Observations of sausage modesin magnetic pores
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ABSTRACT

We present here evidence for the observation of the madnetadynamic
(MHD) sausage modes in magnetic pores in the solar photospkerther evidence
for the omnipresent nature of acoustic global modes is alsad. The empirical
decomposition method of wave analysis is used to identiéydscillations detected
through a 4170 A ‘blue continuum’ filter observed with the Ri@scillations in the
Solar Atmosphere (ROSA) instrument. Out of phase, peribditavior in pore size
and intensity is used as an indicator of the presence of nia@ueustic sausage 0s-
cillations. Multiple signatures of the magneto-acoustinusage mode are found in a
number of pores. The periods range from as short as 30 s u@te.4A number of
the magneto-acoustic sausage mode oscillations foundgeieds of 3 and 5 min-
utes, similar to the acoustic global modes of the solariimtelt is proposed that these
global oscillations could be the driver of the sausage typgmeto-acoustic MHD
wave modes in pores.
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1. Introduction

The solar atmosphere is a highly dynamic magnetised plasmtiaoing a large array of
distinct structures that are defined by magnetic inhomdtieseEach of these structures are able
to support a wide variety of oscillatory magneto-hydrodyw@a(MHD) modes. Over the last 50
years there has been a steady increase in the number of atigeswof oscillatory phenomena in
the solar atmosphere being reported (for latest reviewsesgeBanerjee et al., 2007; De Moortel,
2009; | Zaqgarashvili & Erdélyi, 2009; Mathioudakis et alQ1®) showing waves and oscillations
are ubiquitous in the solar atmosphere. The increase imadigens coincides with the continuous
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improvement of space and ground-based observing techyallagving unprecedented spatial and
temporal resolution.

This high spatial and temporal resolution permits detaiedstigation of some of the Sun’s
smallest, currently detectable magnetic features. Onle faature are magnetic pores that have
diameters ranging from £ 6 Mm. The pores are regions of intense magnetic field4 700 G)
first visible in the photosphere and expanding as they reaoin@spheric heights. Pores show
highly dynamic behavior due to a constanttieting from the convective motion of granules at the
photospheric level (Sobotka, 2003; Sankarasubramaniam®Rle, 2003). There has recently
been observations of photospheric structures experigrecivortex style motion which could act
as a driver for a wide variety of waves and oscillations (Baiel., 2008). These waves and oscil-
lations may be able to propagate upwards through the valagess in the lower solar atmosphere
along the length of the pore, which itself acts as an MHD waid®y The majority of these waves
will be reflected at the transition region due to the steepligrdas in sound or Alfvén speeds, the
minority, however, will make it into the corona. The transeul portion of the waves may be rele-
vant for MHD wave heating or magneto-seismology of the sobaona (see, e.g. Klimchuk, 2006;
Taroyan & Erdélyi, 2009). One of the exciting new discogsrassociated with magnetic elements
in the lower solar atmosphere is evidence for torsional &ifwaves (Jess etlal., 2009) which has,
historically, been dficult to detect. Would pores be able to support the other maggeustic
modes? If yes, would these modes be sausage or kink? We at@sgerquestions in the current
Letter.

The nature of MHD waves in sunspots and pores has been embngivestigated, where
the sunspots are modelled as thin, gravitationally steatiflux tubes|(Roberts & Webb, 1978;
Roberts, 1981; Roberts, 1992). The seminal theory of Edwitokerts|(1983) describing waves
in a straight, magnetic cylinder, which has been applieéresively to coronal oscillations, was
also derived for photospheric conditions. This last aspesbmewhat neglected and has only
received limited attention althouglffering equally rich physics and opportunity for solar magnet
seismology as its coronal application. Dispersion diagrionthe photosphere (see, e.g. Edwin & Roberts,
1983; Erdélyi & Fedun, 2010) show clearly the nature of ttev@s supported by a photospheric
waveguide. Perhaps more relevant to waves in pores are sperdion diagrams presented in
Evans & Roberis (1990).

