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A B S T R A C T 

Chromospheric oscillations can give us insight into the physical environment in the solar atmosphere, both in quiet Sun and 

flaring conditions. Many authors have reported increases in the pre v alence of 3-minute oscillations which are thought to be 
e xcited by ev ents which impact the chromosphere such as flares. In this study, we utilized the Ca II 8542 Å line to study the 
oscillatory behaviour of the chromosphere in an active region which underwent two B-class flares. We analysed oscillations in 

both intensity and velocity, and found different behaviours in both. Intensity oscillations were most pre v alent o v er the umbrae of 
sunspots and magnetic pores in the activ e re gion, and the extent of the area which contained significant oscillations was found 

to decrease when comparing times after the flares to before. By measuring the evolution of the magnetic field, we found that 
this could be because the areas surrounding the umbrae were becoming more ‘penumbral’ with an increase to the magnetic field 

inclination. Velocity oscillations were found across the activ e re gion both before and after the flares but were observed clearly in 

areas which were brightened by the second flare. By comparing to EUV imaging, it was seen that strong chromospheric velocity 

oscillations with 3–4-minute periods occurred at the same time and location as a flare loop cooling 30 min after the second 

flare peak. This could be evidence of disturbances in the loop exciting a response from the chromosphere at its acoustic cut-off 
frequency. 

Key words: Sun: chromosphere – Sun: flares – Sun: oscillations. 
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 I N T RO D U C T I O N  

he study of oscillations can be a powerful window into the
echanics of a solar flare, for example in the widely studied
eld of quasi periodic pulsations (QPP) – see Van Doorsselaere,
 upriyano va & Yuan ( 2016 ) for a review. QPPs have been observed

cross all wavelengths; from radio (Inglis et al. 2016 ) to gamma-
ays (Nakariakov et al. 2010 ); with time-scales ranging from sub-
econd (Tan & Tan 2012 ) to several minutes (Milligan et al. 2017 ).
he myriad of characteristics of these periodic signals during flares
as led to many different proposed physical mechanisms to explain
hem. These include MHD effects such as kink or sausage modes,
nd a repetitive energy injection such as self-oscillatory ‘dripping’
agnetic reconnection. 
The study of oscillations during flares at chromospheric wave-

engths is interesting because there are already quiescent oscillations
bserved in the quiet Sun chromosphere with periods of a few min-
tes, and we have the opportunity to study their behaviour in response
o rapid flare-related changes in the chromosphere (e.g. temperature,
agnetic field orientation). The quiescent chromospheric oscillations

re often referred to as ‘three-minute oscillations’ and have been
bserved in intensity and velocity data since the 1970s (Bhatnagar &
anaka 1972 ), being particularly strong o v er sunspots (Khomenko &
 E-mail: david.millar.2@glasgow.ac.uk 
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Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
ollados 2015 ). Their origin is thought to be linked to the conv ectiv e
otion underneath the photosphere, which driv es wav es upwards

nto the chromosphere. It was initially proposed that the ∼3 minute
eriod is caused by the waves becoming trapped in a ‘chromospheric
avity’ between the temperature minimum and the transition region
Uchida & Sakurai 1975 ), ho we ver, another pre v alent explanation
omes from the acoustic cut-off frequency of the chromospheric
edium. In regions of high magnetic field strength, photospheric

isturbances travel along magnetic field lines as magnetoacoustic
ra vity wa ves (Bel & Leroy 1977 ), and frequencies below the cut-
ff frequency ω c are filtered out (Lamb 1909 ). The value for cut-off
requency depends on the gravitational acceleration g , the sound
peed in the plasma c s , and the angle between the gravitational and
agnetic fields θ : 

 c = 

γ g cos θ

2 c s 
. (1) 

Here, γ is the ratio of specific heats, and using typical values
or the temperature minimum region gives ω c ≈ 0 . 03 rad s −1 , corre-
ponding to periods of P ≈ 200 s (Fleck & Schmitz 1991 ). 

It has been proposed that a resonance at the cut-off frequency
s a natural response of the chromosphere to excitation (Fleck &
chmitz 1991 ), and it could be excited by different sources such
s the underlying photospheric driver, or energy injection in the
orm of ‘velocity kicks’ (Kalkofen et al. 1994 ; Chae & Goode
015 ). Such enhancements of the 3-minute oscillations have been
© The Author(s) 2023. 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. X-ray flux in two wavelength bands measured by the GOES-15 
spacecraft during the time of the CRISP observation. Only the two flares 
which began at 09:20 and 09:55 occured within the target active region. 
The corresponding flare class is shown on the right axis, determined by the 
1.0–8.0 Å flux. 

Figure 2. Images from Ca II 8542 Å core, sho wing the acti v e re gion at the 
start of the CRISP data set, and at the times of the two flares. One pixel is 
0.057 arcsec. 
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eported in past observational studies, for example Milligan et al. 
 2017 ) found ∼3 minute oscillations during the impulsive phase of
n X-class flare in full-disk Ly α and UV emission. A similar 3-
inute periodicity was found in Ly α by Li et al. ( 2020 ), but with an

ccompanying 1-minute signal. This 1-minute signal was thought to 
e evidence of magnetic dripping or an unidentified MHD wave at the
are footpoints. Kwak et al. ( 2016 ) reported chromospheric velocity 
scillations after detecting a do wnflo w e vent in the upper atmosphere,
hich could have resulted in a velocity kick. Farris & McAteer ( 2020 )
apped the strength of 3-minute signals in UV wavelengths, finding 

ocalized areas of increased power which were cospatial with hard 
-ray emission during a flare. Excitation of sunspot oscillations has 
een observed in flaring regions (Kosovichev & Sekii 2007 ; Sych 
t al. 2009 ), with Sych et al. ( 2009 ) reporting increases to 3-minute
ower in the lead-up to a flare. 
In this paper, we present analysis of a data set from the CRisp

