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Abstract.

The useof millimeter{in terferometer data for the study of chromosphericstructure and dynam-
ics is tested using 85 GHz obsenations with the 10{elemer Berkeley{lllinois{Maryland Array
(BIMA). Interferometer data have the advantage over single{dish data that they allow both high
spatial resolution and densetemporal sampling simultaneously. Howewer, snapshotimaging of
the quiet solar atmospherewith a small number of dishesis challenging. We demonstrate that
techniquesare available to carry out this task successfullyusing maximum ertropy decorvolution
from a default image constructed from the entire obsenation: one of our results is that the solar
chromosphereat millimeter wavelengths exhibits featuresthat are long{lasting and the map of
the entire obsenation is signi cant provided that atmospheric phaseerrors do not prevert de-
convolution. We compare obsenations of quiet Sun, active region and coronal hole targets. The
interferometer is not sensitive to the disk emissionand the positivity constraint of the maximum
entropy algorithm usedforcesthe zerolevel in the imagesto be at the temperature of the coolest
feature in eath eld. The brightest features in the imagesare typically 1000{ 1500 K above
the zero level, with a snapshotnoise level of order 100 K. We use extensiwve tests to determine
whether oscillation power can be recovered from sequence®f snapshotimagesand show that
individual sourcescan be down to quite weak levels at locations in the image where signi cant
ux is presen; oscillation power located in cool regions of the image is not well recovered due
to the decorvolution method usedand may be redistributed to brigh ter regions of the
millimeter image. We then investigate whether the data do show oscillation power
using uninterrupted 30{minute scansof the target regions. Intensity oscillations with signi -
cant power in the frequency range 1.5-8.0 mHz are found in the quiet{Sun and active region
targets. For the quiet{Sun region we compare the oscillation prop erties of network
boundaries and cell interiors (internet work) in the spatially{resolv ed time series.
In agreemen with investigations at other wavelengths, in the millimeter data the power in the
network tendsto be at periods of 5 minutes and longer while power in the internetwork is presert
also at shorter (3-minute) periods.
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1. Intro duction

Obsenations of the quiet Sunat millimeter wave-
lengths are an important technique for study-
ing the solar chromosphere At theseshort wave-
lengths the Sun's atmospherebecomesoptically
thick in the chromosphereand since the wave-
length lies in the Rayleigh{Jeanslimit, the mea-
sured radio brightness temperature correspnds
to the electron temperature in the layer be-
ing obsened, without the complications of non{
equilibrium line formation that have to be taken
into accournt when analyzing visible and UV line
obsenations of the chromosphere. Millimeter{

wavelength obsenations have played an impor-
tant role in forming thermal models of the
chromosphere(e.g., Vernazzaet al., 1976,1981;
Fontenla et al., 1990;Gu et al., 1997),and it is
natural to ask what they reveal about chromo-
sphericheating (seeSolanki, 2005).

There have beenmany singledish obsenations
of the Sunat millimeter and sub{millimeter wave-
lengths. The limitation of single dish measure-
merts is always spatial resolution: a typical tele-
scope with a diameter of 10 m has a spatial res-
olution of n309 where . is the observing
wavelength in mm, and thus, e.g.,a 10 m tele-
scope operating at 90 GHz cannotresole features
smallerthan about 100° This problem has been
circumverted in two ways: by observingeclipses,
whenthe Moon's limb acts as a knife edgecross-
ing the eld of view, and the time dependenceof
the millimeter ux can be corverted into (one{
dimensional) spatial resolution much ner than
the telescom beam (e.g., Tolbert et al., 1964;
Hagenetal., 1971;Bedkman et al., 1975;Swanson
& Hagen,1975;Shimabukuroet al., 1975;Lindsey
et al., 1984;Roellig et al., 1991;Ewell, Jr. et al.,
1993);and by goingto submillimeter wavelengths
(smaller ), which is possible with the James
Clerk Maxwell Telescoe (JCMT) and Caltech
Submillimeter Telescop (CSO) on Mauna Kea,
Hawaii. Thesetelescogshave beenableto make
imagesof the solar disk at submillimeter wave-
lengths with a spatial resolution as small as 20°°
(Horne et al., 1981; Lindsey & Je eries, 1991;
Bastian et al.,, 1993a,b; Lindsey et al., 1995;
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Lindsey & Kopp, 1995). The Nobeyama 45 m
telesco has been able to aciieve similar reso-
lution at = 3 mm (Kosugi et al., 1986;Irimajiri
et al., 1995), while the NRAO 12 m telescope
at Kitt Peak can read a resolution of 40at 1
mm (Buhl & Tlamicha, 1970;Kundu, 1970,1971;
Lantos & Kundu, 1972).

Howeer, by their nature single{dish obsena-
tions are not ideal for searting for spatially{
resohed time variability in the solar chromo-
sphere.A singledish only samplesthe ux from
a given location when it is pointing there, and
thus its duty cycle for sampling the time varia-
tion at a given point is poor if the telesco is
carrying out imaging since,by de nition, most of
the time it is pointed at the other locationswithin
the eld being mapped (e.g., the raster scanof a
400squareregionby Lindsey & Je eries, 1991,
required45 minuteswith a 1 sintegration at eat
of 1600 pointings). Single{dish obsenations are
excellen for studying time variability in the to-
tal ux from a xed location (i.e., the spatially{
integrated ux within the telescog beam; e.g.,
Simon& Shimabukuro,1971;Kundu & Sdimahl,
1980; Lindsey & Roellig, 1987; Kurths et al.,
1988; Kopp et al., 1992), but cannot simultane-
ously image. Multib eam receiwers on single{dish
telescopes can speed up this processbut do not
changethe nature of the data. The attraction of
interferometer obsenations is that they o er the
opportunity for simultaneously achieving higher
temporal and spatial resolutionobsenations than
canbe achievedwith a singledishtelescope. Since
for a singledish telescope the eld of view is the
sameasthe spatial resolution, the telesco must
have a large aperture and be physically driven to
di erent pointing locationsin order to map a re-
gion. By cortrast, an interferometerwith smaller
dishes(sensitivity not being much of an issuefor
the Sun) can make an image with many resolu-
tion elemetts acrosshe eld of view, and achieves
high time resolution becauseit forms an image
without repointing and thus can stare at the
same eld of view cortinuously, providing com-
plete sampling of the light curve in eat resolu-
tion elemen. On the other hand, an interferome-
ter hastwo disadwantages:it is insensitive to the
badkground ux of the Sun, which is resohed out
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becauseit comesfrom a sourcetoo large to be
sampledby the interferometer spacings;and an
interferometer is equivalert to a sparsely lled
aperture, meaning that it does not completely
sample the spatial structure within the eld of
view at any instant, and this createsdi culties in
reconstructing images(discussedfurther below).
Interferometer obsenations of the (non{ aring)
Sun at millimeter wavelengthshave beencarried
out sincethe 1970s(e.g., Labrum et al., 1978;
Labrum, 1978;Jansseret al., 1979;Belkora et al.,
1992; White & Kundu, 1994), but generally not
with a su cient number of telescos for snap-
shotimagingto befeasible.Herewe discussinter-
ferometerimagesof the Sunmadeat a wavelength
of 3.5 mm with the Berkeley{lllinois{Maryland
Array (BIMA), which, with the largestnumber of
dishesof any existing millimeter interferometer,
is the telescope best suited for sud obsenations.
It is not at all clear,a priori, that millimeter in-
terferometerobsenations of the quiet Sunwill be
successfutlue to the dynamic nature of the chro-
mosphere.Evidencefrom all wavelengthsis that
the chromospheres a turbulent layer, constarily
pushed from below by cornvective motions and
waves, and being bombarded from above by en-
ergetic particles. Radiative energylosstimescales
are quite short, and motions are common: Zirin
(1996) commerts that \In high{resolution movies
the H chromosphereis a seething, oscillating
massof brils". At certimeter wavelengthsradio
imagesof the Sun are usually dominated by very
bright, relatively compact sourcesin the corona
above active regions, but at millimeter wave-
lengths the image consistsof temperature uctu-
ations on the optically thick layer in the chro-
mosphere corresp onding to the frequencyob-
sened, and thesewill Il the eld of view with
low{contrast features. Sudr an image requires
many componerts to descrile it adequatelyand,
aswe discussbelow, a singleinstantaneousobser-
vation, evenwith BIMA, doesnot cortain enough
information to reconstruct the brightness distri-
bution within the eld of view. A standard tech-
nique usedby interferometersto overcomethe in-
stantaneously sparsesampling of spatial scalesis
to integrate over a long period, using the Earth's
rotation and the changingeleation of the source

to Il in the sampling (the technique of \Earth{
rotation synthesis"), but this can only work if
the target obsened is steady over the time pe-
riod used:if not, then samplesat di erent times
referto di erent brightnessdistributions and can-
not be combined. If the chromosphere'smillime-
ter emissionis sud that its pattern changesfrom
minute to minute, then clearly Earth{rotation
syrthesiswill not work. Single dish obsenations
do not su er from this problem, sinceead point
is only obsened briey, but equally single-dish
obsenations cannot easily be usedto investigate
this issue.

