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ABSTRACT

We present the first 3D tomographic reconstructions of the coronal electron density from an extended, high-
cadence sequence of images of the corona’s polarized brightness (pB). While the standard LASCO synoptic
sequence is only 1 pB image per day, during the 14 day period covering 2006 June 9-22, the C2 coronagraph
took about 6.5 pB images per day. We show that the high cadence dramatically improves the quality of the
tomographic reconstructions when compared to a reconstruction that only uses one image per day. In particular,
the reconstruction that uses only one image per day misses important features and has lower spatial resolution.
We find that the spatial resolution of the tomographic inversion is ultimately limited by smearing due to coronal
dynamics that take place during the 14 days required for data acquisition. We show that when only C2 images
are available, about 4 pB images per day are enough for nearly optimal tomographic reconstruction, but more
will be required wherSTEREO observations are included in the tomographic analysis.

Subject headings: Sun: corona — techniques: image processing

1. INTRODUCTION set in order to understand the relationship between coronagraph
cadence and quality of the tomographic reconstructions.

Tomographic determination of the three-dimensional (3D)  While the 14 days (or less witBTEREQ) required for data
electron densityN. ) of the corona is of fundamental importance €0llection is the method’s most important limitation, one must
for a variety of scientific objectives ranging from accurate spec- IS0 consider the rate at which pB images are taken within the
ification of the corona’s background state for studies of shock time period. Ground-based coronagraphs, such as Mauna Loa
acceleration of energetic particles to verification of solar wind Selar Observatory’s Mk-IV coronagraph (Elmore et al. 2003),
models. The density structure of the corona strongly affects theNave short observing days (about 6 hr) and require good
propagation of CMEs (Riley et al. 2001; Odstrcil et al. 2002; Weather. Although Mk-1V may make as many as 120 pB images
Manchester et al. 2004). In particular, the density of the coronaduring the observing day, the fact that they are all confined to
determines the amount of plasma swept up by the CME and@ _s_hort time period (instead of spread over 24 hr) limits their
its acceleration (Lugaz et al. 2005). The work of Odstrcil & Utility for SRT. In contrast, the COR1 and COR2 coronagraphs
Pizzo (1999) and Mancuso & Raymond (2004) has shown thatOf the SECCHI package on the dual-spacecE#REO mis-
CMEs have very significant interactions with streamer belt Sion produce about 48 and 24 pB images per day, evenly dis-
structures. tributed in time, respectively. The LASCO C2 and C3 coro-

Solar rotational tomography (SRT) has emerged as a pow-hagraphs (Brueckner et al. 1995) have a synoptic sequence that
erful technique for determining the 3D distributionif ~ from produces only 1 pB image per day, although the instruments
coronagraph images of the polarized brightness (pB). SRT wasare capable of producing pB sequences much more rapidly.
first performed by Altschuler & Perry (1972), and subsequent The objective of this Letter is to argue that the objective of
work has been reviewed in Frazin (2000) and Frazin & Janzendetermining the 3D structure of the corona would be well
(2002; hereafter FJ02). SRT uses information provided by the served by increasing the LASCO synoptic pB rate, especially
range of view angles during 1/2 of a solar rotation to reconstruct during theSTEREO era.
N, in the corona. Since 1/2 of a synodic rotation takes about A pB image is a combination of 3 images, each passing
14 days, SRT is only capable of determining the slowly evolv- linearly polarized light at a different angle via polarizing optical
ing background corona (which is dominated by large-scale elements (e.g., Billings 1966). Each set of 3 images is also
structure). However, the launch of tB8EREO mission (How- known as @B sequence. Note that a pB sequence can provide
ard et al. 2002) promises to decrease this time by as much a$oth the pB and total brightness (B) parts of the corona’s emis-
a factor of 3 (Frazin & Kamalabadi 2005a), allowing more sion (these, respectively, are tland| components of the
accurate reconstructions. Stokes vector in an appropriate coordinate system [Collett