The sausage oscillation is thought to be driven by the geartuifeting and the vortex motion,
so pores are a good candidate for the observation of thidadecy mode because of their compact
structure. A further postulated driver mayenodes or magneto-acoustic waves which propagate
within the solar interior|(DorotoviC et al., 2008). The mdeature of the sausage mode is the
periodic fluctuation of the cross-sectional area of the wgwiele (see, e.gl Edwin & Roberts,
1983 for cylindrical and Erdélyi & Morton, 2009 for elligi@l wave guides). Neither Alfvén nor
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kink oscillations would show evidence of perturbations lé tross-section of the waveguide.
The change in the area of the cross-section caused by thegeaomsotion is also associated with
periodic fluctuations in density and temperature withinwla@eguide.

Up until recently it has been almost impossible to find evadefor periodic change in cross-
sections of waveguides (in any layer of the solar atmospheseich indicates the presence of
sausage oscillations. This is due to the limitations of thatial resolution of many observing
instruments. A number of earlier observations have, howatempted to identify the signature
of sausage oscillations via the indirect detection of istigroscillations, e.g using Doppler shifts
(Taroyan et all, 2007; Erdélyi & Taroyan, 2008) or peridtiks in x-ray emission (e.g. Nakariakov et al.,
2003) in the solar corona. To our knowledge, the first repopteriodic oscillations in pore size
were by DorotovicC et al. (2008), who observed periods frddm#nutes to 70 minutes in a pho-
tospheric pore with the Swedish Solar Telescope (SST). Mew@o intensity information was
provided.

We present here observations of sausage oscillations imeadetected using the Rapid Os-
cillations in the Solar Atmosphere (ROSA) instrument. Theayvations are in both pore size and
intensity in the best cases and solely in pore size in othegscaThe periods of the oscillations
range between 50 s and 600 s and do not have constant fregaegggsting continual evolution
of the pore due to dynamic behavior.

2. Observations and Data Reduction

One new and exciting ground-based setup is the ROSA instrnvtech provides high spatial
(100 km, 2-pixel) and temporal @3 s) resolutions. ROSA is situated at the Dunn Solar Tefgsco
and further details of the experimental setup and operafi®@SA are given in Jess et/al. (2010).
ROSA is able to observe at multiple wavelengths allowingitivestigation of the magnetic con-
nection between the various layers of the lower solar atimeargpfrom deep photosphere to the
upper chromosphere.

2.1. Data

The data used here was taken by ROSA at 15 : 24 UT on the 22 ARQQO8t A group of 5
magnetic pores, shown in Fig. 1, were observed continugliR®SA for around 1 hr and 7 mins
with a 50 A wide filter centered at 4170 A. The pores were foriefbre the observations began
and all are still present in the final image of the observing rThe 4170 A blue continuum filter
samples the lower photosphere. The spatial samplindB90 per pixel, giving a 2-pixel spatial
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resolution of 0.138” (or 100 km) with an overall field of vieWws0200x 50100 kn?. The cadence
obtained for this filter during the ROSA observing sequenes @2 s. The initial observations
were processed through the ROSA data reduction pipelinehm@moved dark current, read-
out noise, camera inconsistencies and variable lightdesedoss the incident beam. To improve
image quality the speckle reconstruction method was usetdawiatio of 64 : 1. After processing,
the cadence of the observations was reduced 18 42 Intensities are normalised to the mean
background value.

2.2. Analysis

The pores are observed close to disk center, and assuming ploge is a waveguide which
extends upwards into the solar atmosphere with a base irhthtegphere, the line of sight is near
perpendicular to the cross-section of the waveguide. Bhidgal when searching for the periodic
fluctuation in the area of the cross section. Images of the pbow it is distinctly non-circular
in cross-section and movies of the magnetic pore revealithathighly dynamic. At present,
there is no such theory describing waveguides with a comfgd; non-symmetric geometry and
dynamic behavior. Waves in more complicated models shdilldetain the same basic properties
(see, e.g. Ruderman, 2003) so the approximation of a circubas-section provides an adequate
representation of the pore. The periodic change in the ditb@ aross-section is also accompanied
by a periodic variation in intensity, which should be 180 &g out of phase with the change in
cross-sectional area for the sausage mode.

The method used for obtaining the pore size is as followsstligiwve find the median value
and variance of the intensity of the whole field of view in ed@me. A ’box’ is placed around
each of the pores, large enough that the pore is contain&éhviite box at all times. The area of
the pore is then defined as being the number of pixels with @evat intensity 3 less than the
median value of intensity, providing a 99% confidence levat the dark pore pixels are contoured.

