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ABSTRACT

Coronal EIT waves have been observed for many years. The nature of EIT waves is still contentious, however,
there is strong evidence that some of them might be fast magnetosonic waves, or at least have a fast magnetosonic
wave component. The fast magnetosonic wave speed is formed from two components; the Alfvén speed (magnetic)
and the sound speed (thermal). By making measurements of the wave speed, coronal density and temperature it is
possible to calculate the quiet-Sun coronal magnetic field strength through coronal seismology. In this paper, we
investigate an EIT wave observed on 2009 February 13 by the SECCHI/EUVI instruments on board the STEREO
satellites. The wave epicenter was observed at disk center in the STEREO B (Behind) satellite. At this time, the
STEREO satellites were separated by approximately 90°, and as a consequence the STEREO A (Ahead) satellite
observed the wave on the solar limb. These observations allowed us to make accurate speed measurements of the
wave. The background coronal density was derived through Hinode/Extreme-ultraviolet Imaging Spectrometer
observations of the quiet Sun and the temperature was estimated through the narrow temperature response in the
EUVI bandpasses. The density, temperature, and speed measurements allowed us to estimate the quiet-Sun coronal
magnetic field strength to be approximately 0.7 £ 0.7 G.
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1. INTRODUCTION

One of the most difficult tasks in coronal physics is measuring
accurate coronal parameters such as magnetic field strength,
temperature, and density, especially in the absence of in situ
instruments. The magnetic field strength is particularly tricky to
measure, as the usual methods, such as using Zeeman splitting
of spectral lines and the Hanle effect, are complicated due to
thermal broadening and polarization effects. However, some
observations have been made with these method: Lin et al.
(2000) and later Lin et al. (2004) used an infrared coronal
emission line of Fe x111 to measure the weak Stokes V circular
polarization profiles resulting from the longitudinal Zeeman
effect, and measured the magnetic flux density above an active
region (AR) to be between 4 and 33 G. Such techniques mainly
focus on the stronger AR fields.

Indirect methods of estimating the coronal magnetic field rely
on photospheric extrapolation techniques (e.g., Wang & Sheeley
1992; Liu & Lin 2008; Schrijver & De Rosa 2003; Metcalf et al.
2008), radio techniques (e.g., Subramanian et al. 2010; Ramesh
et al. 2010) and coronal seismology (see Uchida 1970; Roberts
et al. 1984). Extrapolation techniques such as the potential
field source surface models can describe the three-dimensional
structure of the field in the corona from photospheric field maps,
but are subject to errors due to electric currents and non-force
free conditions.

Coronal seismology uses observations of waves propagating
through the corona to estimate coronal characteristics, and can
be separated into two broad fields of study, which cover global
and local coronal seismology. The first relies on the assumption
that there is a magnetohydrodynamic (MHD) wave dispersion
relation that relates the frequency and the plasma properties
(Cargill 2009). Two examples of suspected MHD waves are

the Moreton wave observed in Ho images Moreton (1960) and
the EIT wave, named after the Extreme ultraviolet Imaging
Telescope (Delaboudiniére et al. 1995) with which they were
first observed. The second coronal seismology method relies
on the observation and simulation of individual loops and loop
bundles, and the solution of wave mode oscillations to infer
plasma properties (see Nakariakov et al. 1999; Roberts et al.
1984). It is the former method that is used in this paper.

Images of transient bright fronts propagating through the
coronal medium following an eruption were first obtained by
EIT on the Solar and Heliospheric Observatory (SOHO) around
1997 (Moses et al. 1997; Dere et al. 1997b; Thompson et al.
1998). The propagating bright fronts often originate from erupt-
ing ARs and have wave-like appearances. The waves were
predominantly observed through EIT’s Fe xu 195 A bandpass,
suggesting a temperature preference for the phenomena. How-
ever, various authors have presented observations in other EUV
wavelengths (see Wills-Davey & Thompson 1999; Zhukov &
Auchere 2004; Long et al. 2008).