maging spectro-polarimeter (CRISP; Scharmer et al. 2008 ) instru- 
ent of the Swedish Solar Telescope (SST; Scharmer et al. 2003a ),

aptured on 2013 June 13. The observations feature an active region 
hich underwent two B-class flares in quick succession. We sought to 

nvestigate the oscillatory signals which were present before and after 
he flare events, in both intensity and velocity data. Similar analyses 
ere carried out in Millar, Fletcher & Milligan ( 2021 ) with another
RISP data set, ho we ver, in that e vent only intensity oscillations were

tudied, in the Ca II 8542 Å and H α spectral lines. In that study, the
scillatory behaviour of the chromosphere around a sunspot was seen 
o change after an M1-class flare occurred in the active region. This
tudy expands upon these results, by analysing velocity oscillations in 
ddition to intensity, and using a spectropolarimetric data set, giving 
s the opportunity to measure the chromospheric and photospheric 
agnetic fields. 
The flares and CRISP data set are detailed in Section 2 , before

escribing the analytical methods in Section 3 . The results of the
scillatory analyses are presented in Section 4 . We investigate the 
volution of the atmosphere in Section 5 . A discussion of the results
s given in Section 6 and we conclude in Section 7 . 

 DESCRIPTION  O F  FLARES  A N D  DATA  SETS  

he flares occurred on 2013 June 13 in activ e re gion NOAA
1768, which was west of disc centre, with μ = 0.915. The flares
ere of GOES classes B7.2 and B9.3, starting at 09:20 and 09:55
TC, respectively. A GOES timeline can be seen in Fig. 1 , which

ncompasses the time of the CRISP observation window (08:21–
1:00). CRISP measured two spectral lines: Fe I 5250 Å sampled o v er
0.2 Å/ + 0.24 Å in 0.04 Å steps; and Ca II 8542 Å co v ering ±0.5 Å

n 0.1 Å steps. These sample the photosphere and chromosphere, 
espectively, with full Stokes polarimetry. The observations were 
btained with 8 ms exposure and ten exposures were acquired per 
ine position and per polarimetric state. Along with narrow-band 
pectropolarimetric observations, wide-band images were obtained 
sing filters with 3.3 and 9.3 Å band-pass centred around the Fe I
250 Å and Ca II 8542 Å lines, respectively. The total cadence of
hese observations is ∼31 s and the duration of the complete time
eries is 2 h 39 min. The CRISP plate scale is 0.057 arcsec per pixel.
igh spatial resolution observations were obtained by a combination 
f good seeing conditions and the high-quality adaptive optics system 

Scharmer et al. 2003b ). We used the multiobject multiframe blind 
econvolution (MOMFBD; van Noort, Rouppe van der Voort & 

 ̈ofdahl 2005 ) method for image restoration, and the data were
rocessed using the CRISP data processing pipeline (de la Cruz 
odr ́ıguez et al. 2015 ). 
We show in Fig. 2 some Ca II 8542 Å line core images from the
eginning of the observations, and at the time of each flare. The
mages are co-aligned, with solar north pointing upwards, meaning 
he image borders rotate and drift slightly, but the same solar location
emains at the same image pixels. As seen in the first image, before
he flares, the bright band extending along the middle of the field of
iew, which went on to become a flare ribbon, was already visible.
he first flare caused brightening mostly close to the centre of the
eld of view, while the second flare ignited the horizontal band,
orming the flare ribbon which is connected to a group of sunspots
n the right. This group of underlying sunspots and pores can be
een in Fig. 3 , in an intensity image from the wing of Fe I 5250 Å.
he main features will be referred to as sunspots A–D, in order from

ight to left, to describe the locations of interesting results. 
In Figs 4 and 5 , we show examples of Stokes profiles in the Ca II

542 Å and Fe I 5250 Å spectral windows. These are both drawn from
he same pixel at x = 1000, y = 825 which is within one of the sites
f flare heating, to the east of sunspot C. The Stokes I profile for Ca II
542 Å in Fig. 4 shows strong emission due to the heating. The Q and
 lines do not have clear shapes, while the V data are much clearer.
his is due to low signal in the Q and U data. The photospheric
e I 5250 Å line is in absorption, with the other Stokes parameters

ooking much clearer than their Ca II 8542 Å counterparts. The noise
evel of the Stokes Q , U , and V observations in the Fe I 5250 Å line is
.1 × 10 −3 , 3.0 × 10 −3 , and 2.2 × 10 −3 , respectiv ely. F or the Ca II
542 Å observations, Stokes Q , U , and V noise level is 2.0 × 10 −3 ,
.2 × 10 −3 , and 2.8 × 10 −3 , respectively. 
MNRAS 527, 5916–5928 (2024) 
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Figure 3. Fe I 5250 Å image showing the underlying sunspots and pores of 
the activ e re gion. The largest sunspots are labelled as they will be referred to 
throughout this paper. 

Figure 4. Example Stokes profiles for the Ca II 8542 Å line from a pixel in 
one of the flare ribbons. The Q, U, and V profiles have been normalized by 
the I continuum. 

Figure 5. Example Stokes profiles for the Fe I 5250 Å line, in the same pixel 
as Fig. 4 . The Q, U, and V profiles have been normalized by the I continuum. 

Figure 6. Images from the 171 Å and 94 Å channels of SDO/AIA, spanning 
the length of the CRISP data set and co v ering the same field of view. All 
subfigures from each channel have equal colour scales. 
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NRAS 527, 5916–5928 (2024) 
We can see in the Ca II 8542 Å context imaging in Fig. 2 that
he area connecting the bright points to the left and in the centre
f the field of view is complex, with a dark filament-like structure
isible in the latter two panels of this figure. This structure mo v es
round a lot during the flare activity, and it may have participated
n magnetic reconnection between flare footpoints, as its shape
s outlined in EUV wavelengths seen in Fig. 6 which contains
mages from the Atmospheric Imaging Assembly (AIA; Lemen et al.
012 ) onboard the Solar Dynamics Observatory (SDO; Pesnell,
hompson & Chamberlin 2012 ). AIA captures the solar disk in
V/EUV wavebands, and here, we show images from the 171 Å and
4 Å channels. The 171 Å channel, sho wn in the upper ro w of Fig. 6 ,
s sensitive to temperatures of log T ∼ 5.8 and is used to study quiet
oronal loops, while the 94 Å channel (lower row) captures much
otter plasma at log T ∼ 6.8, and can therefore show flaring regions.
he first three panels of each row closely match the times of the Ca II
542 Å images in Fig. 2 , while the fourth time instance is well after
he second flare. In 171 Å, the flare ribbon is initially seen followed
y flare loop emission, whereas 94 Å appears dominated by complex
oops that cool into the 171 Å channel. 

