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Abstract A sunspot is an ideal waveguide for a variety of magnetohgginamic waves, which carry a
significant amount of energy to the upper atmosphere andldmilused as a tool to probe the magnetic
and thermal structure of a sunspot. In this study, we usebldweVacuum Solar Telescope and took high-
resolution image sequences simultaneously in both Tiosﬂﬂ,&) and H, (6562&2.5,&) bandpasses.
We extracted the area and total emission intensity varataf sunspot umbra and analyzed the signals
with synchrosqueezing transform. We found that the areaesmidsion intensity varied with both three
and five minute periodicity. Moreover, the area and intgnafcillated in phase with each other, this fact
hold in both TiO and K data. We interpret this oscillatory signal as a propagaioy sausage wave. The
propagation speed is estimated at about 8 ki #/e infer that this sunspot’s umbra could have temperature
as low as 2800-3500K.

Key words: Sun: sunspot — Sun: oscillations — magnetohydrodynamid¢$iy— methods: data anal-
ysis

1 INTRODUCTION Vasheghani Farahani et al. 2Q14i et al. 2014 Yu et al.
2016 Keysetal. 2018 Chenetal. 2015 Chen et al.
The solar atmosphere is a highly dynamic and magnez018. Linear Alfvén waves can propagate along magnetic
tized plasma. Many solar activities and phenomena arfeids without perturbing the plasma pressure and densi-
observed in the solar atmosphere. Magnetohydrodynamig, whereas slow and fast magnetoacoustic waves are com-
(MHD) waves are commonly found in the magnetizedpressible waves associated with perturbations in the plas-
plasma and can be observed in a variety of magneina and magnetic pressure.
ic structures, such as sunspofegs et al. 2013Su et al. Sausage modes are compressible magnetoacoustic
2016 Yuan & Walsh 2016 Wang etal. 2020Bai etal.  \yayes that are featured by axially symmetric perturbation-
2013, pores Dorotovicetal. 2014 Grantetal. 2015 g iy magnetic flux tubes. This attracts interest because of
Moreels et al. 2015Freij et al. 2018, and coronal 100p-  their potential role in chromospheric and coronal heating.
s (nglisetal. 2009 Nakariakov etal. 2012Yuanetal.  They can be classified into slow and fast modes based on
2015 Tian et al. 201§ their axial phase speed&dqwin & Roberts 1988 Another
MHD waves are usually modified by a magnet-main difference between two sausage-mode forms is the
ic field. They can perturb the plasma density andphase relationship between their cross-section area and in
magnetic field, therefore, they are further classified asensity variations. In case of fast sausage mode, these two
Alfvén waves Goossens etal. 201Baietal. 2013 s-  values oscillate out-of phase, whereas they are in phase for
low and fast magnetoacoustic waveadlis etal. 2009  slow sausage modebifreels et al. 201;3Dorotovic et al.
2014. Investigating sausage waves and their propagation
* Corresponding author in the lower solar atmosphere is important for understand-
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ing the wave energy propagation and release in the entit@nd H, images, respectively. Each pixel in TiO images cor-
solar atmosphere. responded to 0.041on the Sun; whereas inHmages a

In the coronal context, it has been a common pracpixel has an angular with of 0.185Each sequence was co-
tice to invoke sausage modes to account for quasialigned with sub-pixel accuracy with a user-defined regis-
periodic pulsations in solar flare light curves with quasi-tration algorithm Feng et al. 2012 The TiO images were
periods of the order of seconds (for recent reviews, sealigned with the H images after scaling and rotation. The
e.g.,Nakariakov & Melnikov 2009andMcLaughlin et al.  formation height of the TiO channel is located at the low-
2018. However, it remains to show a definitive piece er part of the photosphere, and ldt the upper part of the
of observational evidence demonstrating the existence ahromosphere.
sausage waves in coronal structures (see e.g., sect. 4 in Figurel shows the field-of-view provided by the TiO
Shietal. 201p and H, channels of NVST. The selected sunspot was close