The data representing the size of the pore is then analyseglEspirical Mode Decomposi-
tion (EMD). This is a powerful tool that is capable of resalyinon-stationary and non-linear time
series. The theory is described in Huang et al. (1998) wittekant examples of applications to
solar phenomena givenlin Terradas et/al. (2004). EMD carcoweg some of the problems asso-
ciated with other analysis methods (e.g. wavelet analgsid)is suitable to decompose the time
series into a finite number of Intrinsic Mode Functions (INIFEhe IMFs represent the ftierent
timescales of variations in the original times series. Tterine whether a sausage oscillation
is present, a direct comparison between IMFs of intensity @ore size with similar timescales
is performed. This shows clearly out of phase behavior. Ardissign of sausage oscillations
is when periodic phenomena in cross-section and intensgtyalnost 180 degrees out of phase.
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We shall refer to such a signal astongsignal. Another, although not quite as distinct, signal
is when periodicities in pore size do not match with any istgnvariations. In such a case we
can only assume the expected 'out of phase’ intensity stggmbeen hidden by anothdfext that
modifies the intensity. This will be referred taxseaksignal in the following analysis. All signals
will also have to be longer thaw2P to be considered as a real oscillation. The phase informa-
tion is important for finding out of phase intensity and paee ©scillations. Unless comparisons
can be made between the individual time series of intensitlypore size to compare the phases,
then it is virtually impossible to identify whether the pmtic oscillations in pore size are due to
background intensity changes or the sausage mode. The EMichallows an inspection of the
different time-scales associated with the initial time-seaigs proves an ideal tool for analysis.
We, however, apply the wavelet method to produce phaseaiiegand compare to EMD results
as control.

3. Ogcillationsin pores

The pore under consideration is located in the dashed bagreehat (1548) arcsecs in Fi@l 1.
The area is calculated with a confidence value®fid 99% confidence. The average size of the
pore is 536 pixels, which is roughly36 x 10° kn?.

The IMFs are found for the average intensity per unit areapamd size time series and both
time series reduce to 8 IMF components plus the trend. ThesliMive approximate characteristic
periods< 100 s, 100 s, 150 s, 250 s, 400 s for IM&sto ¢cs. They have also been compared to
wavelet plots of the two time series and the IMF componenis pariods that agree well with the
periods that have significant power in the wavelets.

Table 1:: Periods of identified oscillations

IMF Strength  Period  Starttime Duration

(s) (s) (s)

C Strong 30+ 13 1200 100
C Weak 102+ 30 1900 800
Cs Weak 140+ 13 1700 400
Strong 134+ 13 2100 250

Weak 126+ 40 2350 1800

Cs Weak 180+ 13 0 375
Weak 281+18 1700 750

Cs Weak 447+ 13 1600 1350
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In Fig.[2 (top panels) we show a comparison between the IMFpoorantsc; andc, of pore
size (red dashed lines) and average intensity per unit aodia plack lines) for a small section
of the time series. Fid.l2 also shows a comparison oftthe, andcs components of intensity
and pore size for the entire time series. Thffedent oscillatory signals found are summarised
in Table.[1. The oscillations here have an amplitude of28D pixels which corresponds to a
5x 10* — 1.5 x 10° km? increase in area, which is around-4.2% of the average pore area. The
small amplitude of the oscillation suggests that the sasayes are linear in nature. To confirm
the evidence for the sausage oscillations found in the casgmaof the IMF components, we
compare the two times series using cross wavelet analysgs ésg.. Grinsted et al., 2004). We
calculate the phasefierence of the two time series in Fig. 2 (bottom right panelah be seen
that the areas showing the strongest out of phase behavi@spond to the periods and events
identified in the IMFs.

4. Which Mode

When it comes to determining which mode each period in Taloerfesponds to, i.e. fast or
slow, we require more information. This is due to the plagheing close to 1 and the periods of
the fastslow modes are not as distinct as, say, in the corona. Duestiatk of velocity informa-
tion we are also unable to determine whether the observellaty signatures are standing or
propagating modes. Assuming the pore is a straight, finitetélbe with auniform cross-section
situated between the photosphere and the transition reiiem standing modes can be set up with
the transition region acting as a reflector (see, e.g. Mdligsdélyi, [2007). We can use the pe-
riods obtained from the EMD analysis to estimate the lenfith@waveguide that supports these
oscillations. Typical values for pores afe= 4000 K,B = 2 kG,p = 108 — 10" gent3. These
give values ofvy = B/ V(ugp) = 17 - 56 kms?! andcs = V(yT/ii) = 9 kms* whereug = 4n,