EIT waves have been observed with various speeds, generally
ranging between 100 and 500 km s~! (Thompson et al. 1999;
Thompson & Myers 2009). However, the speed is often non-
isotropic along a wave front of an individual event. The waves
have been observed to propagate over both short and long
distances (a few megameters to solar radii), and dispersion
is often the cause of loss of visibility. It is also unclear if
there is a relationship between the wave front intensity and
the propagation speed.

The waves emanate from ARs, which are often flaring, and
have a close association with several other phenomena, espe-
cially with coronal mass ejections (CMEs) which often share
similar propagation angles as the waves (Biesecker et al. 2002).
They also have a strong correlation with coronal dimmings and
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may have a chromospheric counterpart observed as Moreton
waves (Moreton 1960) observed in Ha data (see Warmuth et al.
2001).

EIT waves often fan out as they travel, but generally have a
limited angular width. They propagate in a particular direction,
and only change direction if they encounter a strong magnetic
obstacle (e.g., Gopalswamy et al. 2009). However, there are
observations of waves with large angular widths, and even halo
events where the wave propagates in all directions from the
source region (see Thompson et al. 1998, 1999). Such events are
of a small percentage, and it is unknown if this is a consequence
of the magnetic field characteristics, the density structure or
instruments being unable to detect parts of wave fronts with
lower intensity.

The nature of the EIT wave is still heavily contested, which
is discussed in two recent papers by Wills-Davey & Attrill
(2009) and Gallagher & Long (2010). The range in observed
characteristics has allowed several interpretations of the waves.
These can roughly be separated into two groups: wave solutions
and non-wave solutions. Most wave explanations are based
around the fast magnetosonic wave solution (Thompson et al.
1999), whereas the non-wave solutions cover several ideas
including the wave being the successive opening of magnetic
field lines (Chen et al. 2002) and current sheet heating between
the erupting flux rope and surrounding field (Delannée et al.
2008).

Understanding the nature of the wave is fundamental to global
coronal seismology, where speed measurements can be used
to infer other coronal characteristics. Several reviews and dis-
cussions on this subject have been made (see Banerjee et al.
2007; De Moortel & Pascoe 2009; Nakariakov et al. 1999).
There is significant evidence that at least some EIT waves
are true fast-mode MHD waves (Wills-Davey & Thompson
1999; Patsourakos & Vourlidas 2009; Kienreich et al. 2009;
Veronig et al. 2010). Uchida published a series of papers
(Uchida 1968, 1970; Uchida et al. 1973) modeling Moreton
waves observed in Ho images as fast magnetosonic waves us-
ing a Wentzel-Kramers—Brillouin approximation wave model.
The results from the model were comparable to observations,
especially the speed of the wave. Wang (2000) used a similar
model for EIT waves, also producing comparable results. Later
Wu et al. (2001) and Schmidt & Ofman (2010) produced full
three-dimensional numerical simulations of EIT waves, both of
which produced results that broadly simulated an EIT waves
propagation.

The fast-mode model has several desirable characteristics;
first, the wave is able to travel at right angles to the magnetic
field, and there is evidence that waves form reasonably low in
the solar atmosphere Patsourakos & Vourlidas (2009), where the
field is largely perpendicular to the solar surface. Second, the
wave is compressional (i.e., changes the density and the mag-
netic field magnitude), and a gradient in the magnetic field
will cause the wave to change direction (see Uchida 1968;
Wang 2000). Wills-Davey & Thompson (1999) first presented
Transition Region and Coronal Explorer (Handy et al. 1999)
high cadence observations of an EIT wave and presented ob-
servations of a wave inducing loop oscillations, and the wave
refracted around magnetic structures. Later, Gopalswamy et al.
(2009) presented observations of a wave reflecting off of a
coronal hole.

In this paper, we study an EIT wave/CME eruption observed
on 2009 February 13 (Figure 1). We present measurements of the
speed and estimates of the temperature made with the Extreme-
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Ultraviolet Imagers (EUVI; Wuelser et al. 2004), which are a
part of the Sun Earth Connection Coronal and Heliospheric In-
vestigation (SECCHI) suite (Howard et al. 2008) on board the
Solar TErrestrial RElations Observatory (STEREQO) mission
satellites (Kaiser et al. 2008). We also present density mea-
surements of the quiet Sun made with the Hinode/Extreme-
ultraviolet Imaging Spectrometer (EIS; Culhane et al. 2007).
These observations are then used with the fast-mode magne-
tosonic interpretation of the wave to estimate the coronal mag-
netic field strength in the quiet-Sun regions.

