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ABSTRACT

Surface-brightness responses of the SOHO-LASCO C3 coronagraph and of the Solar Mass Ejection Imager (SMEI) are
compared, using measurements of a selection of bright stars that have been observed in both instruments. Seventeen
stars are selected that are brighter than 4.5 magnitudes, are not known variables, and do not have a neighboring bright
star. Comparing observations of these determines a scaling relationship between surface-brightness measurements from
one instrument to those from the other. We discuss units of surface brightness for the two instruments, and estimate a
residual uncertainty for the present scaling relationship.
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1. INTRODUCTION

The LASCO coronagraphs' aboard the SOHO spacecraft have been delivering Solar coronal images since 1996; these
have been used to study coronal mass ejections and other solar phenomena, and have measured the albedo of planets and
comets. SOHO is located in orbit about the first Lagrange point L;. The LASCO C3 coronagraph calibrations are
described by Thernisien et al. (2006)* and reviewed in detail by Morrill et al. (2006).” Bright-star photometry was used
in these previous articles to establish the C3 photometric calibration and measure its slight degradation with time (~0.4%
per year).

The Solar Mass Ejection Imager (SMEI*’ has been returning visible-light photometric data since launch and
deployment to an 840 km circular polar orbit in January 2003. The SMEI data-analysis sequence converts these data into
photometric individual-orbit sky maps covering nearly the entire sky. These maps have been used to track interplanetary
disturbances,® observe high-altitude aurorae,’ search for optical counterparts of gamma-ray bursts,® compile a catalog of
coronal mass ejections (CMEs),” observe comet-tail disruptions,'® and have also been employed for 3D density and
velocity reconstruction of these CMEs.'" This article presents results of a bright-star calibration of SMEI data, similar to
that described for LASCO in references 2 and 3. Fifty-eight previously well-studied stars were used for the LASCO
stellar calibration; these were brighter than 4.5"™ magnitude and passed through the C3 field of view each year.’ To
compare with SMEI photometric measurements, we further restricted stars from this list not to be variables and not to
have a neighboring star brighter than 6™ magnitude within 1° on the sky. Seventeen stars met this requirement, although
one of these ({ Tau) is somewhat variable but still useable for the present work. Photometric measurements of these
seventeen stars by SMEI over the course of several years provides the present basis for relating LASCO C3 photometry
to SMEI photometry.

2. LASCO C3 AND SMEI UNITS

Both the SMEI and the LASCO C3 coronagraph data originate as per-pixel electron counts gathered from the CCD
detector within a given integration time. LASCO publications refer to these counts as data numbers (DN), whereas SMEI
publications refer to these counts as analog-to-digital units (ADUs). In the present analysis, when photometrically
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measuring a star whose point-spread function extends over several pixels or more on the CCD, the DNs or ADUs for
LASCO or SMEI respectively are summed together, as though all the light had fallen on just one pixel.

To convert DN to a surface brightness, the LASCO data analysis chooses one C3 pixel as the angular subtense (see §
4.3.2 in reference 3): each pixel subtends ~2.4 x 10 square degrees. A pixel’s observed sky brightness is expressed in
terms of the ratio B/By,,, where By, is the brightness that would be observed in that pixel were the LASCO C3
coronagraph to view the Sun’s disk directly. This assumes that the absolute brightness of the Sun remains constant with
time (see § 4.3.3 in reference 3). When analyzing coronal features near the Sun, this surface-brightness convention has
the advantage that it automatically compensates for several percent variations in the distance of the SOHO spacecraft to
the Sun. These distance variations result both from the spacecraft’s location relative to the L, point, and from the Earth’s
orbital eccentricity. The angle subtended by the Sun’s disk increases and diminishes with this changing SOHO-Sun
distance, but the surface brightness at a given point within the Sun’s disk does not change. Similarly, when LASCO
observes a small patch of the corona at a given location near the Sun, its surface brightness does not change. Thus, as
SOHQ’s position varies, the photometrically measured ratio B/Bg,, requires no distance correction. Of course, the
variable distance must still be taken into account when calculating “plane-of-the-sky” locations of observations relative
to the Sun.