Recently, due to high spatial and temporal observato the disk center and its shape was a nearly circular. We
tions provided by ground-based instruments, the direet evicould consider this sunspot as a magnetic waveguide filled
dence of sausage modes in the lower solar atmosphere hawgh stratified solar atmosphere. Therefore, this sunspot i
been reporteddorotovic et al. 2014 Grantetal. 2015  an ideal model to investigate the periodic oscillations be-
Freij et al. 201%. Dorotovic et al.(2019) investigated the tween area and intensity variations.
perturbation relations between cross-sectional areas and The area of sunspot umbra was detected by a thresh-
total intensities in a sunspot and two pores, and they detect|ding method. To remove the effect of interference of
ed the sausage modes with periods from 4 to 65 minutegrong penumbra emission, we used a boxcar with 25
By analyzing the ratio between different periodic valuesixe|s for the TiO data and 1919 pixels for the H data
they further revealed that the oscillation modes can be coig smooth the contours. Figufga) and (b) shows detec-
sidered as standing waves. Multiple-channel observationg,n, of the area of the umbra. The emission intensity was
are employed to investigate upward propagating sausag§mmed up within the contour in each image and were nor-
waves from the lower photosphere to the upper photomglized by the average intensity sampled at quiet sun re-
sphere/lower chromosphef@rant et al. 201p According  gion (red box in Fig1). This step ensures that the effect of
to the energies carried by sausage modes, the authors fougghospheric seeing was removed. Figighows the vari-
that the wave energies decrease substantially with heighigion of the areas and normalized intensities measured in
s and inferred that the energies could be released into theyih Tio and H, data. Here, the global trend of each time-

surrounding chromospheric plasntaeij et al.(201§ in- yary curve was removed by 12 minute moving average to
ferred that the sausage modes detected in two photosph(f.ﬁgh"ght the oscillation signatures.

ic pores are standing harmonics with strong reflections at Although the atmosphere seeing effect is removed by
tf}e tr?nsnlondrﬁglé)nKeyds et.al.(ﬁ018 pr:egent evidence normalization as stated in the previous paragraph, we also
of surface and body modes in photospheric pores SUPPOH, e cross-validate the signal with space-borne instru

ing sausage waves at the frequency ranging between 2 aﬂgent, the Atmospheric Imaging Assembly (AlA) onboard
12m|;|]z.  thi v i | h b the Solar Dynamic Observatory (SDO). Consequently,
The purpose of this study Is to analyze the pertur &ve extracted the umbra area and emission intensity with

tions in both areas and intensities within a nearly circu-; ;504 data. The results are presented in the Appendix (see

lar sunspot _umbra opserved in two different paSSbanq%’ig.A.l).We obtained very similar result with space-borne
thereby looking for evidence of sausage waves prOpagat'nﬂstrument, but the noise level is stronger than the NVST

from photospheric to chromospheric heights. This paper Iﬁigh-resolution data, so we only present the analysis with
structured as follows: Sectidhdescribes our observations NVST channels thereafter

and data reduction. Our results are presented in Se8tion L .
b The temporal variations of umbral area and total inten-

Finally, Section4 discusses and concludes this study. sity were analyzed by synchrosqueezing transform (SST:
2 OBSERVATIONS AND DATA REDUCTION Daubechies et al. 20L1SST is a novel time-frequency
(TF) analysis method that precisely not only represen-
In this study, we focus on active region NOAA 11809, t the power spectra of an oscillation signal, but also extrac
its heliocentric co-ordinates were (9520’) on 2013 the intrinsic modes of the signal like empirical mode de-
August 6. Two co-spatial high-resolution image sequencesomposition Huang et al. 1998but even higher accuracy
were acquired by the New Vacuum Solar Telescopg€Daubechies et al. 2011t is a derivation of continuous
(NVST; Liuetal. 2014. The H, (6562.8&0.25,&) and wavelet transform (CWT) empowered by a spectral reas-
TiO (7058i10,&) channels were used to capture the chrosignment algorithm that compensates the spreading inher-
mospheric and photospheric images between 01:32 areht from CWT. The reassignment algorithm uses the phase
02:26 UT. The sampling interval was 25 s and 12 s for TiOinformation of CWT and concentrates on the spectral ener-
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Fig.1 Two images observed by the NVST instrument in the TiO (paheina H, (panel b) channels at 01:32:29 UT
2013 August 6. Twaed contoursindicate the umbral edge identified, respectively. The baxes mark the quiet regions
that were used to normalize the intensities in the TiO apdriiages, respectively. This step ensures that the distaeban
introduced by atmosphere of the Earth is removed.