We aligned the AIA channels, the Helioseismic Magnetic Im-
ger (HMI) continuum, and magnetogram data to the SST/CRISP
e I 5250 Å wideband observ ations. To achie ve this alignment, we
tilized an automated procedure developed by Rob Rutten. This
lignment tool is publicly available. 1 To ensure precision in aligning
he SDO channels, the procedure involved the retrie v al of two sets of
DO cutouts. One set focused on the smaller SST wideband target
rea, captured at full cadence, while the other set encompassed larger
egions (700 × 700 arcsec) around the solar disc’s centre, acquired
t a lower cadence. The latter set was used to determine offsets
etween various channels through the cross-correlation of smaller
ubfields and by considering height-of-formation differences in an
terativ e manner. F or a more comprehensiv e e xplanation, please see
utten ( 2020 ). The AIA and HMI data sets were resampled from

heir original pixel scale to a crisp pixel scale of 0.057 arcsec. The
lignment procedure considers temporal proximity between SDO
nd SST images using a nearest-neighbour selection method. 

https://robrutten.nl/rridl/00-README/sdo-manual.html
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Figure 7. A selection of Ca II 8542 Å intensity timeseries, giving examples 
of each of the three spectrum models. Each row contains a timeseries and the 
corresponding Fourier power spectrum (FPS) for: red-noise, M1 (top row); 
red-noise with Gaussian bump, M2 (middle row); kappa function, M3 (bottom 

row). For each spectrum, the FPS is shown by the stepped line, the solid line 
shows the fitted model, the dashed line is the global wavelet spectrum (GWS), 
and the dotted line is the 99.9 per cent significance level. 
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 M E T H O D S  

.1 Spectrum fitting 

n order to search for oscillatory signatures in the observed time- 
eries, we used the spectrum fitting method which has been used 
reviously by many authors in various forms (Inglis, Ireland & 

ominique 2015 ; Auch ̀ere et al. 2016 ; Threlfall, De Moortel &
onlon 2017 ; Battams, Gallagher & Weigel 2019 ). The method 

nvolves creating a Fourier power spectrum from a timeseries and 
odelling its shape to characterize periodic behaviour. 

.1.1 The Fourier power spectrum 

he Fourier power spectrum (FPS) measures the strength of periodic 
ignal as a function of frequency, f , and is obtained from an initial
imeseries by the following method: the input signal is normalized by 
ubtracting its mean and dividing by its standard deviation; a Hann 
indow function is applied to the normalized signal; a fast Fourier 

ransform is applied; the ne gativ e frequenc y part of the spectrum is
emo v ed; the absolute value squared is taken; finally the spectrum is
ormalized by the variance of the original signal. 

.1.2 Spectrum models 

or this study, we adopt three models to describe the observed Fourier
pectra: red-noise (M1), Gaussian bump (M2), and kappa function 
M3). The first model, M1, is a power law which flattens off at high
requencies (due to photon counting noise), and is described by 

1 = Af −α + C. (2) 

A and C are constants, and α is the power-law index. The second
odel, M2, is similar to the first but has three additional parameters
hich describe a Gaussian bump in the spectrum abo v e the red-noise
ackground: 

2 = M1 + B G 

exp 

(−( ln f − β) 2 

2 σ 2 

)
. (3) 

The parameter B G determines the height of the Gaussian bump, 
controls its width, and β changes its location in frequency space. 

he β value can be converted to period P via P = e −β . 
The third model, M3, is used to categorize spectra which flatten 

ff at both the high- and low-frequency ends. It features a kappa
unction and like M2, it is found by giving the red-noise model three
dditional parameters: 

3 = M1 + B K 

(
1 + 

f 2 

κρ

)− κ+ 1 
2 

. (4) 

B K gives the size of the kappa function, κ describes its width, and
determines its extent into the high-frequency end of the spectrum. 

.1.3 Determination of pr eferr ed model 

or each input signal, we seek the model which best describes the
hape of the spectrum, which we refer to as the ‘preferred model’.
 preferred model of M2 means that oscillations are detected in 

he given timeseries which are unlikely to be a manifestation of
oise. Each spectrum is fitted with all three models, and a weighted
esiduals squared (WRS) value for each fit is obtained. For the 
eighting values, we use the global wavelet spectrum (GWS), 
ollowing Auch ̀ere et al. ( 2016 ), as this is a good proxy for the
 v erall shape of the Fourier spectrum. 
Because two of the models have more parameters than the other,

n F-test is used when comparing the models. The F-statistic for two
odels is defined as 

 = 

(
W RS 1 −W RS 2 

k 2 −k 1 

)
(

WRS 2 
N−k 2 

) , (5) 

here k is the number of parameters per model ( k = 3 for M1 and
 = 6 for M2/M3) and N is the total number of data points in the fit.
he null hypothesis for this test is that M1 describes the spectrum as
ell or better than M2 or M3, and a p-value to reject it is found from

he F ( k 2 − k 1 , N − k 2 ) distribution. 
If a spectrum is determined from the F-test to be best described

y M2, the height of the Gaussian bump must then be large
nough to pass abo v e a significance test based on the level of the
ackground spectrum. The significance level is determined from the 
ackground spectrum by first removing the Gaussian element and 
hen multiplying by a factor m = −ln (1 − X 