During the 14 days spanning 2006 June 9-22, LASCO-C2 1993; Frazin & Kamalabadi 2005b]). For the purposes of quan-
took between 6 and 7 pB sequences per day (roughly evenltitative determination oN, in the corona, pB images are pre-
spaced in time), resulting in 87 images that are useful as inputferred because the dust-scattered F-corona does not contribute
for the tomographic analysis. This represents a cadence that isignificant uncertainty to the pB value at low heights. This is
a factor of about 6.5 higher than the nominal cadence of 1 pB because F-corona emission at optical wavelengths is essentially
image per day. Our purpose is to take advantage of this dataunpolarized at low heights, while the electron-scattered K-co-
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190 . . . . . a single observer. This can be decreased to as little @as 60 of
1 solar rotation when th8OHO + STEREO geometry is optimal.
1 0F ] Let the vectoix be a discrete representatiohof (e.g., each
I element ok can representthe valud\pf in a particular volume
08F ] element of the computation grid). Note that sincexhe vector
I ] represents a 3D object, it will typically have hundreds of
< 06F ] thousands or millions of components. Now consider the vector
T ] y which contains all of the pB values, i.e., if there &egB
0.4FL b images each witM pixels, the vectoy will hav&iM elements.
Ul ] The vectoly isrelatedt® via= Ax +n, wherethe matrix
02k b is calculated from equation (1) amd represents noise in the
o data. The vector of electron densities exists in a coordinate
0.0t , , , system that rotates with the Sun aAd  must account for the

transformations that relate the coronagraph images to the co-

0 20 40 60 80 100 rotating coordinate system, taking the spacecraft orbital ge-
Number of Im ages ometry and solar-pole tilt angle into account (FJ02). While FJ02

and Butala et al. (2005) calculated the first tomographic re-
Fic. 1.—Regularization parameter as a function of the number of images cgnstructions from LASCO data on a cyIindricaI grid, the re-

used in the reconstruction in the 2 week observing period. Each point was : . .
determined via a cross-validation procedure similar to that described in FJOZ.ConsJ[rucnonS shown here were calculated on a spherlcal g”d

The value of each point is an average of the cross validation values for the With bins that are equally spaced in latitude, longitude, and
individual images and the error bars are the square roots of the populationradius.

variances. A parabolic fit to the regularization parameters is shown as avisual |t s solar rotation and multispacecraft view angles that pro-
aide. vide enough information to make the matfix nearly invertible.
This a nontrivial problem due to the large size of the matrix
rona is known to be strongly polarized with the electric field A and its ill-conditioned (and/or underdetermined) nature. As
vector oscillating in a plane parallel to the limb tangent (e.g., described in Frazin (2000) and FJO02, a procedure cabgd
Billings 1966; Kimura & Mann 1998). Blackwell & Petford ularization® (e.g., Tikhonov 1977) gives a unique solution that
(1966a, 1966b; also see Mann 1992) used spectroscopic seps stable to measurement noise.
aration of the F and K components to show that the F corona We note that not only do the reconstructions on the spherical
is about 0.2% polarized at 18, and 0.5% polarized at 15 grid look superior to those on the cylindrical grid; there is large
R,. More recently, Moran has reconfirmed that the K-corona computational savings because the spherical grid requires us
dominates the polarized intensity belowRg, (Moran et al. to determine only one regularization parameter instead of three.
2006). Thus, tomographic reconstructions from pB images be-Thus, the regularized tomographic solution is given by (FJ02)
low about 6R,, are not significantly contaminated by the F- x(\) = argmin (|y — Ax||* + N’|Rx||?), whereX is the reg-
corona. ularization parameter and tHe  matrix is a finite difference
While the STEREO coronagraphs continuously run pB se- approximation to the operat¢®%/062 04063)™ (where the su-
guences in their standard observing mode, the vast majority ofperscript T denotes transpose). No smoothness constraint is
the images produced by LASCO coronagraphs are taken with-needed for the radial direction because the regularization
out polarizing elements in the optical path (the slight circular scheme we use is sufficient to stabilize the system of equations.
polarization imposed by the C2 optics not withstanding; see
the calibration paper by Moran et al. 2006). Independently of
how the coronagraph data are used, whether it is for SRT or
other analysis, it seems obvious that in order to take full ad-  As the goal of any regularization procedure is to provide
vantage of the unique opportunity provided by concurrent op- physically plausible solutions that are consistent with the data,
erations of theSOHO and STEREO missions, a LASCO ob-  one might expect the value of the regularization parameter
serving mode that more closely matches that of COR1 andto be function of the number of images, allowing increased
COR2 would be desirable. We show that thel8D  reconstruc- complexity in the solution as the number of images increases
tions produced by SRT would benefit greatly from an increased (up to a saturation point; see below). In order to examine this
synoptic rate. trend, we created a series of reconstructions with 14, 28, 42,
TheN, value is related to the pB seen in ftiecoronagraph 56, 70, and 87 images, each with approximately evenly spaced
image pixel by a line-of-sight (LOS) integral (van de Hulst gbservations throughout the 14 days spanning 2006 June 9—
1950): 22. For each of these reconstructions a valua @fas deter-
mined using a (one-dimensional) cross validation procedure
similar to that described in FJO2. The (normalized) regulari-
Y = f Wi (DTN (D]l 1) zation parameters for each of these are shown in Figure 1.
- In “standard” tomographic reconstruction problems (e.g.,