In Section 2, we present our method for estimating the
magnetic field. In Section 3, we present observations of the wave
and derivation of coronal parameters, showing how the fortunate
positioning of the EIS slitin relation to the wave provides us with
accurate background measurements of the quiet-Sun density.
Finally, in Section 5 we discuss the results and some of the
limitations with the technique.

2. METHOD

In a linear approximation, the general form of the fast-mode
wave speed in plasma is given by

0} = 3 [h+ @+ 0h + @) — anieosd], ()

where v, = B/(4rrp)% is the Alfvén speed, ¢; = (y P/,o)% is the
local sound speed, p is the mass density, P is the plasma pressure,
y = 5/3 is the adiabatic index, and 0 is the angle between the
wave vector and the magnetic field B. As the dependence on
0 is relatively weak, and the field can be considered largely
perpendicular to the wave vector in the lower atmosphere,
Equation (1) reduces to

vff ~ V3 + 2)
Or, by substituting the Alfvén and sound speeds into
Equation (2) and rearranging we can estimate the magnetic field
strength to be

B = (4r(pv2 — yP))? . 3)

By substituting the ideal gas law for pressure of a fully ionized
hydrogen plasma,
P =2nkgT, “)

into Equation (3), we find the magnetic field strength becomes
a function of the wave speed, the temperature and the density,
where n is the electron number density (o0 = n X m,, in the fully
ionized hydrogen plasma where m, is the proton mass) and
kg is the Boltzmann constant. Therefore, by calculating these
parameters we can estimate the magnetic field strength, and the
plasma g,

&z P
B=—7 ®)

How we obtain these quantities will be described in Section 3.

3. OBSERVATIONS

An EIT wave observed with the STEREO satellites on 2009
February 13 was analyzed. The wave emanated from NOAA
AR 1012 and was first seen at 05:35 UT in the 195 A bandpass
(Figure 1). The wave was associated with a GOES B2 class
flare and a CME with a speed around 340km s~'. The event
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Figure 1. STEREO B (left) and STEREO A (right) 195 A SECCHI/EUVI images at 05:35 UT on 2009 February 13. NOAA AR 1012, the source of the EIT wave
under investigation, is highlighted by a white box. Due to the 90° angular separation of the STEREO satellites, the AR is seen on-limb in STEREO A, and in the center

of disk in STEREO B.
(A color version of this figure is available in the online journal.)

also had associated dual dimmings behind the wave front. The
event has already been presented in several papers (Patsourakos
& Vourlidas 2009; Kienreich et al. 2009; Cohen et al. 2009).
In this work, images from the STEREO/EUVI telescopes are
used to study the wave dynamics and Hinode/EIS observations
to measure the background quiet-Sun density.

3.1. STEREO SECCHI Observations

The STEREO mission is composed of two satellites:
STEREO A (hereafter ST-A) orbiting the Sun ahead of the Earth
in its orbit and STEREO B (hereafter ST-B) behind the Earth.
Both satellites are gradually moving away from the Earth in
their orbits, as well as away from each other. Therefore, the
angular separation between the satellites increases with time,
with the Earth roughly centered between them. On February
13, the STEREO spacecraft was separated by ~90° (Figure 2).
Each STEREO satellite carries a SECCHI instrument suite, in-
cluding EUVI and the COR1 coronagraph imagers (Thompson
etal. 2003). Figure 1 shows the two STEREO perspectives of the
NOAA AR 1012 in EUVI 195 A images.

A series of EUVI 195 A/ CORI running difference images
(the previous image subtracted) of 2009 February 13 wave can
be seen in Figure 3. Changes in intensity are seen as bright
and dark regions. Each image is composed of two parts: an
EUVI ST-B image of the wave located on disk and an
EUVI ST-A image superimposed on a COR1 coronagraph dif-
ference image, showing the wave on the limb. Both ST-A and
ST-B images were taken at the same time, with the EUVI ST-B
image time indicated.

