
me. Similar conclusions are reached by Lin & Rimmele
(1999), who observe magnetic features with mixed polarities
in the quiet Sun. With lower resolution but without degradation
due to the seeing, Schrijver et al. (1997) observe the evolution
of magnetic features in time series of the Michelson Doppler
Imager magnetograms. They conclude that the quiet mixed-

Standard solar magnetic field measurements based on th
ordinary Zeeman effect suggest that the quiet Sun is mainlyti
field-free with magnetic flux concentrated into small isolated
areas with an average filling factor of 1% (see, e.g., Stenflo
1994). These observations are limited by the difficulty of re-
solving weak magnetic structures$0 G) and by the cancel-
lation of opposite polarities within the resolution elements (the
best resolutions currently a2~ 150 km). larit work i ted locall

New observational techniques with higher sensitivity to polarty network IS generated locally.
weak magnetic fields are changing this concept of a mainly _ ~ number of theoretical studies have suggested that a sub-
field-free quiet Sun. The best examples are perhaps the recen‘?tam'al frac_tlon of the magnetic flux present in qwet_photo-
measurements using the Hanle depolarization effect. ComparegPneriC regions could be generated locally (Meneguzzi & Pou-
to Zeeman splitting, the Hanle effect is sensitive only to weak duet 1989; Dumney, De Young, & Roxburgh 1993; Petrovay &

magnetic strengths{50 G) and does not suffer from the can- Szal_<aly_ 1993; Cattaneo 1999). The starting point for these
cellation of opposite polarities; i.e., it measures tmsigned studies is the result from fast dynamo theory that any three-

magnetic intensity (Stenflo 1999). Thus, the Hanle and Zeemandimensional chaotic flow with a high Reynolds number is likely

effects are complementary and, used together, provide for thel© be a dynamo (Vainshtein & Kichatinov 1986). Direct nu-

first time a nearly complete picture of the spectrum of magnetic Merical simulations by Cattaneo (1999) support this possibility
intensities in the quiet Sun. The most recent observations of2nd show that thermally driven turbulent convection can gen-
this kind suggest that the photosphere is permeated by randoml)?rate an_d maintain a S|zable_ amount of magnetic energy.
oriented magnetic fields of intensity between 4 and 40 G (Sten- _ | N€ picture that emerges is that magnetic fields in the quiet
flo, Keller, & Gandorfer 1998). Lin & Rimmele (1999) partially Sun and plages are highly spatially intermittent with a weak
confirm these results by measuring Zeeman splitting in highly Mean and strong fluctuations and with individual elements that
sensitive infrared lines and conclude that some 68% of the so-N@ve structuring down to scales smaller than the resolution
called quiet Sun actually contains weak magnetic fields. cutoff. The spectrum of magnetic intensities seems to be con-
There is other indirect evidence for the existence of a fine- finuous with weak fields filling most of the volume and strong
scale structuring of magnetic fields in the photosphere: ob- magnetic concentrations having a filling factor of a few percent
served asymmetries in Stokes profiles can be reproduced in £NY- _ _ _
uniform way by assuming the existence of magnetic structures 1he question naturally arises how best to study this small-
with characteristic sizes smaller than the mean free path of aScale structure of magnetic fields at the solar photosphere.
photon along the line of sight. An elegant implementation of Order-of-magnitude estimates of the magnetic Reynolds number
this idea is the microstructured magnetic atmosphere (MISMA) at the surface of the convection zone suggest that the magnetic
hypothesis used for the diagnostic of “turbulent” fields with field should be structured down to spatial scales on the order of