In this paper we analyze millimeter{
interferometer obsenations of the solar chro-
mosphere obtained with BIMA and look for
spatially{resolv ed oscillation power in the
obsenations. We obsene and comparean active
region, quiet{Sun regionand a coronal hole. The
imaging technique usedfor the millimeter data is
discussedn somedetail. An important question
is the sensitivity of the obsenations to oscillation
power, and we presem extensiwe tests of this
issue. In the companion paper by Loukitchewa
et al. (2005) we comparethe obsened millime-
ter intensity variations derived in the presen
analysiswith the oscillation properties predicted
by the Carlsson & Stein models (Carlsson &
Stein, 1995, 1997) and discussthe reasonsfor
di erencesthat we nd.

2. Radio emission from the quiet Sun
at millimeter wavelengths

Radio emission at millimeter wavelengths be-
comesoptically thick in the solar chromosphere
due to the opacity cortributed by thermal
bremsstrahlung.At temperaturesbelow 10* K the
dominant species(H and He) are mostly neutral,
but the total electron and proton densities can
remain high becausethe total density increases
rapidly with depth and compensatesfor the de-
creasdn fractional ionization. Below 5000K (i.e.,
in the temperature minimum) essetially all hy-
drogenis neutral. Free electronsare still presen
at thesetemperatures due to ionization of met-
als sudh assadium, but there areinsu cien t free
protons to provide signi cant free{free opacity.
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In this situation a medanisminvolving free elec-
trons and neutral H dominates the radio opac-
ity: an electron polarizesan H atom and the in-
teraction between the electron and the dipolar
atom provides opacity known as\H opacity".
Howeer, at the wavelength we investigate here,
3.5mm (85 GHz), we can assumethat electron{
proton bremsstrahlungstill dominatesthe radio
opacity.

The expressionfor this opacity from the top
of the solar coronadown to a height hgy in the
chromosphereis given by

01
f2

Z1 Ne(Np + 4Ny )(17:6+ 1:5InT Inf)Olh
ho T1:5

wheref is the frequency n, the electron number
density, n, the proton number density, ny ¢+ the

fully{ionized Helium number density and T is the

temperature. Apart from f, all these quartities

depend on height and this expressioncanonly be
ewvaluated in the context of a model atmosphere
in which both the density and the ionization frac-
tion are speci ed as a function of height. Radio
measuremets of T (which is the sameasthe ra-

dio brightnesstemperature sincethe radio mea-
suremer is in the Rayleigh{Jeanslimit and the

sourceis optically thick) asa function of f pro-

vide constrairts for sud&x models (e.g., Vernazza
et al., 1976,1981;Fontenla et al., 1990;Ewell, Jr.

et al., 1993;Gu et al., 1997). At millimeter wave-
lengthsthe temperature variesmuch more slowvly

than electron density as a function of height. As
aresult, the optically thick frequency i.e. the fre-
quency at which optical depth unity ( = 1) is
reathed at a given height hg, depends predomi-
nantly on the density gradient:

vA 1
f2/ nenp dh:

ho

With only a weak dependenceon the tempera-
ture gradiert, this resultimpliesthat the optically
thick surfaceat a given frequencyis determined
by the column density above the surfaceand is
relatively independert of the temperature on the
surface.Thus, heatingin the chromospheren the
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Fig. 1. An EIT 195A imageof the Sunat 19:12UT
on 2003August 31 (reversedcolor table, sothat dark
featuresrepresen bright emission)together with cir-
clesshawing the targets obsened by BIMA. The cir-
cleshave a diameter of 150°0 just slightly larger than
the half{p ower beamwidth of the BIMA antennasat
85 GHz, and are labelled for the appropriate feature:
\AR" (active region), \QS" (quiet Sun), and \CH"
(coronal hole).

layersaround = 1 shouldleaddirectly to anin-

creasein the millimeter brightness temperature
sincethe integrated column above the heatedlo-
cation will not changegreatly. Heating in the op-
tically thin layersabovethe = 1 surface,onthe
other hand, decreasedhe optically thin cortri-

bution from the locally heated material but can
leadto anincreasein the column density of ne as
heat propagatesdownwards to the denserlayers
and causesthem to expand, pushingthe =1
layer up the temperature gradiert. This is likely
to occur on a timescaleslover than that of the
heating, but may well a ect the radio brightness
temperature and thus alsoresult in sensitivity of
mm{wavelength radiation to heating that is lo-
calizedin a layer away from the = 1 surface
(Loukitchewa et al., 2004).
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3. BIMA observing procedure and
data analysis

3.1.BIMA Observations

BIMA is a 10-elemenh interferometric array con-
sisting of 6.1 m diameter dishes (Weld et al.,

1996).The BIMA obsenations followed the stan-
dard practice of alternating obsenations of an
unresolhed strong point sourcefor phasecalibra-
tion with obsenations of the target regions. In

this case,we alternated between the three tar-

gets (active region, quiet Sun and coronal hole)
with scans31 minutes long (29 minutes of inte-
gration) interspersedwith scansof the calibration

source 1058+015. The three target regions are
shovn on an EIT 195A Fe Xl1 imagein Figure
1. BIMA tracks a xed point on the solar sur-
faceby correcting for solar rotation in real time.

The correlator was setto obsene two 800 MHz{

wide sidebandsat 85 and 88 GHz. BIMA wasin

its most compact (\D") con guration for these
obsenations, resulting in a nominal resolution of
order 10°? but minimizing the e ects of atmo-
sphericphasedistortions on the data. Phasevari-

ations in the data due to diurnal changesin the
lengthsof the optical b ersconnectingthe anten-
nasto the certral building amourted to se\eral
thousand degrees but these are measuredaccu-
rately by the on{line systemand removed during
the calibration processErrors dueto atmospheric
phase uctuations appearedto berelatively small
until the end of the obsenation whenthe Sunwas
low on the western horizon, and we excludethe
last ( fth) scanof the active region for this rea-
son, leaving four scansof ead of the three target
regions. The time resolution was 4 secondswith

an integration time of 3 seconds.

Solar obsenations with BIMA do not usethe
standard amplitude calibration method because
the Sun lls the antenna beam with a bright-
nesstemperature of order 7000K, and requires
the receiversto operate in a regime quite di er-
ert from normal obsenations where the system
temperature is of order 300 K. In order to mea-
surethe systemgain at the Sun'sbrightnesstem-
perature, a modi ed version of the convertional
chopper wheelmethod (Ulich & Haas,1976) has

been implemerted by R. L. Plambedk and D.
Bock (describedin Plambed, 2000).Each chop-
per wheel on the BIMA antennas carriesin one
quadrart a partially transparert vane (a \p el-
licle") with a transmission factor of order 70%
(measuredn the laboratory prior to installation).
The pellicles can be rotated into the beam path
and the receiwer response at 70% of the Sun's
brightness temperature can then be compared
with the responsewhen the Sun is obsened di-
rectly. A suitable modi cation of the Ulich &
Haas (1976) formula allows the gain to be com-
puted, under the assumptionthat the Sun'stem-
perature at 3 mm wavelength is 7000 K, which
should be appropriate (e.g., seethe surwey by
Urpo et al., 1987).This correctionis implemerted
by a customizedmodule in the on-line correla-
tor software. The dielectric beamsplitter usedfor
the vane is polarization-dependent and this in-
troducessomeuncertainty in the amplitude cali-
bration. We cross{hedked the amplitude calibra-
tion schemeby comparingBIMA data with three
other sourcesNobeyama Radio Polarimeter data
for a are at 80 GHz that BIMA obsened at 85
GHz; estimatesof thermal free{freeemissiondur-
ing the decy phaseof ares basedon GOES soft
X{ray data; and total power measuremets on
BIMA antenna 3, which has an older Stottky
receiwer that is more linear than the receiverson
the newer BIMA antennas.From this comparison,
we preseltly estimate a conserative uncertainty
in the absoluteinterferometer uxes of 30%.