Pre-flare conditions were observed at 05:25 UT (Figure 3(a)).
The EIT wave is first seen at 05:35 UT (Figure 3(b)) around the
source AR. In later images, the wave is observed to have a lower
emission to the east. In ST-B, the wave is seen to move to the
north and south concurrently. The wave is visible on disk until
around 06:35 UT (Figure 3(h)). The circular shape of the wave
seen in ST-B is believed to be the ground track signature of the
expanding dome-shaped wave observed in ST-A, with increased
emission at the edge due to the imager looking through a larger
column of density (Ma et al. 2009).

The wave is visible in several EUVI passbands, as shown
in Figure 4. The wave is most visible in the 195 A passband
observations, and to a lesser extent in the 171 A and 284 A
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Figure 2. Schematic image of the STEREO satellites position relative to each
other and the Earth. On 2009 February 13, the satellites were separated by ~90°
(source: Stereo Science Center).

(A color version of this figure is available in the online journal.)

images (cf. Wills-Davey & Thompson 1999; Dai et al. 2010).
The instrument response functions (Howard et al. 2008) indicate
that the maximum temperature response of the 195 A passband
is around Tos = 10°2 K. In the 171 A passband, the peak
response temperature is slightly lower, at Ti7; = 10°% K,
and the wave is still reasonably well defined. The 284 A
passband has several peaks in the temperature response, but
most significantly at Thg4 = 10%3 K. Although observing abroad
range of temperatures T34 = 10*°-10°3 K, the 304 A passband
is sensitive mostly to the lower transition region plasma at
T304 = 10*?, and the EIT wave is mainly a coronal phenomenon
(Wills-Davey & Thompson 1999; Zhukov & Auchere 2004;
Long et al. 2008).

The large contrast of the wave to the background emission
in the 195 A passband observations, compared to that observed
in the other passbands, suggests that the plasma compressed by
the wave is emitting at around 1.5 MK. The wave is still visible
in the 171 A (~1.0 MK) and 284 A (~2.0 MK) observations,
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Figure 3. Running difference images of the EIT wave from the EUVI 195 A STEREO B (on disk) and STEREO A (on-limb) telescopes. The STEREO A images are

overlaid on COR1 coronagraph images. The running difference images were created by subtracting the previous image from the current image. White pixels indicate
an increase in emission, black a decrease, and gray indicates no change. Images (a)—(h) are taken at increasing times, with a cadence of approximately 10 minutes.

171 A T=0.9MK

¥

304 A :F:__0.0SMK 195 =1.5MK 284 A T=2.0MK

(e) 05:46:34 (f) 05:46:19 (g) 05:45:49 (h) 05:46:49
Figure 4. Images of the EIT wave in the four ST-A (top) and ST-B (bottom) EUVI passbands. The images were taken around 05:45 UT using a percentage difference
method where the image of interest has a base image subtracted, and then divided through by the base image. The images are shown in ascending temperature

order from left to right and have the same contrast scalings. The bright white pixelated regions above the limb are a compression artifact (especially visible in the
304 A ST-A image).

which may be due to the wave having a broad temperature range, is good evidence for the wave being a density perturbation.
or the response functions at these wavelengths are broad and This interpretation is consistent with the compressive fast-
cover the 1.5 MK temperature range, but with significantly lower magnetosonic wave model, whereby the wave travels though
count rates. The wave being visible in three coronal bandpasses the corona, locally compressing the plasma and thus increasing
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Figure 5. Change of distance (dashed line) and speed (solid) with time of the
EIT wave traveling to the west of NOAA AR 1012.

the plasma emission. As a consequence the wave seems to be
formed around 1.5 MK, and due to the weaker emission in the
171 A and 284 A passbands, we can apply a rather liberal error
to this estimate of 0.5 MK.