1/ N ) where X is the
esired significance level. This expression arises from the fact that 
he Fourier spectrum is χ2 

2 – distributed around the mean power level 
Auch ̀ere et al. 2016 ). In all of the analyses in this paper, 99.9 per cent
as used as the significance level for the F-test and the Gaussian
ump height. The main elements of the fitting process can be seen
n Fig. 7 , where we show example spectra for each spectrum model.
or each of M1, M2, and M3, this figure displays an input intensity

imeseries from the Ca II 8542 Å data, the resulting Fourier power
pectrum, the preferred model fit, the global wavelet spectrum, and 
he 99.9 per cent significance level. 
MNRAS 527, 5916–5928 (2024) 
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.2 Chromospheric velocity measurement 

o measure the velocity of material in the chromopshere, we
dentified Doppler shifts to the line core of Ca II 8542 Å. The
ata set features a rather narrow wavelength window ranging o v er
0.5 Å, meaning that the maximum velocity shift we can measure

s ±17 km s −1 . Flares hav e been observ ed to cause v elocity flows of
he order of 10 km s −1 in lines from the heated upper chromosphere
e.g. Milligan & Dennis 2009 ) and in the H α line (Wuelser & Marti
989 ) but derived velocities in Ca II 8542 Å flare ribbons are smaller,
ypically only a few km s −1 (Kuridze et al. 2015 , 2018 ). Though
7 km s −1 is the upper limit of the flows we could observe with
his Ca II 8542 Å data set, flows abo v e ∼7 km s −1 would be difficult
o ascertain with much confidence, because we do not want to fit
oo close to the edges of our spectral range. We assume that the
ypical Doppler shifts will be within the available spectral window,
hough note that velocity signals in the Ca II K line in the range 10–
0 km s −1 have been detected in small flares before (Falchi, Teriaca &
altagliati 2006 ; Keys et al. 2011 ). 
Ca II 8542 Å spectral lines in the majority of pixels over the

unspots are in absorption, and in the areas of flare brightening
how strong Gaussian emission features. However, in the region
round the filament the line shapes are erratic, likely due to complex
adiative transfer as light passes through the cooler plasma high in
he atmosphere. For this reason, we ignore the areas surrounding the
lament in our velocity analysis, instead focusing on the sunspots
nd the flare ribbon. 

The wavelength shift of the core, �λ, is determined using a second-
rder polynomial fit o v er the middle five wavelength points of the
ine. The quadratic fit is deemed to be good if the sum of the squared
esiduals is below 2 × 10 −3 and the centre of the fit is within the fitted
avelength range. If the fit is bad, another attempt is made, with a

hree-point fitting window centred on a turning point in the line shape
hich was closest to the previous shift value. This is in an effort to
nd strong peaks which were far from the rest wavelength. If the
um of the residuals squared of the second fit is not below 1 × 10 −3 

r the result is outside ±0.5 Å then the wavelength shift at that time-
tep is set to the value of the previous shift. Wavelength shifts were
onverted to line-of-sight velocities via v los = c �λ/ λ0 . We measured
ncertainties in the results of quadratic fits to several selected lines,
rom which we estimate that typical errors in the velocity values are
0.25–0.5 km s −1 . 

.3 Chromospheric and photospheric magnetic fields 

n this data set, the Ca II 8542 Å Stokes Q and U data are too
oisy for the determination of the full chromospheric magnetic field
ector. Using the I and V data, we can construct maps of the line-
f-sight magnetic field component in the chromosphere using the
eak field approximation (WFA; Degl’Innocenti & Degl’Innocenti
973 ). The WFA is an approximate solution to the radiative transfer
quation which allows the relation of Stokes Q , U , and V to
eri v ati ves of Stokes I . The line-of-sight field B � relates V to the
radient of I (Degl’Innocenti & Landolfi 2004 ; Asensio Ramos 2011 )

 λ = C 1 f B B ‖ 
∂ I ( λ) 

∂ λ
. (6) 

Here, C 1 = −4 . 67 × 10 −13 ḡ λ2 
0 with the ef fecti ve Land ́e factor

¯ = 1 . 10 and f B is the magnetic filling factor, which we set to unity.
For each pixel in the Ca II 8542 Å data, the line-of-sight field

trength was found which minimized the difference between the two
ides of equation 6 . 
NRAS 527, 5916–5928 (2024) 
The Fe I 5250 Å data were not as noisy as Ca II 8542 Å, meaning we
ere able to analyse the full magnetic field vector at the photosphere.
he photospheric field was measured using inversions of the Fe I
250 Å data under the Milne–Eddington approximation (de la Cruz
odr ́ıguez 2019 ). 2 

 RESULTS  

.1 Chromospheric intensity oscillations 

n this study, we compare oscillations detected before and after
he flare activity by choosing two 55 minute time intervals o v er
hich to perform separate analyses. The two intervals co v er 08:21

o 09:17 and 10:03 to 11:00, and will be referred to as ‘pre-flares’
nd ‘post-flares’, respectively. Intensity timeseries from individual
ixels across the CRISP field-of-view in these two time intervals
ere analysed using the spectral fitting method described abo v e. The

ame process was applied to wavelength points spanning the spectral
ine in five sections: line core, near blue/red, and far blue/red. Fig. 8
hows which of the three spectrum models was preferred for pre- and
ost-flares timeseries, drawn from Ca II 8542 Å intensity data. The
nderlying sunspot umbrae are displayed by contours, which were
etermined by 40 per cent of the maximum intensity level of a single
e I 5250 Å image. Coloured patches show the pixels where the flare
eating is most evident, based on their maximum intensity in Ca II
542 Å. 
The most common result across all pixels is the red noise spectrum
odel (M1). This was expected as this represents the ‘default’