The total power level on antenna 3 at BIMA is
known to show oscillations associated with
the water chiller on the antenna that can
propagate into the visibilit y data. The os-
cillation was seen in total power with pe-
riods ranging from 13 to 16 minutes dur-
ing this observation but there was no obvi-
ous sign of such oscillations in the visibil-
ity data; in any case, at those long periods
they should not interfere with the search
for periods from 3 to 5 min utes. Noneof the
other antennasshaov sud oscillations.
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3.2.Imageprocessing

The advantage of using an interferometerto ob-
sene the chromospherds that it canadieve bet-
ter spatial resolution than a single dish obsena-
tion at the samefrequency The disadwantage is
that the interferometer is insensitive to ux on
spatial scaleslarger than the angular scalecor-
responding to the Fourier fringe spacing of the
shortest antenna spacing,and in particular it is
insensitiv e to the badkground solar disk level.
We know that millimeter imagesof the solar at-
mosphereshould consistof featureswith cortrast
of order hundredsto 1{2 thousand K against a
at badkground of order 7000K, and relative to
that badkground the imageswill have patterns of
positive and negative emission. This is seenin,
e.g.,high{resolution interferometerimagesof the
solar chromosphereat microwave frequencieq4{
22 GHz: Erskine & Kundu, 1982; Gary et al.,
1990;Bastian et al., 1996;Benzet al., 1997).
Since the imagesare expected to have emis-
sion in many pixels but with relatively low con-
trast, the appropriate decorvolution method is
maximum ertropy (\MEM") rather than the
\CLEAN" processusually usedfor high{contrast
images with small bright features (Cornwell,
1988). We attempted to usethe \CLEAN" pro-
cedurebut it failed to produce maps that were
believable, presumably becauseof the conbina-
tion of high sidelokes (up to 50% in snapshot
maps) and the presenceof ux in just about ev-
ery pixel in the image.Evensmallamourts of ux
being redistributed by the point{source response
causegroblemsin a low{contrast imagebecause
at any location you canget spuriouscortributions
from pixels all acrossthe image, whose decon-
volution by \CLEAN" would require excessiely
large numbers of \CLEAN" componerts and a
very slov\CLEAN" step.We usedthe maxerpro-
gram in the MIRIAD padagefor MEM decon-
volution 1, allowing the programto nd the total

the results from maxen
deconvolution  programs
in the AIPS package maintained by the
National Radio Astronomical  Observ atory ,
VTESSwhic h uses the Corn well entrop y mea-
sure rather than the Gull entrop y measure

1 We compared
with  the MEM

ux, and restored the decorvolved imageswith
restoring beamsof 10P°for the imagespresened
here.Sincemaxenhasa positivity constrairt, the
decorvolution processsetsthe zero level at the
ux of the most negative real featurein the image
and forcesall other featuresto be brighter than
this. Thereforethe zerolevel in the imageshaslit-
tle meaning.The total power measuremets from
the receiwersindicated that the active regiontar-
get showved a total power about 2% larger than
the quiet Sun region and about 1% larger than
the coronal hole.

The 6.1m BIMA antennas have a half{p ower
beamwidth of 137°at 85 GHz and the rst null
is at a radius of 170°from the certer of the pri-
mary beam (Lugten, 1995).We madeimages128
pixels squarewith a cell sizeof 3°¢ and looked for
ux in the inner regionof the image,i.e., a circu-
lar region of diameter 192° whic h extends
beyond the half{p ower size. Howewer, gener-
ally ux in the decorvolved imagesis con ned to
within the half{p ower region.

3.3.Snapshoimagingand BIMA
sensitiviy

One of the goals of this investigation is to look
for oscillationsin the chromosphericemissionat
timescalesrom 3 to 5 minutes, requiring imaging
to be carried out on much shorter timescalesj.e.,
snapshotimaging. We made imagesat intervals
of 15 secondsthroughout the day, with ead in-
terval including about 4 integrations. Maximum
entropy decorvolution of thesesnapshotswithout
usinga priori modelsdid not producesatisfactory
images. The reasonsfor this can be understood
as follows. When all ten antennas were operat-
ing (only true for a period after 21 UT), BIMA
obtained 45 complexnumbersin a snapshot(one
for ea antenna pairing), sothat at bestan im-

used by maxen but also has a positivit y con-
strain t), and UTESSwhic h has no positivit y
constrain t). VTESSjave essertially the same re-
sults as maxen with the total uxes determined

by the two programs agreeing to within 10%,
but UTESSailed to converge to a suitable so-
lution.
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agewith about 30 distinct emission componerts
in it can be reconstructed(a single point source
requires 3 piecesof information: a ux and two
position coordinates). The BIMA eld of view,
howewer, cortains about 400 resolution elemens
(140°° eld with 10°°beam, requiring 4 samples
per beam), and we expect ux to be presen ev-
erywhere, unlike the caseat longer wavelengths
or for ares wherea few bright sourcesdominate.
Thereforea snapshotdoesnot cortain enoughin-
formation to reconstruct the brightnessdistribu-
tion completely

We addressthis problem by usinga priori mod-
elsasdefault imagesfor eat snapshot.The mod-
els usedare the results of decorvolving the data
for eadt target regionfor the wholeday. Earth ro-
tation synthesisthen givesus enoughinformation
to reconstruct the brightness distribution, pro-
vided that it is reasonablystable over the day.
At a grosslevel this was found to be the case,
particularly for the active region target. Using a
model asa default imagefor decorvolution is the
well{discussedprocessof supplying a priori in-
formation (Cornwell & Braun, 1989).The decon-
volution procedureshould then only modify the
model where the snapshotdata require it, i.e.,
only wherethe data cortain featuresthat are not
consiste with the default model to within the
noiselevel. In a sensewe are askingthe decorvo-
lution processto reconstruct changesin a small
number of pixels where the emissionchangesby
amourts that are signi cantly larger than the
noiselevel (smaller changesareirrelevant), rather
than in ewery pixel in the image that cortains
ux. This approad shouldminimize the e ects of
the snapshotu; v distribution varying throughout
the day, but it complicatesthe issueof determin-
ing the sensitivity of the method to uctuating
sources.This approad produced snapshotmaps
of excellen quality that clearly shoved changes
with time, whereasimages constructed without
using a priori information were poor (with both
CLEAN and maximum ertropy decorvolution).

The tests carried out to determine the be-
lievable level of uctuations in the imageswere
twofold. Firstly, imagesin the two sidebandsat
85 and 88 GHz should be essetially identical
since the correspnding optically thick layersin

the chromosphereare so closeto one another.
The snapshotimagesat the two frequenciesvere
madeindependerily usingidentical methods and
compared.The two imageswerealways consistem
with oneanother. The noiselevel in the snapshot
di erence mapswastypically of order 0.006solar
ux units (sfu) per beam(1 sfu= 10* Jy) or 100
K brightnesstemperature (for a 10°°beam).
Secondly we addedmodel point sourcesof dif-

ferert uxes to snapshotvisibilities and mapped
the resulting data as before. This test indicated
that model sourcesas weak as 0.001sfu (17 K)
could be recorered adequatelyin regions of the
imageswherethe ux is high, but in other regions
(regionswith low ux) sourcesasstrongas.05sfu
(800 K) could not be recovered. We presen an
explanation for this behaviour later in discussing
tests of the recovery of oscillating sources.

4. Comparison of millimeter images
with other diagnostics

In order to provide a context for understanding
the millimeter obsenations, we compare them
with the following data: (i) a longitudinal mag-
netogramobtainedat 19:11UT by the Michelson
Doppler Interferometer (MDI) on the Solar and
Heliospheric Obsenatory (SOHO); (i) a 195 A
image (dominated by an Fe Xl line formed in
the coronaat 1.5 1(° K) at 19:13UT from the
Extreme{ultraviolet Imaging Telescop (EIT) on
SOHO; (iii) a304A EIT imageat 19:19UT dom-
inated by the He | line formed at about 1 K;
(iv) aline{center H imageobtained by the Big
Bear Solar Obsenatory (BBSO) at 19:02UT; (v)
a BBSO Ca Il K line image acquired at 16:37
UT; and (vi) a 17 GHz imagefrom the Nobeyama
Radio Heliograph (NoRH) madeby averaging60
samplesl minute apart covering the time range
23:00{23:59UT (after sunrisein Japan) with so-
lar rotation removed from the brighter features.
Sinceit is closeto the mid{time of the BIMA ob-
senations, we use19:00UT asthe referencetime
and all imageswererotated to the commontime
for comparison. The 85 GHz imagesused here
have a spatial resolution of 10° The 17 GHz im-
age has a spatial resolution of 12°0 while all the
optical and EUV imageshave resolutionsof order
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2{4% The line{center H and Call K emissions
are believed to form in the chromosphereat tem-
peratures of order 6000{8000K. At 17 GHz the
solar disk has a brightnesstemperature of 10000
K, sothis frequencyis also a chromosphericdi-
agnosticin principle and is optically thick at a
height above the formation levelsof H and Ca
Il K. Howewer, in active regionscoronal material
can also cortribute at 17 GHz due to optically
thin bremsstrahlungfrom the hot plasmain coro-
nal loops.Sinceoptically thin bremsstrahlunghas
abrightnesstemperature spectrum/ f 2, where
f isfrequency the brightnesstemperature cortri-
bution of coronal material at 85 GHz should be
just 4% ( (85/17) 2) of its cortribution at 17
GHz. Coalignmern of target regionimagesat dif-
ferert wavelengthswasbasedon ful{disk images;
ne coalignmen was possibleusingthe active re-
gion eld in which the sunspot is clearly visible
at many di erent wavelengths.