At this time the surrounding quiet corona exhibited little ac-
tivity (e.g., ARs, coronal holes, etc.), and the wave was able to
travel freely away from its source in all directions. ST-B 195 A
images were used to measure the wave speed. Each measure-
ment of the wave was made at the front of the wave (furthest
bright emission from the AR) as it propagated to the east (in the
direction of the EIS slit position, see below). The wave could
be followed in five successive images in the 195 A bandpass
before it was no longer distinguishable, and by measuring the
change in distance over time between subsequent images, an
average wave speed could be calculated. The position and speed
profile can be seen in Figure 5, where the dashed line plot
represents the change in distance between two recorded points
with time, and the solid line represents the change in speed with
time. Although the EUVI data in the 171 A bandpass were taken
at a higher cadence, the wave propagation is more difficult to
measure in this bandpass due to the lower contrast of the wave
with respect to the background. This is especially true for lo-
cations far from the erupting AR, where the EIS observations
were taken (see below). The positional error is estimated to be
+2 pixels, due to the original images (2048 x 2048 pixels) be-
ing rebinned to 1024 x 1024 pixels. Rebinning the image helps
when measuring the position of the wave front by reducing the
noise (see Zhukov et al. 2009 for further discussion). In the fol-
lowing calculations, we use the measurement of the EIT wave
speed around 06:05 UT, namely 220 & 30km s~'. At this mo-
ment, the wave reached the region of interest in the quiet Sun
observed by EIS.

3.2. Hinode/EIS Observations

At approximately 06:03 UT on 2009 February 13, EIS was
performing a job composed of one 90 s exposure. The slit
was centered on solar coordinates X = 1”7 and ¥ = 14",
and observing a 1”7 x 256” field of view. Hinode is in a
Sun-synchronous orbit around the Earth and as a consequence
at this time was observing at an angle of 45° with respect to both
ST-A and ST-B. The EIS slit position superimposed on a Hinode
X-Ray Telescope (XRT; Golub et al. 2007) image can be seen
in Figure 6 (bottom left). The top left and right images of
Figure 6 show the EIS slit superimposed on the ST-B and
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ST-A EUVI 195 A difference images, respectively, at similar
times. The slit appears curved when superimposed on the EUVI
images due to projection effects. A density diagnostic was done
using the Si X AA258/261 line ratio and the CHIANTI database
(version 6.0.1; Dere et al. 1997a, 2009). It is useful to note that
Six lines have a similar formation temperature to the strongest
line in the EUVI Fexu 195 A bandpass, providing a fairly
accurate density measurement of the plasma detected in EUVI.
Unfortunately, there was no temperature sensitive line ratio
observed with EIS at this time.

The EIS pixels were binned into groups of five along the EIS
slit (Y) direction and the spectra produced after binning were
used to derive the electron density (Figure 7, see diamonds).
We then summed the spectrum along the whole slit to increase
the photon statistics and reduce the error bar. This new density
can then be considered as an average over the slit. Its value is
3.4 x 10%cm™3, with an error bar ranging from 2.6 x 108¢cm™3
to 4.2 x 10%cm™3, giving a relative error of ~20%.

3.3. MDI Observations

The Michelson Doppler Imager (MDI) on SOHO (Scherrer
et al. 1995) is capable of measuring line-of-sight magnetic field
strengths in the photospheric regions. An MDI image from
04:51 UT, with the position of the EIS slit superimposed,
is included in Figure 6(d) for comparison. By projecting the
position of the EIS slit onto the MDI image, measurements of the
field strength were recorded at similar latitudes and longitudes to
the EIS slit. MDI recorded an average value of the photospheric
magnetic field to be 7 == 21 G. The bipolar field in the AR can
be readily identified to the east of the superimposed EIS slit.

4. RESULTS

Using the observational results presented in the previous
section (T = (1.5 4+ 0.5 x 10° K, n = (3.4 + 0.8) x
108 cm™ and v; = 220 4 30kms™'), the quiet-Sun sound
speed is calculated to be ¢, = 200 & 30km s~'. Because
the observed EIT wave speed exceeds the local sound speed,
Equation (3) can be used to calculate the quiet-Sun magnetic
field strength. We calculate the field strength to be B = 0.7 £
0.7 G. The field strength can then be used with Equation (5) to
calculate the plasma beta, which is found to be 8 = 6.4+ 3.1.