SMET’s optical design” causes the CCD-pixel subtense in the sky to vary somewhat over each camera’s field of view. In
a camera’s narrow dimension of its field of view, a pixel subtends from 0.0547° to 0.0563°; in the long dimension the
variation is from 0.0470° to 0.0493°. Slight differences exist from camera to camera. Also, as a star transits the field of
view, the size of the point spread function (PSF) varies considerably. When an entire orbit’s data are combined into a
sky map, typically a dozen or more individual frames contribute to the average brightness seen at a given location. In
composing the sky map, the data analysis preserves the average brightness seen by the camera. The resulting net PSF in
a sky map is thus the combination of the individual-frame PSFs as the star transits the camera’s field of view.'” The
average subtense for a SMEI pixel is 0.00269 square degrees, about ten times larger than that of the LASCO C3.

SMEI measures surface brightness over most of the sky. Here, with lines of sight at large angles to the Sun, the
compensation described above becomes less useful, and a more common surface-brightness unit is an “S10”, the
equivalent number of 10" visual-magnitude solar-type stars per square degree (see § 13.3 in reference 13). Most of the
17 stars here are not solar-type G stars, but their spectral types are known and spectra are available.'*'> Thus, each one’s
visual magnitude can be corrected by the ratio of the star’s spectrum to that of the Sun, integrated over wavelength A and
multiplied by the appropriate CCD response and mirror reflectivity versus A. The resulting “mgp;” serves then to connect
SMET’s observed number of ADUs to the above S10 brightness scale.

3. DATA ANALYSIS & RESULTS

SMETI sky-map data currently span more than four years, and presently the mission continues. Response in all cameras,
both for stars and diffuse background, is seen to diminish with time at about 1.6% per year. Radiation-damage buildup
on the CCDs from exposure to the Earth’s radiation bands (the South Atlantic Anomaly and auroral ovals) contributes,
as may also loss of optical efficiency due to contamination buildup on the SMEI mirrors and CCD front surface.

Table 1 presents the seventeen selected stars described in the Introduction, including each star’s numerical identifiers,
name, spectral type, and visual magnitude m,. Also included is the previously-mentioned scaled “SMEI magnitude”,
Mg , and a similarly-calculated expected brightness Bg,/Bs,, , which is what LASCO would observe for this star if it
were to have the SMEI bandpass in place of its own. For a SMEI sky map a brightness is determined for each of these
stars by least-squares fitting the camera’s PSF and a sloped background-light distribution to the surface-brightness
observations near that star’s location in the sky.'> The ADUs above the background are summed to a total that is the
response SMEI would have observed were all the star’s light to fall upon a single pixel. Response from the cameras
viewing nearest the Sun (camera 3) and antisolar (camera 1) are matched to the middle camera 2, which covers the most
sky. Table 2 presents the summed-ADU results for the seventeen stars, together with the brightnesses expected from
Mgpei, 1N units of numbers of 10" magnitude stars, from

SMEI brightness = (2.512)107). (1)

Figure 1 shows a scatter plot of table 2’s expected SMEI brightness from equation (1) versus the observed ADUs for the
seventeen stars; figure 2 shows table 1°s By, /By, versus the observed ADUs. The slope of figure 1 shows that a single
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10™ magnitude star has 170 ADUs in summed response, which corresponds (each ADU here is 4.7 detected electrons)*
to 800 electrons in a 4-second exposure for camera 2. Camera 1’s value is about 825 electrons. The original SMEI
design predicted about 1000 electrons. To determine the number of ADUs in a single S10 unit, multiplying the 170
ADUs by the 0.00269 subtense above yields: one S10 = 0.46 ADUs when spread over one square degree.