4.1.Activeregion

The small active region NOAA 10448 north of
the solar equator (Fig. 1) was the target for
these obsenations. Images of the region at six
wavelengths are shovn in Figure 2. The largest
sunspot in the region is actually at the trailing
(eastern)endof the region.Clear depressionsver
this sunspt are seenin all six panels:at 85 GHz,
this is the location of the wealest emission(the
zero level in the maximum ertropy maps). The
loop of bright emissionencircling this sunspot in
the Ca Il K image is essetially reproduced in
the 85 GHz image. The H image shows a nar-
row lament in the south of the region that is
not a prominert feature at any of the other wave-
lengths.

The brightest emissionin the 17 GHz, 195 A
Call K andH imagesconsistsof abroadupright
\V" of emissionnorth of the certer of the region.
This featureis not conspicuouslypresen in the 85
GHz image,although there is certainly millimeter
emissionin its vicinity. The nature of this feature
(coronal or chromospheric) is not obvious from
the images:the 195A imagesuggestghat it con-
sists of discrete featureslow in the atmosphere,
while its presencean the Call K and H images

clearly indicates a chromosphericcomponert. In
the 17 GHz imagethis feature hasa peak bright-
nesstemperature cortribution of order 15000K
(median of order 10000K), and if it is optically
thin bremsstrahlungfrom coronal material then
it should cortribute a peakof 600K (median400
K) to the 85 GHz image. The actual brightness
temperaturesin the 85 GHz imagein this region
are in the range 900 (median) to 1500K above
the sunspot level, so the optically thin coronal
cortribution from this feature may be partially
masked by a larger optically thick chromospheric
cortributions alongthe line of sight at 85 GHz.
Comparisonsof the 85 GHz and magnetic eld
data with the Ca Il K image of the region are
shovn in more detail in Figure 3. In this case
the 85 GHz data and the magnetic eld mea-
suremerts (represemed by the 40 G corntours
plotted over the Ca Il K image) are from times
closerto the acquisitiontime of the Call K image
(16:37UT). In the left panel we plot a single 85
GHz cortour at a brightnesstemperature of 500
K (about 20% of the peak). This cortour follows
the outer edgeof the bright Call K emissionex-
tremely well, and con rms the succesof the 85
GHz imaging. Note that there aretwo \holes" in-
terior to the bright Ca Il K emissionof di erent
character:the holeonthe left liesover the sunspot
and is prominert in the 85 GHz image, while the
hole to the right of certer lies over weak mag-
netic elds and is simply a low{activit y region:
it is not as prominent in the 85 GHz image. The
high degreeof assaiation between strong mag-
netic elds andbright Call K emissionis obvious
in the right hand panel, with the obvious excep-
tion of the sunsmts. The visual impressionof a
high degreeof correlation of the 85 GHz emission
with the Ca Il K emissionis con rmed quarti-
tatively. Within a radius of 80°° the linear cor-
relation coe cient (Pearson's)between the two
imagesis 0.60, and the rank correlation coe -
ciert (Spearman)is 0.70, while for the magnetic
eld strength the correlations with Ca Il K are
0.44and 0.70,respectively. We take this excellen
correlation as con rmation of the succesof the
BIMA obsenations. Also note that thesecorrela-
tion coe cien ts cannot take accourt of temporal
variations: the 85 GHz imagesare averagesover
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Fig. 2. Comparisonof the active region (AR) eld of view at a number of wavelengths(labelled): the BIMA
image at 85 GHz, the NoRH imageat 17 GHz, the EIT 195A Fe XI| image,the BBSO Ca |l K image, the

MDI longitudinal magnetogramand the BBSO H

image. The 85 GHz image is of the data from the rst

two 30{minute scansand has beencorrrected for the primary beamresponseand truncated in a 96°radius
eld of view, which is also imposedon the 17 GHz, 195 A and Ca |l K image. The magnetogram display

rangeis

500G, at 17 GHz the display rangeis 1.0to 2.5

10* K, and at 85 GHz the display rangeis 0

to 2000K (above the badckground disk level of order 7000K).

an 8 hour period, while the imagesat most of the
other wavelengthsare instantaneoussnapshots.

The total ux recoveredin the BIMA imageis
about 5 sfu; for comparison,the BIMA primary
beam lled with a sourceat 7000K should pro-
duce77sfuat 85GHz. The peak ux isaround.09
sfu per beam, correspnding to a brightnesstem-
perature of order 1600K (without primary beam
correction). Recallthat this peakbrightnesstem-
perature really re ects the rangein temperature
from the coolest (the sunspt) to the hottest fea-
ture in the image. This rangeis similar to that
seenin probably the highest quality single{dish
millimeter image, that of Bastian et al. (1993a)
with a resolution of 21°°at 0.85 mm. They ob-
sened an active region in which a sunspt ap-
pearedasa depressiorwith atemperature of 6000
K, while the surrounding active regionwas up to

1000K brighter. However, in standard chromo-
sphericmodelssud asVernazzaet al. (1981)and
Fontenla et al. (1990, 1991), we expect that the
3.5 mm emissioncomesfrom somewhat higher
in the atmospherethan the 0.85 mm emission,
and thus larger variations in brightnesstempera-
ture are possible.The higher spatial resolution of
our obsenations are another likely causeof the
higher brightnesstemperature cortrasts. Lindsey
et al. (1990) also obsened sunspots at 0.85mm
and did not nd them to be signi cantly darker
than the quiet Sunlevel (although clearly darker
than the surroundingplagein active regions),but
Lindsey & Kopp (1995) carried out a more ex-
tensive analysisand concludedthat sunspt um-
brae at 0.85mm can be considerablycooler than
the quiet Sun, as low as 4000K (at least 2000
K cooler than the chromosphereat that wave-
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Fig. 3. Overlays of contours of the BIMA 85 GHz emission(left) and the MDI longitudinal magnetic eld
(right) onthe BBSO Call K 16:37UT image (greyscale)for the active region eld of view. The millimeter
contour is for the secondactive region scanat a brightnesstemperature of 500 K, while the magnetic eld

contour isat 40G.

length). The sunspt in Fig. 2 is not large enough
for usto treat the perumbra and the umbra sep-
arately here.

4.2.Quiet Sun

The target for this obsenation was a region of
di use coronal emissionin the EIT 195 A im-
agethat clearly lay neither over an active region
nor in a coronal hole (Fig. 1). Imagesof the re-
gion at six wavelengths are shovn in Figure 4.
This eld of view is distinguished by the almost
completeabsenceof strong magnetic elds in the
magnetogram:the largest eld strengthis 120G,
but only 5% of the pixels showvn in Fig. 4 have
eld strengthsin excessof 20 G. The H image
is correspndingly dewid of prominent features.
The BIMA image at 85 GHz shaws a pattern of
bright and dark featuresresenbling the cell pat-
tern of the network, while the 17 GHz image is
dominated by a depressioron the eastside of the
eld of view that is 2000K cooler than the sur-
rounding 10000K disk. By cortrast, the brightest
feature at 17 GHz is only 1000K above the disk
level. The total ux in the 85 GHz imageis about
4 sfu.