the Zeeman effect (8ahez Almeida & Lites 2000 and ref- @ few kilometers (Stix 1989). This is far smaller than the best
erences therein). resolution achieved with today’'s observatiord 0 km). More-
High-resolution observations with high temporal cadence over, it is difficult in general to resolve scales smaller than the
also provide information about the dynamics of the magnetic mean free path of a photon (50-100 km).
concentrations#50 G) and give some hints about their origin. One interesting possibility may be offered by direct numerical
With high resolution (02), Berger & Title (1996) and Berger  simulations. It is now possible to run such simulations for phys-
et al. (1998) observe the evolution of magnetic bright points ically relevant configurations with an effective numerical reso-
in active region plages. These magnetic features appear to bdution higher than that of the observations. The results of these
in a highly dynamic state, undergoing significant morphological simulations could provide the starting point for a critical dis-
changes on timescales on the order of 100 s or less. The authorsussion of the properties of photospheric magnetic fields on ob-
conclude that these magnetic concentrations are not consistergervationally unresolved scales. We illustrate the potential of this
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approach by analyzing some of the data sets generated by high-
resolution simulations of convectively driven magnetoturbulence
(Cattaneo 1999; Emonet, Cattaneo, & Weiss 2001; F. Cattaneo,
T. Emonet, & N. O. Weiss 2001, in preparation). We should point
out that these results were obtained from a greatly idealized
model based on the Boussinesq approximation and do notinclude
such physically important processes as ionization, compressi-
bility, and radiative transfer. On the other hand, they do provide
an accurate description of the interaction between magnetic fields
and convection in a strongly turbulent regime.

We consider situations in which the magnetic field is generated
entirely by the convective turbulence (dynamo action) as well
as situations in which a vertical magnetic field is externally
imposed. In order to mimic a variety of solar conditions, quiet
Sun, plages, active regions, we consider cases where the imposed
field varies from zero (dynamo) to values high enough substan-
tially to modify the convective flow (magnetoconvection).

Section 2 contains a description of the data set. Next, we
analyze the preferred structure of magnetic fields as a function
of the externally imposed magnetic field strength (8 3). Finally,
we study the effects of limited resolution on observations of
small-scale magnetic fields (§ 4).

4

2. DATA SET DESCRIPTION Fic. 1.—Gray-scale plots of the temperature fluctuaticiop panels) and

. . . . . the vertical component of the magnetic fielsbttom panels) in a horizontal
The data set is generated by simulating a three'd'mensmnalplane located 2 grid points below the surface of the computational domain for

therm_a"y driven QonveCtiO_n in a plane-parall_el |ayer_ of ?ncom' a dynamo (case Ogft panels) and a magnetoconvective case (caseight
pressible (Boussinesq) fluid with constant kinematic viscosity panels). The net magnetic flux is zero on the left and positive on the right.
v, thermal diffusivityx, and magnetic diffusivity;. The bound- The filling factor of strong magnetic features2B,) is 0.3% on the left and

ary conditions are periodic in the two horizontal directions, 3% on the right (see Fig. 2).

and in the vertical direction they correspond to impenetrable _| . .
stress-free boundaries on which the temperature is kept constarffigure 1 for cases 0 and 4. Strong magnetic fluctuations are
and the horizontal component of the magnetic field vanishesfound preferentially near regions of strong downflows located
(see Cattaneo 1999 and Emonet et al. 2001 for more details)in between the convective cells. Their polarities eniged in

All simulations have the following dimensionless parameters: (e dynamo case. In the interior of the cells, the magnetic field
aspect ratiol0 x 10 x 1 , Rayleigh numbes x 10° and IS weak butot zero. Adding a vertical magnetic field can lead

Prandtl numbers/x = 1 andy = 5 . The typical resolution to madification of the _co.n\_/ective flow. The ho_rizpntal scale of
is 512 x 512 x 97 collocation points. All the runs are started the cells gradually diminishes, and, 8 s increased, the
by adding to a fully convective state either a random magnetic Intergranular lanes become wider.
seed field (dynamo case) or a uniform vertical magnetic field
of intensityB,. We compare results from five cases (0-4) ob- 3.1. Weak and Strong Magnetic Components
tained by setting, = 0 (dynamo), 25, 580v/2 , and 100 (in
units of the Alfvan speed). For comparison, the equipartition
strength in the dynamo solution B, = 200

To get a feel for the relative magnitude of these values, we
translate them into “solar” values by assuming an equipartition
field strength at the photosphere of 400 G. Then these becom

0, 50, 100,100y2, and 200 G. Depending on the prescribed values ofB, even when a moderate net magnetic flux is added

vertical flux, the system settles into different regimes. For very S ’
small values 0B, , the turbulence dominates the dynamics, andt0 the system. Thus, weak magnetic fields fill most of the

. ; . volume. The filling factor of weak fieldB(< B,, ) is 97% in
magnetic energy is generated by dynamo action. For moderat eq o
values ofB, , the convective flow is modified by the magnetic iﬁgaiﬁ%aumotgafgoa(?ﬁeg{%?t%?n”y gﬁgg?ﬁe:i to 27)7% as 1sm
field. The horizontal size of the convection cells are smaller P P 9. 2).