SAO # HD # Name Spectral my Mgmei SMEI

Type Byr/Bsun
76721 29763 t Tau B3V 4.28 4.57 249 x 107
77336 37202 { Tau B4I1Ip 2.90-3.03 | 3.20-3.33 8.34x 107
79533 60522 v Gem MOIII 4.06 3.37 7.40 x 107°
92680 11502 y1,2 Ari BIV+A 3.88 4.08 3.69 x 107"
93469 21754 5 Tau KOII-III 4.11 3.97 4.56x 107"
93954 28305 & Tau KOIII 3.54 3.45 7.62x 107"
98087 74442 8 Cnc KOIII 3.94 3.84 539 x 10"
98709 83808 o Leo A5V 3.52 3.81 6.08 x 107"
98964 87837 31 Leo KA4III 437 3.91 4.84x 107"
99587 99028 1Leo F2IV 3.94 4.08 4.15x 107"
110065 10380 v Psc K3III 4.44 4.05 421 %101
110543 15318 £2 Cet BOIII 4.28 4.58 2.53x 107"
118804 98664 o Leo B9.5Vs 4.05 4.35 3.08 x 107"
128513 224617 o Psc F41V 4.01 4.09 3.92x 10"
138298 100920 v Leo GOIll 430 421 3.73x 107"
139189 114330 0 Virgo A1V 438 4.67 236 x 107"
146585 219215 o Aqr M2III 422 3.37 737 x 1077

Table 1. The seventeen bright stars chosen to compare LASCO C3 and SMEI surface-brightness measurements.
Spectral type and m, are from reference 16. A corrected value for mgy,; is derived from m, and the spectral type,
as described in the text. By,/Bun 1S calculated from the LASCO C3 values for these stars, but corrected for the
differing SMEI and LASCO response curves.

Name T g v v1,2 5 € ) o 31 1 v &2 c ® | v 0 0]
Tau | Tau | Gem | Ari | Tau | Tau | Cnc | Leo | Leo | Leo | Psc | Cet | Leo | Psc | Leo| Virgo| Aqr

ADUs | 240 | 830 | 750 | 370 | 450 | 720 | 535 | 580 | 480 | 378 | 430 | 240 | 280 | 360 | 400 | 220 | 720

+ 100

#10™ | 174 | 495 | 449 | 233 | 258 | 417 | 291 | 299 | 273 | 233 | 240 | 147 | 182 | 231 [ 207 | 136 | 449

mag

stars

Table 2. Number of ADUs divided by 100 observed by SMEI for each of the seventeen stars, and the associated
expected brightness for each. Values are calculated in units of number of 10™ magnitude solar-type stars
(S10’s), using mg;,; and equation (1).
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Fig. 1. Calculated expected equivalent number of 10™ magnitude stars versus total observed ADUs for SMEIL The SMEI
data are averaged over four years for each of the seventeen stars.
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Fig. 2. Calculated expected By, /Bgy, versus total observed ADUs from SMEL

The slope in figure 2 provides a means of converting SMEI stellar brightnesses to those of LASCO C3. The same
number (times 107'%), 1.02x10™", multiplies SMEI surface brightnesses to convert these to the LASCO brightness units.
A further correction factor, usually only a few percent less than unity, is required when the star or other object being
observed has a spectrum differing significantly from the solar spectrum. This factor is mostly caused by SMEI’s added
sensitivity to infrared wavelengths compared with LASCO. The change due to this correction is largest for red K- and
especially M-type stars.

The rms residual scatter of the points in figure 1 is about 7%, which yields a formal error for the above conversion from
ADUs to S10s, of about 2%. The rms scatter of the points in figure 2 is smaller than that of figure 1, about 4%, thus
yielding a 1% formal error for the conversion between SMEI ADUs and LASCO By,/Bgun. These formal-error values are
probably low, since they do not include residual systematic-error contributions for either or both instruments’ star fitting
procedures,”'? and uncertainty in the spectral response of SMEI.

4. CONCLUSIONS

Conversion factors for LASCO C3 relative to SMEI photometric measurements have been determined. In particular,
SMEI sky-map surface brightnesses in ADUs can be converted to LASCO C3 surface brightnesses by multiplying by
1.02 x 10", The formal error in this determination based on the 17 stars used here is about 1%, but the actual
uncertainty due to systematic-error contributions is probably 3 to 5%. The LASCO C3 calibration is based on 58 stars,
somewhat more than the subset of 17 used here. A similar determination for SMEI is in progress, using about 5500 stars
brighter than 6™ magnitude, although the spectral types may be uncertain for some of the faintest of these. In any case,
this more complete study may narrow the error from its value presented here. Finally, based on the photometry for these
17 stars, a surface brightness of one S10 in a SMEI sky map corresponds to 0.46 = 0.02 ADUs.
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