The prominernt 17 GHz depressionis not evi-
dert as a feature at any other wavelength apart
from 85 GHz, whereit is also the coolest loca-
tion in the image,400K cooler than the median
level in the image but 2000 K cooler than the
brightest feature. The location of the depression
at 85 GHz is not exactly the sameasin the 17
GHz image, but it is a steady feature during the
obsenations and sincethe 17 GHz image corre-
spondsto a period at the end of the BIMA obser-
vation, we are con dent that they are the same
feature. Inspection of MDI data for seweral days
before and after the day of the BIMA obsera-
tion did not shov any optical feature at this lo-
cation. The 17 GHz and 85 GHz imageshave a
linear (Pearson's)correlation coe cient of 0.23,
and a rank (Spearman) correlation coe cient of
0.19, but due to the absenceof strongly mag-
netic featuresin this eld of view, the degrees
of correlation between the other imagesat dif-
ferert wavelengthsare generally low. While this
may raise questionsabout featuresin the 85 GHz
images,we note that the quiet{Sun and coronal
hole scanswere interleaved with the active re-
gion scansduring the obsenation and the data
from all three targets were processedn exactly
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Fig. 4. Comparison of the quiet Sun (QS) eld of view at a number of wavelengthsin the sameformat as

Figure 2. The magnetogramdisplay rangeis

100G, at 17 GHz the display rangeis 9000to 10900K, and

at 85 GHz the display rangeis 0 to 2000K (with correction for primary beamrespose).

the sameway: the excellen correlation of the 85
GHz active{region data with other wavelengths
(Fig. 3) establisheghat the featuresin the other
85 GHz target regionsshould be valid.

Gary et al. (1990) measuredbrightness tem-
perature cortributions of up to 15000K from the
network at a wavelength of 3 cm. Bastian et al.
(1996) usedthe VLA to obsene the quiet Sun at
wavelengthsof 2 and 1.3cm. They determinedthe
absolutelevel of emissionusing total power mea-
suremetts from the VLA antennas themseles,
accurateto about 20%. They found a tempera-
ture range of about 2000K acrosstheir eld of
view at 1.3 cm and 3000K at 2 cm.

4.3.Caonalhole

The coronalhole target chosenis just to the west
of disk certer (Fig. 1). Imagesat six wavelengths
areshown in Figure 5. In cortrast to the quiet Sun
region, this coronal hole eld cortains a number
of strong magnetic features, almost all of nega-

tive polarity. 12% of the pixelsin this eld have
eld strengths exceeding20 G and 5% exceed
50 G, with a maximum eld strength of 300 G.

Howewer, as the 195 A image shaws, the corona
hasvery low density over the coronal hole. Again

the H image shaws little structure but Ca K

shows signi cantly more bright featuresthan did

the quiet Sun region, and they are well corre-
lated with magnetic eld strength (linear correla-
tion coe cient of 64%,rank coe cient 0.35).The

brightest featuresin the 85 and 17 GHz images
coincide,and lie over a bright CaK featurein the

south-eastof the eld but still within the coronal
hole. The correlation coe cien ts betweenthe Ca
K imageand the 85 GHz imageare 0.26 (linear)

and 0.31 (ranked), while between Ca K and 17
GHz they are 0.41 (linear) and 0.42(ranked): we
do not regardthe di erence betweenthesecorre-
lations as signi cant.

Figure 6 shaws overlays of cortours of the 85
GHz emission (left) and the longitudinal mag-
netic eld (right) onthe CaK imagefor the coro-
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Fig. 5. Comparison of the coronal hole (CH) eld of view at a number of wavelengthsin the sameformat
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(right) on the BBSO 16:37UT Ca ll K image (greyscale)for the coronal hole eld of view. The millimeter
contour is for the secondactive region scanat a brightnesstemperature of 600 K, while the magnetic eld
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nal hole eld. This overlay again emphasizeshe
generalagreemen betweenthe 85 GHz morphol-
ogy and the Ca K morphology (consisten with
the fact that the ranked correlation coe cient of
the two imagesis larger than the linear correla-
tion coe cient). The boundary of the bright 85
GHz emissionmatchesthe bright featuresin the
Call K imagevery well. The ranked correlation
coe cient betweenthe magnetic eld imageand
the Ca ll K imageis 0.35, very similar to that
betweenCa Il K and the 85 GHz image. There
are no deep depressionsin the radio images of
this eld. The total ux in the 85 GHz imageis
about 4.9 sfu (not corrected for primary beam
response),with a peak ux of order 0.10sfu per
beam correspnding to a brightnesstemperature
range of 1700K.

5. Sensitivity of millimeter
interferometer data to oscillations

A motivation for observing the solar chromo-
spherewith a millimeter{w avelength interferom-
eter is to be able to make imageswith high spa-
tial resolutionat high time resolutionand thusto
look for wave power. Due to the unusual way in
which the snapshotBIMA imageshave to be de-
rived (i.e., maximum entropy decorvolution with
a default image based on the average over the
whole time period), in a seart for wave power
it is important to understand the sensitivity of
the imaging technique to waves. In section 2 we
brie y descriked tests of the sensitivity of the im-
agedo changesln this sectionwe speci cally test
for the ability to recover oscillations.

The tests were carried out as follows. The ac-
tual sequenceof visibility data for a given tar-
getwasmodi ed by the addition of point sources
whoseamplitude varied sinusoidally in time (us-
ing the MIRIAD task uvmogl. The data with
and without the test sourcewere then processed
idertically, as descriked above: dirty maps were
inverted from the visibilities and decorvolution
was carried out using maximum ertropy with a
default image. The nal maps without the test
source(i.e., the original BIMA data) were then
subtracted from the correspnding maps made
with data including the test source.In practice,
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Fig. 7. Comparisonof the recovery of the ux of the
test oscillating sourcein two cases.In ead panelthe
plus symbols are the uxes recovered by tting the
di erence between the decorvolved image with the
test source and the decorvolved image without it,
while the solid line represens the ux of the oscil-
lating test source.The upper panel shaws the results
for a 290 s oscillation with an amplitude of 0.012sfu
located in a region of low ux, while the lower panel
shaws the results for a 185 s oscillation of amplitude
0.008in a region of higher ux.

we made the test somewhat more complex by
addingtwo point sourcesat atime, onewith a pe-
riod of 290s ( v e{minute oscillation) and an am-
plitude of 0.012sfu that was15%of the maximum
in the meanimage,and the other with a period of
185s (three{minute oscillation) and an amplitude
of 0.008sfu that was just 10% of the maximum
in the meanimage.In the imagesthesepoint test
sourcesshouldappearas 10°%eatureswith bright-
nesstemperature amplitudes of 200 and 135 K,
respectively. Sewen di erent test sequencesvere
run, ead consistingof 118integrations 15s apart
using the secondscanof the quiet{Sun target re-
gion, with the two sourcesin di erent locations
ead time. In eat case,Gaussiants to the dif-
ferenceimageswere madeat the known locations
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of the test sources,limiting the size of the t-
ted sourceto be no bigger than about twice the
restoring beamsize.

The nature of the results can be seenin Figure
7, where we compare the resulting light curves
for one of the best recovered oscillations (lower
panel, 185s period) and one of the worst (upper
panel, 290 s period) with the input test source
uxes. Evenin the poorer case,the oscillation is
clearly seen,while in the lower panel the agree-
mernt betweenthe input uxes and the recovered
uxes is extremely good. Howewer, the ts al-
ways recovered sourcesthat were spatially more
extendedthan the model point source,indicat-
ing that maximum ertropy decorvolution did not
have enoughinformation in the data to get the
sourcedimensionscorrect. The recovered source
dimensionswere small in caseswhere the oscil-
lations were well recovered but much broaderin
casesof poor recovery. In somecasesthe decon-
volved test sourcedid not resenble the model at
all: for example,the test sourcelocatedin the cir-
cular depressiorcertered at coordinates (-233% -
539 produced ux in the decorvolved mapsthat
appearedin the bright ring surrounding the de-
pressionrather than in the depressiontself, con-
sistert with poor ux recovery at low ux values.

In Figure 8 we presert a summary of the overall
test. In the left panelwe shaw the locationsof the
test sourcesoverlaid on the meanimage for the
period being considered.On the right panel we
plot the fraction of the oscillation recovered (en-
circled plus symbols) as a function of the ux at
the location of the test sourcein the averagemap.
The fraction of the oscilgation recB/ered here is
de ned asthe quartity ( ; ST;))=( ; T?), where
S; are the measured uxes from the Gaussian
ts to the dierence imagesand T; are the in-
put uxes of the test sourceat that location; this
guartity is unity for perfectrecovery of the model
uxes, §; = T, but if the S; measuremets do
not correlate with the T; valuesthe product will
be zero. The results are in agreemenh with the
earlier tests: at locations wherethe mean ux is
high the test sourceis recovered extremely well,
whereasat locations with low mean uxes recov-
ery can be quite poor (although in no casedo we
fail to seethe test sourceat all).
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We alsoplot valuesfor two other comparisons:
in a given test we can create the above product
using the \wrong" test source uxes, i.e., mul-
tiplying the measured uxes at the location of
the 290 s sourcewith the model uxes for the
185 s source,and vice{versa. Thesetwo quarti-
ties should be out of phaseand thus on average
cancelout: the triangle synmbolsin the right panel
represen this quartity and show that this is in-
deedthe case.Secondly to investigate whether
ux that is not recovered at the location of the
test sourceis spreadout over the rest of the map,
we measureduxes at the location marked by the
squarein the left panelof Fig. 8. This location has
a mean ux that is 20% of the maximum in the
averagemap. The squaresin the right panel of
Fig. 8 shaw the \fraction of the model ux recov-
ered" at this location, i.e., the sumsde ned above
wherethe S; valuesare measuredat this location,
for both the 290s and 185s test sourceT; values.
This quartity is zeroin the caseswherethe test
sourcewas well recovered, but can be quite large
and often negative in the casesof poor recovery,
suggestingthat indeedthe ux of the oscillating
sourcecan be redistributed over the image, but
often out of phase,whenthe oscillation is located
in a region of low mean ux.