1 T T
4F
0.5 1
< 2r
E 0
=3 ot
.05
= -2
1F 4 F
15 I I I I L 6 E I I I I 14
10 20 30 40 50 10 20 30 40 50
Time (min) Time (min)
600 T T T T 1 400 T T T T T
b d
400 1
= 200 |
2
5 0
£
-200
-400
-400

&
<}
s}

10 20 20 10 50 10 20 20 10 50

Time (min) Time (min)
Fig.2 Variations of the umbral areas (a) and intensities (b) olethifrom the TiO data set. Panels (c) and (d) are the
counterparts obtained in the Hlata set.

gy only along the frequency direction, therefore, it sharpthe distance between frequency bins. With this approach,
ens the wavelet spectrum, and in the meanwhile preservéise transform not only provides a perfect inversion, but al-
the time resolution of the signal. Because SST concentrate® gives a stable the reconstruction. To non-stationary sig
on oscillatory modes into a narrow region in the TF planenals, SST not only provides spectral representation bat als
and the energy concentration processing is invertible, thireconstructs its intrinsic modes as done in empirical mode
allows us to isolate and extract the energy ridge. In the Tllecomposition. The phase relation between area and inten-
plane, the local maxima are defined as the energy ridgeity oscillations is calculated to constrain the MHD wave
which indicates the frequency distributions of an intrin-mode, therefore, their intrinsic modes were reconstructed
sic mode. SST uses a penalized forward-backward greedy calculate the oscillation phase, see Figlaad4. The
algorithm to extract the energy ridgeBgubechies et al. spectra and the modes of the SDO data are presented in the
2011). This algorithm optionally constrains jumps in fre- Appendix (see FigA.2).

guency with a penalty that is proportional to the square of
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Fig.3 SST power spectra of the area (a) and intensity (b) pertiorzas plotted in Fig®(a) and2(b). Thethin dashed
linesindicate the positions of the energy ridges that represeribcal maxima. Panels (d) and (c) are reconstructed signal
in the three and five minute bands, respectively. The arelaited withblue lines, and the intensity witlmed lines. This
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Fig.4 Same as Fig3 but with the H, data set.

Table1l Mean and Standard Deviation of Three and Five Periods

TiO Ha Lag Time
.. Area 494+ 039 455:018 180+ 125
Fiveminute band | Joonqiny 4.5+ 036  4.53+ 0.15
. Area 289+ 039 336-026 168+12s
Three minute band | o qiy 3214023 3.20+ 0.25

tra of the umbral area and intensity perturbations plotted
in Figure2. We could see that significant oscillation power
The NVST TiO channel records the dynamics at the phowere detected at 3—4 mHz (five minute bandpass) and 5-
tospheric height, we use this data set to analysis the umbfmHz (three minute bandpass). The SST power spectra of

oscillation therein. Figure3(a) and (b) show power spec-

Intensity

Intensity
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both the area variation (Fi@(a)) and intensity (Fig3(b))  than temperature minimum of an empirical sunspot mod-
were very similar to each other. el (Avrett & Loeser 2008 However, we should note this
We construct the narrowband oscillatory signal of bothis lower limit estimations because we did not consider the
umbra area and emission intensity at three (B{d)) and  projection effect. This study could also be used as an ef-
five minute bandpass (Fig(c)), the reconstructed signal fective tool to probe the temperature of a sunspot.
could reveal the phase relationship between the area and
intensity variation. We can see the five minute oscillationAcknowledgements The authors gratefully acknowledge
where the umbra area oscillated in phase with the emissioite anonymous referee for his/her critical reading and in-
intensity. This is a signal of propagating slow mode waveYaluable comments and suggestions. Song Feng is sup-
see the simulation ilfuan et al(2018. ported by the Joint Funds of the National Natural Science
Similar analysis was performed to the NVST, Bhan- Foundation of China (NSFC, U1931107) and the Key
nel, which observe the dynamics at the chromosphere diPplied Basic Research Program of Yunnan Province
the sunspot. We detect similar oscillatory signals and@has(2018FA035). Ding Yuan is supported by the NSFC (Nos.
relationship in this channel. The detected periods in botf1803005 and 11911530690) and Shenzhen Technology

area and intensity variations for NVST channels are sumProject (JCYJ20180306172239618). Xiao Yang is sup-
marized in Table. ported by the NSFC (Grant Nos. 11427901, 11673038,