By taking a range in temperature and density, and assuming
our recorded wave speed to be correct, a range in magnetic
field values can be calculated as a function of temperature
and density. The results are presented as a contour plot in
Figure 8. It is noted that the sound speed is proportional to
the square root of the temperature, and at ~1.77 MK the sound
speed equals the measured wave speed. Beyond this temperature
the fast magnetosonic formalism is not valid, as the thermal
speed exceeds the measured speed. The box overplotted in
Figure 8 shows the range of density and temperature within
our observational error bars.

Due to the large range of previously recorded EIT wave
speeds, we considered it insightful to see how the calculated
magnetic field varied with speed. Therefore, the range of speeds
recorded in Thompson & Myers (2009) (15-654 km s~!) were
used with varying density and a constant temperature of 1.5 x
10° K to calculate a range of magnetic field strengths. Figure 9
shows how the magnetic field strength varies with wave speed
and density. Similarly, Figure 10 shows how the calculated
magnetic field varies with wave speed and temperature, with
a constant density of n = 3.4 x 10% cm™3.
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Figure 6. EIS slit superimposed on ST-B at 06:05 UT (a) and ST-A at 06:05 UT (b) EUVI 195 A difference images. Panels (c) and (d) show the EIS slit superimposed

on an XRT image at 06:03 UT and an MDI image at 04:51 UT, respectively.

5. DISCUSSION

We have used observations of an EIT waves speed, tempera-
ture, and density, and calculated the quiet-Sun magnetic field
strength to be B = 0.7 £0.7 G. It is difficult to compare
our result with most other measurements of the coronal field
strength, as most methods of deriving the field strength rely
on the presence of strong magnetic fields, such as those found
in ARs. Coronal seismology often relies on the identification
and observation of individual oscillating loops/loop bundles.
Such loops are mainly found in and around ARs, and have
been observed to have field strengths between 10 and 40 G (see
Verwichte et al. 2004, 2009; Van Doorsselaere et al. 2008). Also
Ofman & Wang (2008) estimated the field in a multi-threaded
loop structure following a filament eruption to be 20 £ 7 G.
Dulk & McLean (1978) made estimates of the magnetic field
above ARs, through a simple formalism describing the varia-
tion of magnetic field with height (B = 0.5[(R/Rp) — 1113
for heights 1.02 < R/Ry < 10). At 0.07 R, the field strength
would be ~25 G. A value confirmed by Rabin et al. (1991), who

calculated the magnetic field to be around 25 G. All these values
exceed our estimate of our quiet-Sun magnetic field strength.

Vrsnak et al. (2002) used the phenomenon of band splitting
in type II bursts as a diagnostic for the magnetic field in the
corona, and estimated the magnetic field strengthtobe B ~ 5 G
at a height of 1.6 Ry, decreasing to ~ 0.6 G at 2.5Rgp.
Cho et al. (2007) used a similar technique and estimated the
magnetic field strength to decrease from 1.3 to 0.6 G over
the height range 1.6-2.1 R;. However, it is noted that the
EUVI 195 A passband observes the corona up to 1.4 Ry, and
consequently our estimated field strengths are likely to originate
from observational heights lower in the solar atmosphere than
those made with type II bursts.

We used MDI data to derive the average photospheric mag-
netic field strength to be ~7 G, and our calculated coronal
magnetic field value is ~1 G. We now compare our results with
the coronal magnetic field values predicted by simple models
based on the measured photospheric field, e.g., the thin flux tube
model (note though that it is usually applied to the magnetic field
in the photosphere, see, e.g., Solanki et al. 1999), and a model
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(A color version of this figure is available in the online journal.)

of expanding magnetic field in plumes (Suess et al. 1998). In
the thin flux tube approximation, the magnetic field drops ex-
ponentially with height, with a scale height double that of the
pressure (Solanki et al. 1999). The wave traveling along the
limb in ST-A image is visible in the height range between 0 and
~0.2 Ry (see Figure 6). Then, we can assume that the integra-
tion of the emission along the line of sight in the simultaneous
ST-B image takes place along this height range. To get an or-
der of magnitude estimate, we can assume that our calculated
coronal magnetic field value refers to a height around half of the
range, i.e., to 0.1 Rg.