The pattern in the upper panel of Fig. 7 ac-
tually suggestsa reasonfor the poor recovery of
test source ux at locations of low ux in the
meanmap. Thereis an asymmetryin the recosery
of the positive and negative valuesof the model
source:the positive valuesin generalseemto be
better recovered. This may be related to the pos-
itivit y constraint of the maximum ertropy algo-
rithm used here: if the test sourcelocation be-
comesmore negative than the rest of the eld,
then in orderfor it to be recoreredwhile the pos-
itivit y constrairt is satis ed, all other pixelsin the
imageneedto have their ux valuesincreasedIn
this caserecovery of the model requireschangesn
marny pixelsto be correctly tracked by the decon-
volution within the nite number of iterations of
maximum erntropy decorvolution typically chosen
to readh a stable result within a reasonabletime.
By cortrast, in the casewhere the test ux is
positive or the underlying ux is quite large, the
decorvolved imagewill only shov changesat the
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Fig. 8. Testsof the recovery of oscillating test sourcesin the BIMA obsenations. The left panel indicates
14 locations (black plus symbols surrounded by white circle) where oscillating sourceswere placedin sewen
separatesimulations (two sourcesper simulation, onewith a 290s period and the other with a 185s period)
of the secondscan of the quiet Sun (averageimage shawvn). The right panel shows the fraction oflghe test
sayrce ux recovered for ead of the 14 sources(plus symbols surrounded by circles), dened as( ; S;T;)
/(" T2) where S; are the recovered ux valuesand T; are the input test source uxes, sothat a value of
1.0 correspondsto perfect recovery of the input source.For comparison,the triangles are the samequartit y
for the 14 locations but swapping the 185 s and the 290 s test uxes: the S; and T; valuesthen should be
out of phasewith ead other and cancel, asis found. The squaresrepresen the samequartity but for the
location marked by a squarein the left panel, where no test sourcewas located: in ead of the sewen tests
we extracted the light curve at this location and constructed the product above for both the 290 s and 185
s oscillations, resulting in the 14 values plotted. In ead casethe squaresymbol is plotted underneath the

corresponding test sourceproduct.

location of the test sourceand relatively few pix-
elsneedto be changed,presumablymaking for a
simpler decorvolution problem.

From thesetests, we concludethat individual
oscillating sourcescan indeedbe recosered down
to quite low amplitudes (certainly lessthan 10%
of the cortrast in the image, i.e., of order 100K)
using the mapping technique for BIMA data ap-
plied here,provided that they lie in regionswhere
the mean ux is not too low. It seemsplausible
that heating power should predominartly lie in
regions where the mean ux is higher since we
expect that regions of strong heating are likely
to be bright in the BIMA images.Thesetests do
not, of course,truly represen the likely appear-
anceof oscillation power in the millimeter images,

but the test sourcesused here represen only a
small fraction of the total ux presen (in these
tests, the two sourcestotal about 0.5% of the 4
sfu of ux in the decorvolved images),sothe re-
sults do indicate that quite small levels of oscil-
lation power can be detectedwith the technique
descriked.

Howe\er, if oscillation power is presern ewery-
wherein the image simultaneously then the lim-
ited number of baselinesavailable to make the
snapshotimageswill limit our ability to recon-
struct oscillation power in many resolution ele-
merts simultaneously We have carried out a test
in which 8 model point sourcesare addedto the
visibility data for a singlesnapshotat random lo-
cations and then the resulting snapshotdata are
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decorvolved using the samedefault model as be-
fore. As expected basedon the argumeris given
above, we nd that someof the sourcesare well
recoveredin the decorvolved map, while thoselo-
catedin regionsof weak ux arenot andtheir ux

appearsredistributed, spreadas di use emission
acrossother brighter locations in the image.On
this basis,we arguethat oscillation power presen
in the target region doesnot seemto be lost by
the decorvolution approat we adopt here, but
it may not appear in the correct location since
the testsindicate that power locatedin regionsof
low ux may not be accurately recovered. Bright
oscillating sourcesin locations of steady bright
emission,on the other hand, may be well repre-
serted in the nal maps. This is a limitation of
the technique we employ (the only technique we
found which produced satisfactory results, lim-
ited by the small number of antennasin the ar-
ray and the low{contrast nature of the bright-

nessdistribution), and better results will require
imagesfrom an interferometer with many more
elemerts, sud asthe Atacama Large Millimeter
Array (ALMA). Webrie y investigatewhat oscil-
lation propertiesthe BIMA imagesequenceslis-
play in the following section.

6. Oscillation power in the millimeter
images

Based on the analysis given in the pre-
ceding section, we expect that if the os-
cillation power is dominated by a small
number of features located in regions of
brigh t emission then it should be well rep-
resented by these data, but if signican t
oscillation power resides in locations that
are faint in the daily average image used
as a model for the time{dep endent analy-
sis then it is likely to be redistributed into
regions of brigh t emission and contaminate
the oscillation spectra there. In this sec-
tion we investigate the oscillation prop er-
ties shown by these data using standard
analysis approac hes, bearing in mind the
limitations imp osed by the deconvolution
metho d. A more detailed analysis and com-
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parison with models is presented in a com-
panion paper by Loukitc heva et al. (2005).

6.1.AnalysisTechnique

After the proceduresof image restoration and
elimination of poorer data we are left with nine
uninterrupted 30{minute sequencesf snapshot
images (in units of brightness temperature): 3
successi® quiet-Sun scans(QS2, QS3, QS4), 3
active region scans (AR2, AR3, AR4) and 3
coronal hole scans (CH1, CH2, CH4). All im-
ages were corrected for the primary beam re-
sponseand truncated in a 72%adius eld of view.
For the analysisof the radio oscillations we em-
ployed two standard techniques: Fourier power
spectra, and wavelet transforms. Comparison
of results from two indep endent techniques
gives us more condence in our conclu-
sions. Power spectra were obtained by applying
the Fast Fourier Transform algorithm including
a 10% cosineapodisation. Before processing the
long term ewlution in eat pixel was removed
by subtracting a third order polynomial t to the
brightnesstemperature time series.No other |-
tering was carried out in order to presene the
original oscillatory power. The statistical signif-
icance of the oscillations for individual and spa-
tially averagedtime serieswas estimated using
the prescription of Groth (1975), depending on
the level of the (white) noisein the power spec-
tra. (The actual noisecharacteristicsare di cult
to assesgiventhe complexprocessingundergone
by the data, but for simplicity we will proceed
asif white noiseis the appropriate assumption.)
Only power above the 99% signi cance level was
consideredsigni cant.

The Nyquist frequencyof the image sequences
is 33 mHz, correspnding to a period of 30 sec-
onds, and due to the discrete sampling any pe-
riod in the signal shorter than 30 secondswill
be aliased. The duration of the signi cant oscil-
lations as well as the ewlution of their periods
were studied by meansof a wavelet analysis.As a
mother wavelet we usethe complexvalued Morlet
wavelet that consistsof a plane wave modulated
by a Gaussian. For the waverumber k, which
descrites the number of oscillations within the
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Fig. 9. Power spectra for the spatially averagedQS2
(solid curve), AR2 (dashedcurve) and CH2 (dotted)

data within a 20°°radius eld of view. Frequencies
above 10 mHz show no signi cant peaks and are
thereforeomitted for clarity; other details are givenin

the text. The horizontal lines are the 99%signi cance

thresholds for the three power spectra, according to

line type (the dashedAR and dotted CH thresholds
overlap).

wavelet itself, we employ k = 6. In the wavelet
transform we adopted a total of 41 scalesrang-
ing from 30 s up to 960 s. Signi cance levels of
99% were calculated assumingthe global wavelet
spectrum as a badkground spectrum, following
the prescription of Torrence & Compo (1998).
We consideronly time seriesshaving brightness
variations exceedingthe noise level, which cor-
responds to 100 K in brightness temperature
(Section 3.3).