To study the propagation feature of the umbral wavel 1773038, 11873062 and 11973056). We thank the Open
between two layers observed by the NVST, Hnd TiO Research_ I_Drogram (.KLSA202007) (_)f Key Laboratory of
channels, we combined these two channels and measurg@!ar Activity of National Astronomical Observatory of
the lag time between them. The cross-correlation was caffhina. We thank the NVST team for their high-resolution
culated between the area variation measured at the Ti@PServations.
channel and that in the H The lag time for the five minute
band is about 16812s; whereas the counterpart in the APpendix A: VARIATIONS OF THE UMBRA

three minute band was about 1802 s. AREASAND EMISSION
INTENSITIES OBSERVED BY

4 CONCLUSIONSAND DISCUSSIONS SDO/AIA

. . The variations of the umbra areas and the umbra intensities
In this study, we used the NVST multi-channel Obs’er'are taken from the SDO/AIA 1708 channel and shown in

vations and analysed the oscillatory signals in SunSpqug. A.1. The SST spectra of the areas and the intensities

AR_11809' This §unspot was a unipolar sunspot, which ha§re plotted in FigA.2. The in-phase behavior can easily be
an ideal magnetic and thermal structure and could act as 3Bund from Fig.A.2

effective waveguide for MHD waves. The area and intensi-
ty variations of this sunspot were extracted in both the TiOR
and H, channels.
In the area and intensity variations of the TiO channel,ayrett, E. H., & Loeser, R. 2008, The Astrophysical Journal
we detected two oscillatory signals at three minute and five gy pplement Series, 175, 229
minute bands. We found that at both bands, the intensityaj x. v., Deng, V. Y., & Su, J. T. 2013, Solar Physics, 282540
variation oscillated in phase with the area variation. Tis Baj, X. Y., Deng, Y. Y., Teng, F., et al. 2014, MNRAS, 445, 49
the feature of a propagating longitudinal wa¥@én etal.  chen, S.-X., Li, B., Shi, M., & Yu, H. 2018, ApJ, 868, 5
2019. Similar results were found in the Hchannel. Chen, S.-X., Li, B., Xia, L.-D., & Yu, H. 2015, Solar Physics,
If we combine two channels at TiO and,Hwhich 290, 2231
record the dynamics at the photospheric and chromosphebaubechies, I., Lu, J., & Wu, H.-T. 2011, Applied and
ic heights, respectively, then we obtain a lag time of about Computational Harmonic Analysis, 30, 243
180+12s. If we assume that the height between the TiODorotovic, I., Erdélyi, R., Freij, N., et al. 2014, A&A, 56A12
and H, channels is about 15650 km @vrett & Loeser  Edwin, P. M., & Roberts, B. 1983, Sol. Phys., 88, 179
2008, then the phase speed for the propagating wave i§eng, S., Deng, L., Shu, G., et al. 2012, in I|EEE
about 8.9-0.18 km s'! for the five minute band. For the  Fifth International Conference on Advanced Computational
three minute band, we obtained a propagation speed at intelligence, (New York: IEEE Press), 626
8.3+0.18 km st. Freij, N., Dorotovic, I., Morton, R. J., et al. 2016, ApJ, 344
For a propagation slow mode wave, the oscillation pe-Goossens, M., Van Doorsselaere, T., Soler, R., et al. 203, A
riod is found at three minute and five minute bands. The 768, 191
propagation speed is about 8-9 km' sso the local tem- Grant, S. D. T., Jess, D. B., Moreels, M. G., etal. 2015, Ap8, 8
perature is about 2800—-3500 K. This temperature is smaller 132
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Fig.A.1 Same as Figsl and2 but with the AIA 17004 data set.
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Fig.A.2 Same as Fig3 but with the AIA 1700A data set.
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