esult of the fitting process, and indicates a spectrum with no strong
scillatory signals. There is a small proportion of pixels assigned to
he kappa-shaped spectrum model (M3), and these seem to be more
re v alent further towards the wings of the line. The kappa-model
ixels are slightly more concentrated towards the edges of the field
f view, away from the sunspots and pores. 
There is a significant number of pixels for which the Gaussian

ump model was preferred, which are seen mostly across the middle
f the field of view, co v ering the active region. The M2 pixels –
hich are indicators of oscillations – are more pre v alent at the line

ore. There are concentrated areas of intensity oscillation signals in
he blue and red sides of the line but they cover much smaller areas.
 or e xample, sunspot B is almost completely co v ered by M2 pix els

n the pre-flares line core results, spanning approximately 100 pixels
cross, while in the far red results the M2 pixels at the same sunspot
pan ∼25 pixels. The pixels exhibiting oscillatory signals are mostly
round the positions of magnetic activity across the middle of the
eld of view, which follows very closely the magnetic pores, as well
s the bright ribbon structure which was illuminated during the flares.

It can be seen that there are some differences when comparing the
re-flares results to the post-flares in Fig. 8 . Over sunspots A–D to
he right of the field of view there is a much larger area of M2 fits
efore the flare activity, when it extends further over the edges of
he sunspot umbrae. This is clear to see for sunspots A and B when
omparing the results from line core data at both time intervals. 

A band of intensity oscillations near the (eventual) flare ribbon
xtends along the active region from x = 800 to 1100 in the pre-
ares line core and near-blue/red results, whereas in the post-flares

nterval this long band is no longer present at these wavelengths.
here is ho we ver some concentration of oscillatory pixels along the
are-heated ribbon in both the near-red and f ar-red w avebands after

https://github.com/jaimedelacruz/pyMilne
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Figure 8. Intensity oscillations: the preferred spectrum model for each pixel of Ca II 8542 Å in the pre-flares (left) and post-flares (right) intervals. The underlying 
sunspot umbrae are shown by the solid contour lines – determined by 40 per cent of the maximum intensity of the line core of Fe I 5250 Å. The locations of 
flaring pixels are shown by the filled contours, and have been determined by the maximum brightness of each pixel. The labels in the lower right of each panel 
show the part of the spectral line sampled. 
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he flares. At sunspot C, there is an area of strong post-flares signal
t red wavelengths, approximately 50 pixels across, that is cospatial 
ith the western tip of the flare ribbon. At the southern edge of this

unspot there are signals detected in pre-flares data but these are 
ore pre v alent at the line core and in the blue wavelengths. 

.2 Periods of chromospheric intensity oscillations 

 or pix els which are determined to be fitted best by M2, the periods
t which the bumps in their spectra peak are shown in Fig. 9 . In this
gure, the field of view has been changed to focus on the group of
unspots where the majority of intensity oscillations were detected. 
ver the main sunspots, we see that there is a pattern – the typical
eriods increase as distance from the centre of the umbrae grows. The
ange of periods is from 150–200 s in the middle of the sunspots to
 v er 300 s in the surrounding penumbral areas. At the line core, there
s a small number of pixels far from the sunspots with periods abo v e
00 s (not shown in Fig. 9 ). This contrasts with wavelengths towards
he wings of the line, where there is a more significant number of

2 pixels in the surrounding quiet regions, the periods of which 
re typically much shorter (100–200 s). Along the belt of trailing 
unspots, periods are typically 200–300 s, and this is the same across
he wavelength bands. 

We can see from Fig. 9 that the locations of the oscillatory
ignals are often different in the post-flares interval than in pre- 
ares, making direct comparison dif ficult, especially to wards the line
ings. Ho we ver a comparison is possible where the concentration
f oscillatory pixels is greatest, in the line core o v er the two largest
unspots (A and B). For example at sunspot A, oscillations around
he edge of the umbra had periods of ∼150 s in pre-flares data, and

250 s after the flares. It appears that the area containing oscillations
t the western side of sunspot A mo v ed as a whole towards the centre
f the sunspot group. This means that the same spatial location is
isplaying an increase in the typical periods from, for example, 200
o 300 s at the umbral border, while the 200 s signals appear inside
he umbra. The periodicities o v er sunspot B’s umbra appear to have,
n the whole, increased, with the lowest period signals of ∼100 s
isappearing in the post-flares interval. 
The periods of the post-flares oscillations detected abo v e sunspot
 at the end of the flare ribbon are approximately 150–200 s and
re visible in the near red, far red, and near blue wavelengths. There
re some oscillations near sunspot C in the pre-flares data ho we ver
hey are located at the lower part of the umbra, and their periods are
ignificantly higher at 250–300 s. 

.3 Chromospheric velocity oscillations in the sunspots 

hromospheric velocity timeseries were obtained for each pixel over 
he pre-flares and post-flares intervals, by the method described in 
ection 3.2 . We searched for oscillatory signals in the timeseries
MNRAS 527, 5916–5928 (2024) 
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Figure 9. Intensity oscillations: the period at which the Gaussian bump peaks for Ca II 8542 Å timeseries in the pre-flares (left) and post-flares(right) intervals 
when M2 was the preferred model. The plots co v er the same spatial extent as in Fig. 8 , in order to focus on the group of sunspots with its high concentration 
of M2 model pixels. The underlying sunspots are shown by the solid contour lines, determined by 40 per cent of the maximum intensity of the Fe I 5250 Å line 
core. The locations of flaring pixels are shown by the filled contours, and have been determined by the maximum brightness of each pixel. 
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sing the same spectral fitting method as for the intensity oscillations,
gain using a 99.9 per cent significance level. We show in Fig. 10 the
referred models and Gaussian bump peaks for velocity timeseries
rom Ca II 8542 Å. This figure contains both the pre- and post-flares
ata and the spatial limits are the same as in Fig. 9 , focusing on the
unspot group and the long flare ribbon. We a v oid the area with the
arge filament on the left of the CRISP field of view because the line
hapes were extremely irregular for much of this location and its
urrounding area. Assigning a single velocity value to these spectral
ines would not be fruitful because of the absorbing material moving
bo v e the chromospheric material below. 