2. RESULTS AND DISCUSSION

=3

Whereyj is the pB value of the pjxel in q!.lesti(qlﬁl,) is a.vector * Regularization is a method for stabilizing the large system of linear equa-
that traces the LOS as a function of distahcandw(r) is a tions encountered in the tomographic inversion. It requires the solutions to be

weighting function given by the physics of the Thomson scat- spatially smooth. The regularization parameter controls the strength of the
tering process. Equation (1) comes from the radiative transferregularization. If the parameter is too large, the reconstruction will be too

A . AT : smooth and not agree with the coronagraph data to within acceptable limits.
equationin the optlcally thin limit. A system of equations, each However, if it is too small, the reconstruction will agree with the coronagraph

equation of the form of equation (1), can be inverted to de- gata quite well but not be physically reasonable and will exhibit unrealistic
termineN,(r) after the Sun has rotated through abouf 180 for oscillations.
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Fic. 2.—Complexity in the solution as a function of the number of images,
using regularization parameters from Fig. 1. Note that according to the fitted
parabolic curve, the complexity does not increase much beyond 56 images (cor-
responding to 3 images per day). The error bars are propagated from Fig. 1.

a0
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many medical imaging problems) in which the unknown object
is unchanging with time, the information available is propor- 50
tional to the number of view anglés-ence, the spatial res-

olution of the reconstruction is proportional to the number of

view angles for static objects (Kak & Slaney 1987). However, ’ [ ——— *

one of the effects of coronal dynamics in the 14 day time period
is smearing of features (Frazin 2000; Frazin & Kamalabadi Fic. 3.—Comparison of the high-cadence reconstruction “R&a)( made
2005a). It is this smearing caused by dynamics that imposes awith 87 pB images, with a reconstruction made with only 14 pB images “R14”

fundamental limit on the spatial resolution that can be achieved (bottom), which is the standard synoptic rate for LASCO. Each panel represents
the electron density, in units of cth , on a spherical shell with radits

by tomographic reconstructions of the solar Corona;' 2.55R,. In each panel the-axis is the Carrington longitude and tlgeaxis

In order to evaluate the effect of the number of images on is the latitude. As discussed in the text, R87 exhibits a considerably higher
the spatial resolution, we define a complexity measure spatial resolution than R14 and therefore shows more features. The differences
C(x) = ||Rx(\)||% Note that the matriR is the regularization at larger heights are more obvious, as can be seen in Fig. 4. The black regions

matrix used in the reconstructions ad(k) increases as theare artifacts in which the reconstruction gives a density of 0, and probably are

solution has more gradients (thus, more features and higherC aused by coronal dynamics (see texy).
spatial resolution). Figure 2 shows the complexity measure as
a function of the number of images, using the regularization shows R14. The superiority of the quality of the R87 recon-
parameters from Figure 1. The parabolic fit to the complexity Struction relative to that of R14 is evident in two major aspects:
measure matches the data points to within the uncertainties and
shows the saturation effect described above. Note that the fitted
curve increases very little above 56 images, indicating that at
least for this particular case, having more than about 4 pB
images per day would not improve the solution very much.
This result should be compared to repeated studies to verify
the conclusions. The number of pB images required to ade-
quately support th&TEREO mission is likely to be higher for
reasons discussed below.

It is instructive to compare a reconstruction made with the
standard synoptic rate of 1 image per day, henceforth called

1. R14 has a significantly lower spatial resolution, missing
many structures that appear in R87. This poorer resolution in-
creases with height. For example, in Figure 3 one may compare
R87 and R14 around the following points [(latitude, longitude)]:
(10, 40), (10, 100), €30, 150), and €30, 270). In each case
R87 exhibits several high-density “islands” that are smeared to-
gether into a singly-peaked structure with less contrast in R14.
As can be seen in Figure 4, the lack of spatial resolution in R14
becomes even more drastic at larger heights, where structures

“R14.” to the reconstruction made with all 87 images, “R87." that are spatially much more separated are unresolved by R14.