(Fig. 1). In the rest of the Letter, we concentrate on the structure hThe PDFs plﬁttgd r']n l;lgure 2 tend th har\1/.e har% expol|;1 eg_tll_al
of the solutions in the upper thermal boundary layer, i.e., the shape (especially in the dynamo case}) for which the probability

region where there are substantial deviations from a mean iso-Of very weak and very strong fluctuations is higher than if the

. magnetic field was simply redistributed by a random process
thermal atmosphere (approximately the top 10% of the layer _ . . . e
in these simulations). with a Gaussian signature. As a result, the magnetic field is

highly intermittent, and strong magnetic features as intense as
2—4 times equipartition are routinely generated by the dynamo.
Their filling factor is small though: 0.3% for intensities higher
Gray-scale plots in a horizontal plane near the surface of thethan2B,,. We note, however, that these magnetic concentrations
computational domain provide information about the global are generated irrespective of compressibility. When a net mag-
spatial distribution of the solution. The temperature fluctuations netic flux is added to the system, an additional hump appears
and the vertical component of the magnetic field are shown in on the right-hand side of the PDF (the right panels in Fig. 2).

Insights into the distributions of weak and strong magnetic
features can be grasped by measuring the probability density
function (PDF) of the (signed) magnetic intensity or, in other
words, the probability of finding a fluid parcel with a magnetic
éntensity betweerb = Bsign B,) ant + db (the top two
panels in Fig. 2). The PDFs have their maxima near small

3. SURFACE APPEARANCE
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PDF and PDF

FILLING FACTOR: F(<B}

. ; ; Fic. 3.—Joint PDFs for(fg, B) (6..u) (B,U,) ., and¥s 6,) in the upper
Fic. 2.—Top panels: PDFs of B sign in the upper thermal boundar B =) AW T u o
layer (10 gridp [I))Ianes) for cases Ogan(gzébttom panF(;Ips: Filling factors of y th_ermal boundary layer. T3r1e six shadlngs correspond t(g a Io_garlthmlc scale
magnetic fields with intensities smaller th& The gray shading indicates \év'thhvglﬁ'.es larger that'it?] |n_wh|t§§ anld srlnaller thag in black. The
regions wherd < B,, = 200 . The dashed lines indicate the effect of limiting @@S"€¢ 1IN€S represent the equipartition level.
the resolution of the data by convoluting it with a Gaussian filter
FWHM = 12 pixels ~120 km). . . .
( P ) very weak magnetic features tend to be horizontal. The high
Its Gaussian shape suggests that the process of intensificatioRrobablhty of finding horizontal fields is a natural consequence
of the mean field is different from the generation of the mag- .Of the structure of the flow close to the boundary; as shovv_n
in the top right panel, most of the volume near the surface is

netic field by dynamo action. occupied by vigorou$orizontal flows. The orientation of the
3.2 Time Evoluti velocity @,) is random for small speeds50). The bottom
-2. Time Evolution panels in Figure 3 show the correlations betwaemdB. The

The magnetic field evolves in close relation with the con- bottom left panel indicates that strongrtical magnetic fea-
vection cells. A careful study of time sequences of the magnetictures &2B,;) only exist within downdrafts. The amplitude of
distribution near the surface and in the interior reveals that thethe velocity within downdrafts, however, diminishes to zero
turbulent flow is constantly destroying and generating the mag-whenB, becomes very strong. Finally, the bottom right panel
netic field. The magnetic field that appears in the bulk of the in Figure 3 shows that near the surface, battand B are
convective layer is transported toward the boundaries by thepreferentially horizontal. But there is a clear difference between
convective cells. When it comes close to the surface, it is upflows and downflows. In the upflows, the magnetic field is
pushed toward the border of the cells, eventually ending up in randomly oriented, whereas whén s negative, and especially
the cellular corners where it is wrapped and stretched by swirl- when it approaches-9¢°, the magnetic and velocity fields

ing downflows. The lifetime of any magnetic flux present in become more and more aligned. N
downflowing regions is on the order ofe overturning time. We note that the detailed structure of the joint PDFs depends