6.2.OscillationPower in Di erent Regions

Beforeanalyzing the oscillatory behavior at indi-
vidual locations we construct the power spectra
for the spatially averagedtime series.In order
to be suitable for comparisonwith the results of
single dish obsenations the averaging was done
over all spatial locations within elds of view of
di erent radii in the range 20-729 To build the
time seriesequivalert to thoseobtainedusingtyp-
ical single{dish beam sizesthe correction for the
Gaussianshape of the beam was applied before
averagingof individual time seriesFor spatial av-
eragingwithin a 20’ eld of view the correspnd-
ing power spectra of the QS2,AR2 and CH2 time
series,acquiredwhen atmosphericphase uctua-
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tions wereminimal, aredepictedin Fig. 9 by solid,
dashedand dotted curves, respectively. The av-
eragedquiet Sun time seriesdemonstratesvaria-
tions of brightnesstemperature correspnding to
an RMS of 21 K, while for the AR and CH tar-
getsthe variations are ead about 20 K. Figure 9
clearly shows that oscillatory behavior is presen
in all the target regions.For the QS power spec-
trum the power peaksat 6.8 mHz (corresponding
to a period of 147 s), 2.3 mHz (435s) and 1.4
mHz (714 s) are statistically signi cant. In the
AR and CH spectra the signi cant peaksare at
3.8 mHz (263 s) and 2.9 mHz (345 ). The aver-
agedCH time seriesshows additional signi cant
peaksat frequencie®of 2 mHz (500s) and 1.1mHz
(909s): howewer, 1.1 mHz is the longestperiod to
which the 30{minute data sequenceare sensitive
and data at the longerperiods are a ected by the
detrending method used, so the exact nature of
this peakis unclear but the presenceof power at
longer periods is robust.

The amplitudes of the intensity variations in
the averagedtime seriesare higher than the re-
sults of Kislyakov et al. (1996), who reported
signi cant oscillations at seeral frequenciesin
the range of 1-7 mHz with amplitudes of 2-
10 K in the radio emissionof the quiet and ac-
tive Sun at the wavelength of 3.3 mm within a
beamof 40P Similar resultswere obtained for the
quiet-Sun cortinuum in the wavelength range of
300 800 m by Lindsey & Kaminski (1984),who
found local intensity variations within the beam
of 48°diameter at frequenciesin the range 3-7
mHz with RMS brightnesstemperaturesof order
5K.

Using average power spectra may not be the
most robust way of revealing di erences between
the oscillation properties of the three typesof re-
gions. Moreover, Fig. 9 is not completely repre-
serativ e of the power spectra correspnding to
ead individual point, which shav a considerable
scatter, with, e.g., relative amplitude of power
peakschangingsigni cantly from onepoint to the
next. Also, the frequencyof the peak power can
shift slightly from one point to another. A more
robust comparisonof the frequencydistribution
in the intensity oscillations of the quiet Sun and
active region is obtained if we determinethe fre-
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Fig. 10. Histograms of the period of maximum power
for the QS (solid line) and AR data (dashedline). For
ead pixel the period with most signi cance in the
power spectrum is determined exactly asdescribedin
subsection6.1, and at this period the pixel is included
in the distribution. Individual pixelsin the millimeter
imagesare not statistically independert, and it is the
relative, not the absolute, number of pixels that is
important. There are about 10 pixels per resolution
elemen.

quency (period) at which the maximum power
is found for the power spectrum of eat pixel
cortaining signi cant peaks. The correspnding
distributions N (P) derived for QS and AR data,
which descrike the number of pixels having max-
imum power at period P, are shovn in Fig. 10,
i.e.this gure showsthe relative occurrenceof dif-
ferert dominarnt periodicities in individual pixels
in the eld of view. For the quiet Sun the max-
imum power, depicted by the solid line in Fig.
10, is distributed over a broad range between150
and 1000s, with a distinct maximum in the dis-
tribution at 200-350s. The histogramfor the AR
(dashedline in Fig. 10), alsorevealsa broadrange
of frequenciesbut with a clear maximum in the
histogramat about 800s. In addition to the dom-
inant period band of 500-850s the AR data also
shov smaller peaksat shorter periods of 200and
300s, although the statistics are not adequatefor

us to assertthat theseare really separatepeaks.

Figure 10 clearly suggeststhat in the active re-
gion target longer periods dominate over short
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periods (although as noted earlier the actual dis-
tribution of power at long periods is a ected by
the data analysis and the limited sampling on
longer timescales),while in the quiet Sun there
is a wide distribution of power with a peak at
short periods. The broad histogramsare illustra-
tive of the fact that the dominart peak can be
located at any frequency within a given range,
making the averagespectrum susceptibleto the
limited statistics.

6.3.Distinction BetweenNetwork and
Cells

Obsenations in the coresof the chromospheric
spectral lines (e.g. the Ca Il K line) reveal a
distinct di erence in the oscillation frequencies
of quiet sun network (NW) and supergrarula-
tion cell interiors. The latter are often also re-
ferred to asthe internetwork (IN). The network
is dominated by oscillationswith periods of 5 min
and longer, while the internetwork regions dis-
play enhancedpower in the 3 min range(see,e.g.
Rutten & Uitenbroek, 1991; Lites et al., 1993).
This dierence is thought to be produced by
the di ering magnetic structure in the network
(strong, mainly vertical elds) and the internet-
work (weak, partly horizortal elds, in a canopy-
like con guration). We now investigate whether
the oscillation prop erties seen in the quiet
Sun millimeter image sequences also show
this distinction, bearing in mind the possi-
bilit y discussed above that power present
in regions of low brigh thess can appear
to leak into brigh ter regions due to the
limitations of the deconvolution technique .
Ead obsened eld wasdivided into internetwork
(IN) pixels, network (NW) pixels or an interme-
diate regionbasedon masksconstructedfrom the
BBSO Ca Il K imagesand time-averagedradio
imagesfor ead data set. A pixel was assignedo
represen internetwork if its calciumintensity was
below the peakofthe Call K intensity histogram
and its mean radio brightness was below half
of the maximum brightnessof the time-averaged
QS image. To de ne the network a Gaussian t
was applied to the calcium intensity histogram.
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Fig. 12. The sameasFig. 11 for a network location (-269% -92°9 of the QS2 integration.

If a pixel displayed an intensity value lying more Sun data setswere consideredwhen creating the
than 1 above the intensity of the maximum of network (internetwork) mask.

the Gaussian t and its mean radio brightness ) _

was above half of the maximum brightnessof the ~_ SPatially resohed BIMA IN and NW time se-
time-averagedimage, then it was assignedo the €S exhibit a wide variety of power spectra with
network. We found it necessano usethis double the peak of maximum power varying from the
criterion involving both Ca Il K and millimeter 3-Minute range up to 10 minutes and longer.
wavelength brightness.The advantage of emplgy- N€\ertheless,among them one can nd exam-
ing Ca Il K is that it shavs a strong cortrast P!€S Of time serieswhich manifest power spec-
betweennetwork and internetwork. However, due @ known from other obsenations to be typi-
to the signi cantly di erent spatial resolutionsof €@ for IN-and NW locations. We shaw the re-
the calcium and millimeter data setsit is impor- Sults of the Fourier and wavelet analysisfor these
tant to consideralsothe latter. Finally, only pix- typical” interetwork and network locations in

elsde ned asnetwork (internetwork) in all 3quiet F19S- 11 and 12, respectively. Inspection of the
time seriesin Figs. 11a and 12a suggeststhe

presenceof quasi-periodic variations with ampli-
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tudes larger than is expected from pure noise.
The chosentime seriescorrespnd to the spa-
tial locations (-311% -44°Y and (-269° -92°Y in
the QS2 integration. For the internetwork loca-
tion the dominart power peak is at about 5.2
mHz (corresponding to a period of 192 s) with
a secondarypeak at 3.0 mHz (period of 333 s),
whereasin the network location the 5-minute
(3.2 mHz) oscillations are the strongestin addi-
tion to signi cant power at 2.2 (455 s) and 4.5
mHz (222 s). Figures 11cand 12c, depicting the
wavelet spectra, in principal allow the duration
of signi cant oscillations at a given location to
be determined. In practice, the relatively short
length of the time serieslimits its usefulnessin
the wavelet spectrum gures the darker cortour
regions shov the location of the highest power.
Cross-hatded regions indicate the limit of the
cone of in uence (COI), outside which edge ef-
fects becomeimportant (seeTorrence& Compo,
1998).NonethelessFig. 12csuggestghat the pe-
riod of maximum power for the network oscilla-
tions increasedrom about 200 s initially to 300-
500 s later in the scan. The internetwork loca-
tion displays a wavelet spectrum of quite di erent
character (Fig. 11c),with the most powerful oscil-
lations remaining at a period of about 180-200s
throughout, accompaniedoy oscillationswith the
power maximum at longer periods of about 300-
350s. Se\eral periodic everts are recordedin the
high frequencyrangeof 50-150s and last for only
short periods in both IN and NW wavelet spec-
trum plots.