R87 represents the results of a high-cadence data set, whild.O" €xample, in Figure 4 the two high-density well-separated
R14 represents a reconstruction made with the usual synoptic Si2nds” at points €20, 270) and (0, 310) seen in R87 are
data set. The R87 reconstruction shows more contrast and mor&1€rged into a single-peak structure around pointq, 295) in

features than the R14 reconstruction because the larger numbe14- As another example, aiso in Figure 4, multiple density
of images decreases the reliance on regularization to provide'Slands that appear in R87 between Carrington longitudes 40 and
a physically plausible solution. 100, and latitudes-30 and 20, are missed by R14 and merged

Figures 3 and 4 show the valdé  as a function of latitude N0 Much simpler structures in R14.

and longitude on spherical shells at 2.55 and Q0 . The top _ 2~ R14 underestimates the density contrast between the
panel of each figure shows a slice of R87 while the bottom streamers and the background and the maximum streamer den-

sities, an effect that also increases with height. For example,
2 This can be verified by creating a fine grid in the object space and com- in Figure 3 the streamer h|gh-denS|ty peaks of R87 around the

paring the spectrum of singular values for discrete representations of the Rador?0iNts (10, 118), £33, 172), and {30, 320) present values
operator for varying numbers of view angles. of 2.0 x 10°, 2.1x 105 and1.2x 10° cm? , respectively. In
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dynamics (FJO2; Frazin & Kamalabadi 2005a). This effect
seems to be roughly equally important in R14 and R87. The
shorter data acquisition times allowed BHO + STEREO
observations should reduce their importance significantly.
This discussion naturally leads to the question: What should
the synoptic pB rate of a space-based coronagraph near the
Earth be? The results of this study indicate that when the Sun
is observed by only by the C2 coronagraph, it is likely that
more than about 4 pB images per day are not necessary for
tomography. However, wheBTEREO + SOHO observations
are available, a full set of data will be acquired in a little as
? O o =00 4.5 days, allowing much less time for the Sun to change than
during 14 days, and therefore producing much less smearing
in the reconstructions. Thus, one would expect the spatial res-
olution limit set by coronal dynamics to be less severe and
more than 4 images per day should be acquired. We restate the
argument that while th&TEREO mission is in operation, it
would be ideal for such an instrument to produce pB images
at a rate comparable to the COR1 and COR2 coronagraphs in
order to have compatible data sets from all 3 points of view.
Such a data set would be useful for a great variety of studies,
such as the 3D CME reconstructions via the method of Moran
& Davila (2004), and it would certainly be beneficial for the
type of tomographic analysis presented here. We note that meth-
j ods for time-dependent tomography also will help to mitigate
o 100 200 300 the effects of coronal dynamics on tomographic reconstruction
Carrington Longitude (FraZin et al_ 2005)
Perhaps the best way to determine the best C2 cadence for
FiG. 4. —Similar to Fig. 3, except at = 5.53R, . At this height the dif-  the STEREO era would be an approach similar to the one
oo et e mage e emcaed e D17 hreserted n s Leter One could design a LASCO carmpair
R14, these same regions exhibit peak values.8fx 10° (or structions usir_lg all, one-half, one-fourth, etc., of the data,_ com-
10% lower),1.4 x 10° (or 35% lower), an@®.0x 10° crh pute complexity measures, anq compare the results. It is pos-
(or 33% lower), respectively. At larger heights the differences SiPl€ tga: mﬁre actlt\)/e tphertlods ;]n thle solachycIte WOUI% require
are even greater. In Figure 4, the streamer high-density peakﬁgre ata. It may be that such a large pb rate wouid require

of R87 around the points{20, 200), (0, 310), and (0, 345) much telemetry, in which case lower resolution options
present values 8.0 x 10° 18x 10°  andl.6x 10° ¢ (binning the detector pixels) should be explored.

respectively. In R14, these same regions exhibit peak values
of 1.7 x 10° (or 75% lower),1.1 x 10° (or 65% lower), and
1.0 x 10° cm™2 (or 60% lower), respectively.

&7 imoges, r=500 Rg

a0

Latitude
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14 images, r=5.00 Rqg
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