By this we mean that if the process of generation and advectionto a large extend on our particular choice of boundary con-
of new flux into a cellular corner were interrupted, it would ditions (Thelen & Cattaneo 2000). Nevertheless, similar tech-

take approximately one turnover time to deplete the magnetichiques could be used to gather useful information in more
flux at a downflow site. This should be contrasted with the realistic cases.
relatively long lifetime of certain regions of strong down-

flow—several turnover times. These, in particular, can lead to 4. EFFECTS OF LIMITED RESOLUTION

the persistence of a magnegiattern. However, the lifetime of . . )
the pattern should not be identified with the much shorter life- . |f we assume that the typical horizontal size of one granule
time of the individual flux elements. in the quiet Sun is about 1000 km, then the smallest numerically
resolved features in the solutions are approximately 30 km.

- . Since the best resolution achieved with current telescopes is

3.3. Spatial Correlations between B and u about 150 km, the present data can be used to study the effects

The instantaneous magnetic configuration in the upper layersof limited resolution on observations. One can simply con-
can be further studied using joint PDFs. Joint PDFs for volute the fully resolved solutions with a Gaussian filter of
(6g, B), (6,, u), (B,, u,), and(0;, 6,) , wherd §, arethe angles given width EFWHM = 12 grid points120 km) and compare
betweenB, the velocityu, and the horizontal direction, are the statistics of the coarse-grained data set with the statistics

plotted in Figure 3 for case 0. The top left panel shows that of the original set.
the strongest magnetic fields are vertical, whereas weaker and The difference between the resolved and coarse-grained data
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is apparent in Figure 4, which shows the coarse-grained data
corresponding to the bottom left panel in Figure 1. The fine
spatial structure is lost; mixed polarities clearly visible near the
downdrafts in the original data have been replaced with uniform
fields. Thus, some substantial amount of magnetic flux is can-
celed by the lack of resolution. The right panel in Figure 4
shows the magnetic flux density as a function of the width of
the resolution element in a horizontal plane near the surface
for case 0. At 1 resolution,about 90% of the flux density is
canceled. The comparison between the original PDFs and the
one for the coarse-grained data (the dashed curves in Fig. 2)
gives some idea of which part of the information is mostly
affected by the lack of resolution. In all cases, the wings of  Fic. 4—The left panel shows the effect of coarse-graining. The data are
the PDF disappear first. In other words, the lack of resolution the same as in the bottom left panel of Fig. 1. The graph in the right panel
tends to eliminate the (Stretched) exponential behavior from shows the magnetic flux density as a function of the width of the_resolution
the profiles (the Signature of the dynamo action) in favor of a element for a plane located near the surface in the dynamo solution.

more Gaussian appearance.

K
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Their ability to probe scales that are below the limit of reso-
5. CONCLUSION lution make them complementary to direct observations. We
. . - anticipate that in the future, simulations will be used to study
Many of the properties of magnetic fields at the visible pho the effects of limited resolution on direct observations or to

tosphere are shared by high-resolution numerical simulations -
. : e construct averaged quantities that are measurable at the current
of the interaction between magnetic fields and turbulent con observational resolution.

\r/neg t'r? gfi clr:‘i eﬁgrt/l\(/:ima\:(/ etglf r?])gz:]erg\irm ﬁ e?ég?slyir:n;errr:g:ﬁgat The numerical solutions presented here are based on a highly
9 yw 9 idealized model. More realistic models that include, for in-

Vl\;lltgl\l;lic\:im %?ﬁgg:“.?_ﬂz (fovxﬁr?gu@agé‘fé'r%;'g:‘dz?ﬁrggg tgﬁ stance, the effects of compressibility, ionization, radiative trans-
yp ¥ g P fer, or more sophisticated boundary conditions can probably

%&Vgﬂgtigonnsgig\ﬁd agggggﬂvgéngvi{ﬁggggz r\c/);tisotrr](;ng rg%?ng;uz also be constructed. We hope that the considerations of the
y 9 present Letter will lead toward their development.

Title (1996), Berger et al. (1998), and Lin & Rimmele (1999)

and with the inconsistency between their observations and the

concept of a stable isolated subarcsecond flux tube. This work was partially supported by the NASA SR&T and
The above considerations indicate that numerical simulationsHPCC Initiatives and by the Department of Energy ASCI

can be a useful tool for studying small-scale photospheric fields. Initiative at the University of Chicago.
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