Assuming a hydrostatic pressure scale height of 70 Mm
(corresponding to the temperature of 1.5 MK), the photospheric
field B ~ 7 G produces a coronal magnetic field strength of 4 G
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(A color version of this figure is available in the online journal.)

ataheightof 0.1 Ry . For a purely radial decrease of the magnetic
field, in a spherical geometry, the coronal field would be around
6 G. The Suess et al. (1998) model predicts an expansion factor
of ~13 at this height, resulting in a coronal field strength of
0.4 G, using the same parameters. This latter estimate is
remarkably close to our calculated value of 0.7 G and may
suggest that we are deriving the magnetic field in an expanding
coronal flux tube. Assuming a photospheric field strength of
~30 G (close to the upper value observed by MDI in our
observations), the thin flux tube model predicts a coronal field
strength of 18 G, and the Suess et al. (1998) model predicts a
field strength of 2 G.

Our derivation of the field is based around the assumption
that the EIT wave is in fact a linear fast magnetosonic wave.
As discussed previously there is significant evidence for such
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Figure 11. Contour plot showing calculated fast-mode wave speeds for varying
density and magnetic field. Each speed is calculated using a temperature
T = 1.5 x 10° K. A contour corresponding to the observed speed of
vy A~ 220km s~ ! is highlighted as a white line.

(A color version of this figure is available in the online journal.)

a hypothesis for this event, which has been corroborated with
observations from several authors (e.g., Patsourakos & Vourlidas
2009; Kienreich et al. 2009). However, it was seen in Figure 8
that at 7 ~ 1.7 MK the sound speed equals the measured EIT
wave speed (~~220km s~ ') and as a consequence the magnetic
field strength and Alfvén speed in Equation (2) tends to zero,
and the wave becomes purely a sound wave. Therefore, if
the temperature is increased beyond 1.7 MK, the linear fast
magnetosonic formalism becomes invalid. For the fast-mode
wave approximation to be valid, the observed wave speed should
be greater than the local sound speed.

The linear fast magnetosonic approximation also relies upon
small perturbations being introduced to the pressure, density,
and magnetic field. These perturbations have to be finite but
small so that only linear terms are retained in the resulting
wave equations. Because the wave is visible in three coronal
bandpasses, this is good evidence for the wave being a density
perturbation.

In this study, the magnetic field is assumed to be largely
perpendicular to the solar surface, and such a scenario might
be encountered lower down in the solar atmosphere. In reality,
the wave is not restricted to a two-dimensional plane and will
propagate in various directions and encounter the surrounding
field at various angles (Veronig et al. 2010). However, we are
justified in using this assumption in an optically thin medium,
as the greatest emission will come from the greatest amount of
emitting material. STEREO observes the EIT wave at heights
between 0 and 0.2 R above the solar surface; this will be
toward the base of the expanding bubble (Ma et al. 2009), at
a height where a large proportion of the field is assumed to be
perpendicular. A percentage of non-radial field will lower the
speed of the wave, and as a consequence lower our estimation
of the magnetic field. Therefore, our quoted values should be
seen as an upper limit. It is also noted that a percentage of non-
radial field and regions of varying magnetic field strength will
also act to broaden the wave front, which may go some way to
explaining the broad bright fronts observed.

The magnetic field calculation also relied on several cal-
culated coronal parameters, the EIT wave speed (vy =~
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220km s~ ') recorded in the STEREO EUVI Fe xu1 195 A pass-
band (T =~ 1.5 x 10° K) and the coronal density (n =~ 3.4 x
10% cm™3) measured with EIS in the same temperature regime.