From the upper two panels of Fig. 10 , we can see that, sim-
larly to the intensity analysis, the red noise model is preferred
or most of the velocity power spectra. There are concentrations
f velocity oscillations detected around the main sunspots to the
ight of the field, and there is also a band of oscillations detected
long the trail of pores in the centre, south of where the strongest
are heating occurred. For this band of signals, its location is
pproximately the same when comparing the pre- and post-flares
esults; ho we ver, in the post-flares data, its area seems contracted
nto a narrower channel. The contraction is displayed by the values
f the Gaussian bump peak periods (Fig. 10 lower panels) as the
onger period signals mo v e upwards in the field of view after the
ares. 
The sunspot oscillations look quite different in the velocity

nalysis, compared to simple intensity at the line core. Sunspot B
ontains many detectable velocity signals in the pre-flares interval
ithin the umbra and around its upper-right edge. In the post-flares
ata, ho we ver, the penumbral signals remain and the umbral velocity
NRAS 527, 5916–5928 (2024) 
scillations are no longer detected. Over sunspot A, the opposite
appens: the umbra is clear of velocity oscillations in the pre-flares
nterval but there are penumbral signals which seem to mo v e inwards
owards the spot centre after the flares. 

In terms of the typical periods of velocity oscillation (lower panels
f Fig. 10 ), the peaks of the spectral bumps show the same pattern
s the intensity signals, of increasing periods with distance from the
mbral centre. We can see this in sunspot B with periods as low as
00 s in the middle of the sunspot. At the edges of this sunspot, the
eriods are 200–300 s and outside the vicinity of the sunspot, we see
eriods approaching 400 s. 

.4 Chromospheric velocity oscillations in the flare ribbon 

here are signals present in the pre-flares interval along the edges
f the flare ribbon’s eventual location (shown as the lilac patch
n Fig. 10 ), but in the post-flares interval velocity oscillations are
etected along the flare ribbon itself. There is a large concentration
f oscillations after the flares at the ribbon near sunspot C, and also
 broken line of oscillations following the ribbon between x = 900
nd x = 1000. There do appear to be signals close to the ribbon in the
re-flares data but these have moved significantly in the post-flares
nterval. There is a presence of oscillatory signals at sunspot D, just
orth of the flare ribbon, in the pre-flares interval, but little to none
n the post-flares data at the same location. The signals at sunspot D
efore the flares are similar in period to the ones located at the end
f the ribbon in the post-flares interval (100–200 s). 
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Figure 10. Velocity oscillations. Top row: the preferred power spectrum models in velocity timeseries drawn from Ca II 8542 Å. Bottom row: periods where 
the Gaussian bumps peak for pixels where M2 was the preferred model. The left column is from the pre-flares interval and the right column is post-flares. The 
underlying sunspots are shown by the solid contours and the flaring pixels by the filled contours. The field of view is cropped to a v oid the dynamic filament to 
the east. 
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.5 Intensity versus velocity oscillations in the chr omospher e 

y comparing Fig. 9 to Fig. 10 , we can investigate which properties
re shared between the intensity and velocity oscillations. For 
xample, at sunspot B, the loss of periodic signals after the flares
s clear to see in both velocity and line core intensity. Before the
ares, along the southern edge of the flare ribbon there is a long band
f intensity oscillation signals in the line core and near -blue, b ut after
he flares there are few intensity oscillation signals at this location. 
n contrast, velocity oscillations are detected along this band in both 
he pre- and post-flares intervals. 

The velocity signals near the flare ribbon in both time intervals 
eem to correlate well with signals in near-red intensity, both in their
ocations and typical periods. For example, see the signals at sunspot
 in the pre-flares interval, and near sunspot C in the ribbon in
ost-flares data. 
The line core intensity oscillations near sunspot A seem to mo v e

inwards’ after the flares, co v ering more of the umbra. In the velocity
esults, there are almost no signals detected o v er the umbra in pre-
ares data but there are some around its outer edge. After the flares

he velocity signals are around the inside of the edge of the umbra.
his seems to mimic the inward mo v ement of the intensity signals
ut with the velocity signals lagged spatially. 

In terms of the properties of both kinds of oscillation, we can see
hat the periods observed in velocity data are of a similar order as
he intensity variations, typically 100–400 s. This coupled with the 
act that velocity signals are also concentrated in the vicinity of the
unspots suggests that they are related to the same phenomenon as
he intensity signals. We discuss the relation between intensity and 
elocity oscillations more in Section 6.1 . 

 E VO L U T I O N  O F  T H E  ATMO SPH ER E  

ere, we explore how the active region changed during the course
f the observations in order to gain an understanding of the pos-
ible cause of the changes to the oscillatory signals which were
etected. 

.1 Intensity imaging 

he morphology of the active region can be seen in Fig. 11 , featuring
e I 5250 Å wing and Ca II 8542 Å core intensity images at several
pochs showing the photospheric and chromospheric features. The 
mages sample times at the beginning of the observations (in the pre-
ares interval), just after the brightening of the ribbon by the second
are, and at the end of the CRISP observation. 
There is a lot of mo v ement of the sunspot umbrae, which is

isible in the Fe I 5250 Å images, particularly for the very small
agnetic pores which can be seen to change positions entirely o v er

he length of the observation. For the largest sunspots, their shapes
hange noticeably, particularly around their edges, and we can see the
MNRAS 527, 5916–5928 (2024) 
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Figure 11. Intensity from the wing of the Fe I 5250 Å line (top row) and 
line core intensity of Ca II 8542 Å (bottom row) at several time instances, 
indicated in the lower left of each panel. The colour scales for each row are 
constant. 

a  

W  

i  

a
 

t  

c  

s  

c  

n  

b  

f

5

O  

r  

T  

w

5

I  

m  

C  

o  

i  

d
 

fi  

a  

T  

t  

a  

u  

fi  

s  

w  

fi  

t  

c  

i  

j  

p  

l  

l  

fl  

p  

i  

i  

L  

a  

A  

l  

i  

(  

c  

t
 

i  

t  

o  

D  

e  

n
 

fl  

l  

o

5

T  

t
E  

t  

w  

i  

w  

a  

s  

±  

o  

p
 

c  

a  

t  

m  

l  

i  

m  

d
 

o  

n  

m  

s  

t  

e  

o  

a

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/3/5916/7342490 by U
niversity of G

lasgow
 user on 12 M

arch 2024
ppearance and disappearance of bright kernels within the umbrae.
e can also see that the penumbrae of the sunspots change o v er this

nterval with some locations appearing more ‘penumbral’ such as the
rea between sunspots A and B. 