It is instructive to comparethe oscillation fre-
quency distributions for pixels represeting in-
ternetwork and network and make a gure simi-
lar to Fig. 10to look for di erences betweenthe
non-magneticand magnetic quiet Sun. The cor-
responding histogramsof the period of maximum
power for the quiet Suninternetwork and network
are depictedin Fig. 13 by solid and dashedlines,
respectively. The data have beendivided by the
number of pixelsto make the histogramsdirectly
comparable:780time seriesfrom 3 QS data sets
wereusedto constructthe IN histogramand only
83 time seriesrepreseh network locationsin the
histogram. In the period range of 200-400s the
histograms shov comparableamourts of power,
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Fig. 13. Histogramsof the period of maximum power
for the quiet Sun internetwork (solid line) and net-
work (dashedline). For ead pixel the most signi -
cant power is determined and at this period the pixel
is included in the distribution. The distributions are
divided by the number of pixels.

but the peak of the IN histogram is at shorter
periods (210-270s) than the NW histogram peak
(270-330s). From the prominert NW histogram
peakat the period of 510-570s it is seenthat the
network hasa greater oscillatory power at longer
periods. The relative positions of the peak power
in the IN and NW data sets found here agrees
with the results of McAteer et al. (2004), who an-
alyzed ultraviolet chromospheric oscillations by
means of a wavelet-basedtechnique. Those au-
thors demonstratethat the most frequert inter-
network oscillationsoccur at periods of 205-309s,
while for the network the oscillations are com-
monly presen in the period range of 231-346s.
Howewer, we emphasizethat becauseit is di -
cult to assesshe uncertainty in the spatial loca-
tions of the peaksin the BIMA data due to the
possibility that oscillating power from regionsof
weak ux is redistributed acrossthe image, we
cannot make a very strong statemert about this
agreemenh and further studiesare neededto con-
rm it. Basedon the earlier tests, we might ex-
pect a transfer of oscillation power from inter-
network locations that are wealer in the overall
imageto brighter network locations. The com-
plete absence of the 540 s network peak in
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the internet work histogram certainly sug-
gests that there is little leakage of oscilla-
tion power from the bright regions of the
image to the fainter pixels.

For comparisonwith Figs. 11 and 12 we plot
in Fig. 14 the spatially resoled time seriesand
the results of the Fourier and wavelet analysisfor
the location (13591779 from the AR2 time se-
ries. The Fourier spectrum shows a peak at 3.3
mHz (period of 303 s) with secondarypeaks at
1.7,4.2 and 6.2 mHz. Five-minute and 10-minute
oscillationsare presen during the whole obsena-
tion, and there is short{p eriod power with a pe-
riod that seemso increasefrom 2 to 4 min over
the duration of the scan.Not surprisingly , the
activ e region power spectrum more closely
resembles the brigh t{pixel network spec-

trum of Fig. 12 than the fainter{pixel in-
ternet work spectrum of Fig. 11.

7. Summary

We presen the rst high{resolution two{

dimensional maps of the solar chromosphere
madewith an interferometric array at millimeter
wavelengthsand usethe data to investigate the
potential for determining spatially{resolved
power spectra of features within the solar at-
mosphere. Becauseof the low{contrast nature
of the Sun's brightness distribution at millime-
ter wavelengths, we nd that the convertional
\CLEAN" decorvolution technique is unsatisfac-
tory for making snapshotmaps of the solar at-
mospherebut that maximum{entropy decorvolu-
tion is successfulprovided that oneusesa default
image basedon a long integration that cortains
enough information to reconstruct the spatial
brightness distribution. This technique can only
be successfulf the underlying brightness distri-
bution doesnot changecompletely on timescales
shorterthan a few hours,whic h one might fear
would happ en in a completely turbulent chro-
mosphere.One of our results is that this is not
the case:as is true of, e.g.,Ca Il K line obser-
vations of the chromospheric network, the mil-
limeter brightness distribution is dominated by
featuresthat live for at leasta number of hours,
sothat our technique for snapshotimaging only
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requiresthe decorvolution of small changesin the
brightnessdistribution.

We carried out extensiwe tests of the sensi-
tivity of the data to oscillation power and nd
that it can seesourceswith intensity variation
amplitudes lessthan 10% of the brightest fea-
ture in the eld, as long as the sourceis lo-
cated where there is signi cant ux in the de-
fault image. We explain this result as an arte-
fact of the positivity constraint employedin most
maximum{entropy decorvolution algorithms: the
zerolevel in the defaultimageis setby the coolest
feature in the eld of view, and an oscillating
sourcelocated in a region of weak emissionthat
becomesnegative can causethe e ective zero
level of the brightnessdistribution to change.The
positivity constraint then requiresdecorvolution
to adjust the ux in ewery pixel upwards from
its value in the default image by the necessary
amourt: changingthe ux in somany pixels re-
quires more changesto the image than we have
information available in a snapshotobsenation,
and sodecorvolution canfail. This is a limitation
on our technique, and may lead to oscillation
power that belongs in regions of weak emis-
sion showing up in regions of brigh t emis-
sion instead. Unfortunately the one read-
ily available MEM program without a pos-
itivit y constrain t, UTESSh the AIPS pack-
age, failed to converge to a suitable solution
even for the entire day's data.

Having establishedthe viability of our tech-
nique for measuringwave power with these lim-
itations , we usethe best cortinuous 30{minute
data setsfor the quiet{Sun and active regiontar-
getsat 85 GHz, with a spatial resolution of 10°
to study the spatially resolved prop erties of
oscillation power in the millimeter data.
Fourier and wavelet analysisrevealsthe presence
of intensity oscillationswith RMS brightnesstem-
peraturesof 50-150K in the frequencyrangel.5-
8 mHz. In general, our analysis shavs that at
the chromosphericlevels which cortribute to ra-
dio emissionat 85 GHz, active and quiet regions
have di erent power spectra. The obsenationsre-
veal a tendency toward short period oscillations
in the quiet Sun and longer periods in the ac-
tive region, which is in good agreemen with the
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Fig. 14. The sameasFig. 11 for the AR2 location (135% 177%.

results obtained at other wavelengths. However,
the data suggesta strong scatter in the dominarnt
periods of wave power from one spatial position
to another. Most of the oscillationsare not steady
harmonicwavesbut wave trains of nite duration
lasting for typically 1-3 wave periods. The pres-
enceof short-lived wave trains, which can occur
at somewhatdi erent frequencies,may explain
the variation from onespatial location to another.
Longersequencesfimageswould increasethe ac-
curacy of theseresults.

The general di erence in behavior between
quiet and active regionsis mirrored by internet-
work and network regionsin the quiet Sun, with
the latter having a tendencyto exhibit longerpe-
riod oscillations. The spatial resolution of the ob-
senations of 10°° probably hinders a clean sepa-
ration betweencell interiors and network sinceit
is of the sameorder as the size of a supergran-
ule (20-309. Therefore, at many spatial points
both network and internetwork areascortribute
to the power spectrum. Further, the limita-
tions of the MEM deconvolution mean that
we might expect to see power that be-
longs in the weaker cell interior locations
showing up in the brigh ter network pix-
els. We are not able to resolhe individual oscil-
lating elemens and thus the direct comparison
with the models, e.g. of Carlsson& Stein (1992,
1995,1997),seelLoukitchewa et al. (2004), and of
Wedemeyr et al. (2004), is not straightforward
and needsan adequatedescription of the in u-
enceof atmosphericphaseand decorvolution er-

rors and a better knowledgeof the predictions of
the models. Thesetopics are pursuedin the com-
panion paper by Loukitchewa et al. (2005).

On the whole, our work shows that high
resolution millimeter wave obsenations are a
promising diagnostic of chromosphericstructure
and dynamics. Obsenations at di erent millime-
ter wavelengths (e.g., 1 and 3 mm) with ar-
rays sud as the Combined Array for Researb
in Millimeter{w ave Astronomy (CARMA) and
ALMA that cortain many more antennasshould
result in much better understandingof the prop-
agation of thesewaves. Our results clearly shavs
the needfor further obsenations of this type with
longersequenceand if possiblehigher spatial res-
olution.
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