The fast-mode wave theory can be used to estimate wave
speeds for varying values of density and magnetic field strength,
this is shown in Figure 11. The corresponding plot for the plasma
beta is shown in Figure 12. A white contour line corresponding
to the speed vy ~ 220km s~! is included to highlight where
our recorded speed fits in. It is clearly seen that for a reasonable
range of density and magnetic field strength values, a large range
of wave speeds are produced. This range in wave speeds may
help explain the large variation of observed EIT and Moreton
wave speeds.

Figures 9 and 10 compare the range of speeds (15—
654 kms~!) presented in Thompson & Myers (2009) with
density and temperature, respectively. Estimates of the mag-
netic field strength could only be calculated for EIT wave
speeds above the local sound speed, which was approximately
200km s~! in our case. One hundred seven of the 158 plane-
of-sky speeds recorded by Thompson & Myers (2009) were
below this value suggesting that less than half can be treated
as fast-mode MHD waves. However, if we assume that not all
waves are going to be observed at the same temperature, and
use our lower estimate for the wave temperature, 1 x 10° K
(c;, = 166kms™!), we find only 82 of the 158 plane-of-sky
speeds fall below the sound speed threshold, of which 69 are
classed as “low reliability” or “very low reliability.”

The density measurements used in our work were taken close
to the center of the solar disk and were averaged to reduce any
error recorded from a single position. This value corresponds
well with previous measurements, for example, Young (2005)
estimates the density in the lower corona quiet Sun to be
~10%6 cm™3, which is slightly larger than our density estimates,
but of a similar order of magnitude.

The temperature estimates are based around the argument
that the wave is predominantly observed in quiet-Sun regions,
where plasma lies in the 1-2 MK temperature range and where
the peak of the 195 A passband lies Howard et al. (2008). The
wave is also observed reasonably well in 171 A observations,
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which have a peak temperature around 1 MK, but with a large,
but not dominant, contribution to the emission made by the
1.5 MK plasma. The wave is also observed in the 284 A
passband, the temperature of which is composed of several peaks
between 0.5 MK and a dominant peak at 2.5 MK. Therefore, it is
expected that if the wave is mainly formed around 1.5 MK, that
it will also be seen in the 284 A passband. However, it should be
noted that the instrument sensitivity is lower at this temperature,
and records an order of magnitude less photons per second than
the 195 A passband (Howard et al. 2008).

One surprising aspect of our results is the calculated plasma
beta. Figure 12 shows the variation of plasma beta for a range of
density and magnetic field values. This value is often assumed to
be less than unity allowing the magnetic field to dictate the state
of the corona (Gary 2001). Our results indicate a larger value of
B = 6 £ 3. This means that the magnetic field cannot constrain
the plasma in the low corona. Due to the outward-directed
plasma pressure gradient force, the quiet-Sun corona should
then expand in the interplanetary space as the solar wind. This
intriguing possibility needs future investigations, both through
observations and modeling.

These results show that multi-instrument observations of
EIT waves provide an effective method for estimating coronal
properties through coronal seismology. If it was not for the
unique position of the STEREO satellites at this time, and
the fortuitous measurement of the coronal plasma density
with quasi-simultaneous EIS observations, the estimates of the
magnetic field strength presented here would be unattainable.

6. CONCLUSIONS

We used STEREO EUVI observations of 2009 February 13
EIT wave event, in conjunction with EIS density measurements,
to estimate the quiet-Sun coronal magnetic field strength. We
measured the EIT wave speed to be ~220 + 30km s~!, which
was mainly observed at temperatures around 1.5 MK. At a sim-
ilar time EIS made measurements of the spectra which allowed
us to calculate the quiet-Sun density in a region into which
the wave subsequently traveled. The EIS measurements were
made for a plasma at a similar temperature to the peak response
temperature of the 195 A passband of the EUVI observations
(~1.5 MK) and the estimated density was n & (3.4 4+ 0.8) x
10® cm~3. By assuming the wave was a fast magnetosonic wave
in nature, we were able to use our measurements to estimate the
coronal magnetic field to be B >~ 0.7 & 0.7 G. The correspond-
ing value of the plasma beta (6 % 3) is too high for plasma to be
constrained by the quiet-Sun magnetic field.
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