The chromosphere does not exhibit large-scale obvious changes in
he same way. We can see that the shape of the bright ribbon structure
hanges, seeming to extend further down (in the y -direction) into the
pace between sunspots A–C. Abo v e the three largest sunspots, the
hromosphere appears dark, with many strand-like fibrils visible. A
oticeable change is that the dark areas o v er the sunspots appear to
e more physically extended in the earlier image than in the images
rom after the flares. 

.2 Magnetic field 

ver the length of the observation (2.5 h), the features of this active
e gion mo v ed approximately 1.5 de g around the solar rotation axis.
his would slightly affect the measurement of the magnetic field
ith respect to the line-of-sight, but not by much. 

.2.1 Chromospheric field strength 

n the top row of Fig. 12 , we sho w ho w the line-of-sight field
easured with the Ca II 8542 Å data changed o v er the course of the
RISP observation. The result at each value of time was averaged
 v er a 6 minute interval, and a Gaussian smoothing filter was applied
n space to remo v e outliers and noisy pixels when calculating the
ifferences. 
The first panel of the top row of Fig. 12 shows the chromospheric

eld at the start of the observations, and in this active region the field
long the line-of-sight is measured as positive almost everywhere.
his means that the sunspots are dominated by flux pointing towards

he observer. The field is as strong as 1 . 2 k G over the largest sunspots,
nd is in the range 500–1000 G in the immediate vicinity of the
mbrae. Outside the active region the line-of-sight component of the
eld is much weaker, typical values are 50–150 G within the area
hown in Fig. 12 , except for a small area to the west of sunspot A
hich is weakly ne gativ e, as low as −150 G . This suggests that the
eld is weak or mostly horizontal outside of the sunspot group. In

he following three panels, we see how the line-of-sight field strength
hanges o v er the course of the observation. The first difference image
s from towards the end of the pre-flares interval, the second is from
ust before the second flare peak, and the last is from the end of the
NRAS 527, 5916–5928 (2024) 
ost-flares interval. There are significant changes to the measured
ine-of-sight field strength, by as much as �B ‖ = ±400 G at some
ocations. Outside of the areas with the largest field changes, small
uctuations of the order of ±10 G are observed. Since the field is
ositi ve almost e verywhere at the beginning of the observations,
ncreases in the line-of-sight field strength could imply that the field
s becoming more closely aligned to the sight line, and less inclined.
ikewise, decreases in the line-of-sight field likely correspond to
n increase in field inclination angle. For instance, around sunspot
, the area to the right of the umbra shows large reductions to the

ine-of-sight field strength, which is likely the field becoming more
nclined, and hence more ‘penumbral’. In the first difference image
09:07:11), the umbra of this sunspot shows slightly positive field
hanges; ho we ver, in the latter two difference images the majority of
he umbra shows strong decreases from the initial state. 

Some of the chromospheric field changes in the latter three time
nstances seem to exhibit a spatial shift as time passes. We can see
his, for example, in the umbra of sunspot A as the diagonal strip
f positive field changes, moves from right to left, or over sunspot
 where a large patch of ne gativ e difference mo v es right to left,

ngulfing the sunspot umbra. This is not a systematic effect as it is
ot seen o v er the entire field of view. 
Although there can often be strong field changes associated with

are activity, the gradual nature of the changes here are perhaps more
ikely due to the evolution of the active region and changing shape
f sunspots. 

.2.2 Photospheric field inclination 

he photospheric magnetic field inclination was measured using
he Fe I 5250 Å data by performing inversions under the Milne–
ddington approximation. The lower row of Fig. 12 is similar to

he upper row, but showing changes to the magnetic field inclination
ith respect to the line-of-sight returned by the inversions. As seen

n the first panel, the field inclination is low o v er the sunspots,
ith the lo west v alues near sunspot B. The area surrounding the

ctiv e re gion is mostly highly inclined fields. Sunspots A, B, and C
how increases to the inclination, with measured changes reaching
35 ◦. There is ho we ver a channel separating sunspot A from the

thers in which the field becomes significantly less inclined as time
asses. 
The field changes seen in the inverted Fe I 5250 Å data match very

losely the chromospheric measurements from Ca II 8542 Å, but there
re some features which seem shifted in space when comparing the
wo heights at the same time. F or e xample, the diagonal feature
entioned abo v e which separates sunspot A from the others in the

ast difference images is further to the left of sunspot A’s umbra
n the photospheric measurements. This most likely illustrates how
agnetic features at different heights can appear at different locations

ue to the inclined field. 
In the vicinity of sunspot C where velocity oscillations were

bserved, we can see that there are chromospheric changes which do
ot match up with any difference features seen in the photospheric
easurements. Over the umbra there is an increase to the line-of-

ight chromospheric field strength, but the whole umbra shows that
he photospheric field became more inclined. This could be a similar
ffect as seen by Kleint ( 2017 ), who detected chromospheric line-
f-sight changes in a flaring active region that in some cases did not
ppear to be related to photospheric field changes. 
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Figure 12. Upper row: the line-of-sight magnetic field as measured by the Ca II 8542 Å using the weak field approximation. The magnetic field values have 
been averaged in time o v er a ∼6 minute interval around the central time, indicated in the lower left of each panel. A Gaussian smoothing filter was applied to 
each image before the difference calculation. First panel: the line of sight magnetic field strength at 08:26:12 UT, an hour before the flares. Following panels: 
difference images of the line of sight field, in relation to the first panel, half an hour later (but still pre-flares) at 09:07:11 UT, after the start of the second flare at 
10:03:40 UT, and an hour post-flares at 10:57:28 UT. Lo wer ro w: inclination of the magnetic field at the photosphere, measured by Milne–Eddington inversions 
of Fe I 5250 Å data. The panel layout and times are the same as the upper ro w. Contours sho w the sunspot umbrae, based on 40 per cent of the maximum Fe I 
5250 Å core intensity. 
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 DISCUSSION  

 summary of the main results from the intensity and velocity 
scillations, and the changes to the atmosphere at each named sunspot 
nd the flare ribbon is given in Table 1 . 

.1 Sunspot oscillations 

n Sections 4.1 –4.3 , oscillations were identified and contrasted at 
ev eral wav elengths and o v er two ∼55 minute intervals, in both
ntensity and velocity. The majority of the oscillatory signals were 
ound at the line core of Ca II 8542 Å near the group of sunspots which
xtend across the middle of the field. There are fewer oscillatory 
ignals at wavelengths away from the core, and this could be for a
ariety of reasons. Wavelengths further towards the wings originate 
rom lower in the atmosphere than at the core, but in some cases,
hey can also be emitted from a larger slab of the atmosphere, for
xample in RADYN flare simulations of the Ca II 8542 Å line (da
osta et al. 2015 ; Kerr et al. 2016 ). It is therefore possible that the
scillations are not predominant in the lower parts of the atmosphere, 
r that the signals are harder to detect because the light we receive is
rom a large range of heights, leading to incoherent signals. Another 
ossibility is that in the lower atmosphere where mass density is
igher wave amplitudes are lower due to conservation of energy. 
he lower amplitude waves at deeper layers could therefore be more 
ifficult to detect. 
We saw that in intensity data, there was a reduction in the area
o v ered by oscillatory signals around the largest sunspots: signals
emained present in the umbrae but had disappeared in the penumbrae 
fter the flares. From intensity images (Fig. 11 ), we see that the
enumbral areas o v er sunspot A and B changed in appearance.
he dark area o v er the sunspots in the chromosphere became less
 xtensiv e, and this coupled with the magnetic field changes showing
ore inclined fields (Fig. 12 ) suggests that the area surrounding

he sunspots has become more ‘penumbral’ than ‘umbral’. This 
eans that the local cut-off period will have been altered which

ould explain the lack of intensity oscillations. It is also possible that
he oscillations are present but no longer detectable, either because 
he heights of oscillatory signals changed or the heights sampled by
he Ca II 8542 Å line had been altered. 

The typical periods of the intensity oscillations follow a well- 
nown pattern of period increasing with distance from the centre of
he umbra, often referred to as running penumbral waves (Jess et al.
013 ). This is thought to be due to increased cut-off periods caused
y increasing magnetic field inclinations, which is consistent with 
he magnetic field measurements shown in Fig. 12 . There were also
ome variations in the periods when comparing pre- and post-flares 
ntervals, for example on the western border of sunspot A, periods
ere seen to increase from 100–150 to ∼250 s. The magnetic field
as seen to become more inclined o v er time, which e xplains this
bserv ation. It is, ho we ver, unclear if the magnetic field changes
MNRAS 527, 5916–5928 (2024) 
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Table 1. Summary of the main oscillatory results from full-resolution Ca II 8542 Å intensity (Fig. 9 ) and velocity (Fig. 10 ), with noted changes to the atmosphere 
which are visible in Figs 11 and 12 . 

Location Pre-flares intensity Post-flares intensity Pre-flares velocity Post-flares velocity Atmospheric changes 
oscillations oscillations oscillations oscillations 

Sunspot A Co v er most of west umbra. 
Periods at umbral centre 
100–200 s, increasing radially. 

Area co v ered shifted 
inwards o v er umbral 
centre. Co-spatial 
periods increase. 

No umbral signal. 
Concentrated outside of 
the west umbral border. 
∼200 second periods. 

Oscillations mo v e 
inwards. Co-spatial 
periods increase. 

Umbral area appears to 
decrease after flare in Fe, 
Ca II 8542 Å. Inclination 
increase by 25 ◦. 

Sunspot B Co v er umbra and north/west 
penumbra. Periods 150–250 s. 

Umbra and penumbra 
co v ered but much 
sparser. Loss of lowest 
period (100 s) signals. 

Umbra and penumbra 
co v ered. Periods 
100–250 s. 

Very reduced area o v er 
umbra. Penumbra 
relatively unchanged. 
Similar periodicities. 

Growing penumbra to 
west in Fe images. 
Inclination increases 
+ 30 ◦ o v er penumbra. 

Sunspot C Dense co v erage o v er southern 
part of umbra. Periods 
200–250 s. 

Signals present only in 
near- and far-red line 
wings where umbra 
o v erlaps flare ribbon. 
Periods ∼200 s. 

Co v erage to the south of 
umbra. Periods > 250 s. 

Signals at umbral 
locations o v erlapping 
flare ribbon. Periods 
150–200 s. 

Photospheric and 
chromospheric fields do 
not agree. Shape of spot 
changes in Fe image. 

Sunspot D Co v ered umbra, only in 
near -red wa velengths. 

No signals. Umbra co v ered. Periods 
∼150 s. 

No signals. Sunspot mo v es 
eastward, from Fe 
images. 

Flare ribbon Signals in long band to the 
south of the ribbon pixels. 

Band of signals is gone. 
Signals partially along 
ribbon in near- and 
f ar-red w avelengths. 

Some signals 
surrounding the 
horizontal band of flare 
pixels. Periods 
250–300 s. 

Band of signals 
contracts. