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Abstract. Full disk solar magnetograms have been available for more than
three decades. However, those maps only show the line-of-sight magnetic flux.
The physical quantity we really want to know is the magnetic field vector
along with the filling factor, i.e. the fractional area of the resolution element
that is occupied by the magnetic field. Since August 2003, the SOLIS Vector-
SpectroMagnetograph has been recording the photospheric magnetic field vector
across the full solar disk with high sensitivity and resolution. Some of the data
are now becoming available for beta testing, and the first science results are
emerging. Here we provide a brief introduction to the instrument and its data
products and then present some of the data from the first three years of opera-
tion.

1. The SOLIS Vector-SpectroMagnetograph (VSM)

SOLIS (Synoptic Optical Long-term Investigations of the Sun) is a suite of
innovative instruments that greatly improve ground-based synoptic solar obser-
vations. It is currently located on top of the old Kitt Peak Vacuum Telescope in
Arizona, USA (see Fig. 1). It was built with support from the NSF and NASA
and is being operated by the National Solar Observatory.

Its main instrument, the Vector Spectro-Magnetograph (VSM) is a 50-cm
effective aperture Ritchie-Chrétien telescope with a tip-tilt secondary mirror and
filled with helium to reduce internal seeing. The spectrograph has a Littrow
design that is insensitive to temperature changes. The entrance slit is scanned
in declination to provide 2048 by 2048 pixel scans (1.′′125 pixels) of the full
solar disk. The polarization modulation is performed by ferroelectric liquid
crystal retarders. Two 1024 by 256 CMOS-Hybrid cameras acquire 92 frames
per second, which are then analyzed to obtain all Stokes parameters. The VSM
is capable of recording vector magnetograms in two Fe I lines around 630.2 nm,
deep longitudinal magnetograms in the same lines, longitudinal magnetograms
in Ca II 854.2 nm, and intensity in He I 1083.0 nm. Regular full-disk scans can
be recorded in as little as 12 minutes, while active regions can be scanned in
as little as 30 seconds. The Stokes spectra are reduced to physical quantities
including field strength, azimuth, inclination, and filling factor with a Milne-
Eddington inversion code (Skumanich & Lites 1997). The 180-degree ambiguity
is resolved using the code developed by Georgoulis (2005).
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Figure 1. The Vector-SpectroMagnetograph (VSM) on the SOLIS equato-
rial mount, which is installed on the old Kitt Peak Vacuum Telescope tower
on Kitt Peak, Arizona, USA.

More information on the instrument can be found in Keller, Harvey, &
Giampapa (2003). All publicly available data as well as derived data products
can be found at solis.nso.edu.

2. Highly Sensitive Longitudinal Magnetic Field Measurements

The VSM produces highly sensitive longitudinal full-disk magnetograms that
are about 10 times higher in sensitivity and are acquired in about a quarter of
the time as compared to the old Kitt Peak Vacuum Telescope magnetograms.
The increase in sensitivity has allowed the VSM to make the first detection of
bipoles of the new solar cycle on June 23, 2006 (see Fig. 2) and the discovery
of a rapidly evolving horizontal magnetic field component in the quiet Sun by
Harvey et al. (2007)

The longitudinal magnetograms are sensitive and uniform enough to pro-
duce accurate mean field values of the Sun as a star (see Fig. 3). They are
determined by averaging daily full-disk measurements of the longitudinal field
component in the Fe I 630.15 nm line and expressed in Gauss. The mean net
magnetic flux is the sum of all the measurements divided by the number of
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Figure 2. An equator-to-south pole subsection of a fulldisk solar magne-
togram on July 23, 2006. White indicates magnetic field pointing out of the
solar surface, and black indicates the opposite polarity magnetic field. An
erupting bipole of the new cycle is labeled in the lower, high latitude part of
the magnetogram, and a current cycle low latitude bipole is labeled at the
top. Notice the reversed east-west orientation of the new-cycle bipole at high
latitudes as compared to the old-cycle bipole close to the equator.
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Figure 3. Mean net and mean total magnetic flux of the Sun as a star
obtained by averaging all pixels in daily VSM longitudinal magnetograms.
The solar rotational modulation as well as the general decrease in flux with
the cycle is well visible.

points on the disk. The mean total magnetic flux is the average of the absolute
value of the measurements.

3. Vector Magnetograms

Figure 4. One vector polarimetry spectrum across the solar disk (from top
to bottom: I, Q, U , and V ). Black and white in the polarized spectra corre-
spond to fractional polarizations of 0.3%.

The most important improvement over the old data sets from the Kitt Peak
Vacuuum Telescope is the precise vector polarimetry, which allows the derivation
of the true magnetic field vector as compared to the previous longitudinal flux
measurements. The Fe I 630.15 and 630.25 nm lines were chosen because they
are very suitable to measure vector magnetic fields in quiet as well as active
regions of the photosphere. The Advanced Stokes Polarimeter, an instrument
that delivers precise vector field measurements (Lites 1996), has also used these
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lines. Figure 4 shows an example of the full Stokes spectrum: intensity I, two
linear polarizations Q and U , and the circular polarization V .

Figure 5. The full solar disk in all four Stokes parameters as observed on
30 August 2003.

Figure 5 shows full-disk images of all four Stokes parameters. Note that
quiet-Sun and polar fields can be seen in linear polarization. Full-disk vector
magnetograms are taken at least once a week, and, as of a few months ago, the
active region belt is scanned daily. Once the data reduction pipeline is fully
functional, the inverted and disambiguated data will be released as soon as the
processing has completed.

Figure 6 shows the vector field of a sunspot region as derived by the inver-
sion. We have been experimenting with various ways to display the vector field,
and this three-dimensional view is on of them.

The rapid scanning capability of the VSM also provides information on the
magnetic vector field evolution in active regions as well as in the quiet Sun.
Figure 7 shows a time series of the circular polarization (proportional to the
longitudinal component of the magnetic field vector) and the linear polarization
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Figure 6. The vector magnetic field of a sunspot region. Three-dimensional
vectors are shown floating above a longitudinal magnetogram. The length of
the vectors is proportional to the magnetic field strength, while their cross-
section is proportional to the filling factor, i.e. the fractional area that is
covered by the magnetic field.

Figure 7. A times series of Stokes V (top) and Q2 + U2 (bottom) in the
quiet Sun close to disk center. The area of 130 arcsec by 130 arcsec was
scanned at intervals of about 3 minutes.

((Q2 + U2)1/2, related to the transverse component of the magnetic field vec-
tor). The linear polarization shows rapid variations in some locations, indicating
strong variations in the transverse component of the magnetic field vector. These
variations are likely to be due to convective motions in the granulation that buf-



172 Keller, Harvey and Henney

fets network magnetic fields strongly enough to incline them substantially and
thereby generate a strongly varying linear polarization signal.

Figure 8. Coverage of VSM vector scans during an X-class flare.

The VSM is also providing important information on solar flares. Figure 8
shows the GOES X-ray flux during two X-class flares and the intervals during
which the VSM scanned the corresponding active region. The data are currently
being analyzed in detail to reveal the change in the vector magnetic field during
a strong flare.

4. Outlook

The SOLIS VSM has been observing full-disk solar vector magnetic fields since
August 2003. Once the data analysis pipeline becomes fully operational, all
the previously recorded data will be reduced and made available. From then on,
reduced data will be made available within hours of the actual observations. The
near-realtime data analysis will then also make it possible to take several full-
disk scans per day. This near-realtime data access is important for observation
planning of dedicated solar telescopes such as the Solar Optical Telescope on
the Hinode satellite.

The current single VSM on Kitt Peak only provides coverage for about 8
to 12 hours per day, weather permitting. To provide around-the-clock coverage
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of the solar vector magnetic field, it will be necessary to build at least two
more VSMs at different longitudes. Indeed, the US National Science Foundation
Senior Review as well as the European ASTRONET recommendations emphasis
the expansion of the current single-site SOLIS to a SOLIS Network. The HMI
instrument on the Solar Dynamics Observatory will provide continuous full-disk
vector-magnetograms from space, but its limitation to a few positions in a single
spectral line will limit the sensitivity and accuracy with which the magnetic field
vector can be inferred.

Apart from the VSM, SOLIS also includes an Integrated Sunlight Spec-
trometer (ISS) that records high-resolution spectra of the Sun as a star. Data
have been recorded for about a year now and will be made available as soon
as they are well calibrated. Later-on, the Full-Disk Patrol instrument will be
added to provide full-disk images of the Sun in a variety of spectral lines. This
instrument will also be available to measure Doppler shifts in all of these lines.
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