v = 5/3 andu = 0.6. The phase speed of the slow mode is close to the tube speek nds
estimated valuegr = 8 — 9 kms™*. The fundamental period is given I/~ 2L/c,, whereL is
the tube length. Assuming the fundamental period is givethkyoscillation identified in thes
IMF, which is 447+ 13 s the length of the tube is then calculated to 192-12.1 Mm. If we now
take the oscillation identified in thg IMF, which has period of 180 s, and assume it is due to be
the fast mode, we obtain = 1.5 - 5.0 Mm for ¢y, = va = 17 - 56 kms?. Both these estimates
can provide a tube length which is comparable to the widetgpied and commonly used height
of the transition region above the solar surface, i.e. meguiube length to set up standing mode
oscillations, which is around 2 Mm. Note, this is not full proof of the nature of the obsereosd
cillations. If future observations can identify the stamgimodes, then this should help in fasiw
mode identification.
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A comment should be made here: the assumption that the tudigight is a highly ideal
assumption. The cross-section of the flux tube is actualbeeted to be expanding with height.
Also, gravitational stratification plays a significant ratedetermining the density structuring in
flux tubes located the photosphere and should also be takera@count|(Luna-Cardozo et al.,
2010).

5. Discussion

Observational evidence has been provided for examplesustge oscillations in magnetic
pores with a range of periods from50 to~ 600 s. To our knowledge, this is only the second re-
ported observation of oscillatory behavior in the area obgnetic waveguide after Dorotovic et al.
(2008). However, here we have a higher cadence allowing wheeomena occurring on much
shorter time-scales to be resolved. Our observations atsade intensity information about the
interior plasma of the pore, where oscillatory behaviolse aeen.

The oscillatory phenomena were identified using a relatinelw technique (at least to so-
lar applications) known as Empirical Mode DecompositioiireBt comparison between intensity
IMFs and pore size IMFs allowed the identification of out oapé oscillatory signatures, indicat-
ing the presence of sausage oscillations. This was supbytealculation of the relative phase
between the two time series. This method highlights ticdities in obtaining a clear signal
of sausage oscillations by measuring the cross-sectioeala the waveguide. Periodic changes
in pore size can be related to periodic behavior in inter(sigy in phase periodic behavior with
similar power). Using a method like wavelet analysis alowe not allow the comparison of the
phases of intensity and pore size without ambiguity. Henee/elet analysis alone could lead to
false detections of sausage modes.

Only a few sections in the various IMFs provided a clear dighaausage oscillations, were
the oscillation in pore size and intensity in the pore areajythase by 180 degrees. The other
signals in Table 1 show oscillations in pore size that arederitified with a change in intensity,
hence, are a somewhat weaker signal of sausage oscilldtenperiodic phenomena in intensity
can most likely be attributed to global acoustic modes whighomnipresent in the photosphere
and are found both inside the pore and in the surroundingiégaiand have a wide range of periods
from tens of second to tens of minutes (see,le.g. Jessef@r).2

Due to the omnipresent nature of the global acoustic oficilan the surrounding granules,
it is proposed the main driver for these oscillations is tlodagl acoustic mode. The periods found
mainly correspond to the 3 and 5 minute global modes thatbese numerously reported, adding
further strength to the argument. The question of whetherdiitected modes are standing or
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propagating remains unanswered due to the lack of veloaity, dvhich could have answered this.
For example, the signals i 1700 s inc; andc, could correspond to ffierent harmonics of the
standing sausage oscillation. A plausible suggestiontiigapscillations were standing modes led
to the estimation of waveguide lengths that are comparalileetdistance from the photosphere to
the transition region, i.e. the two boundaries requiredetaup standing modes in the lower solar
atmosphere.
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Fig. 1.—: Field of view observed by ROSA on 22 August 2008. &bareas highlight pore in
which oscillations are present.
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Fig. 2.—: Shown is a direct comparison between IMF companehintensity (black solid lines)
and pore size (red dashed lines). The intensity is nornuhlisth respect to the background mean
value and the pore size is measured in pixels. Last panelsivawelet phase plot for two the time
series.
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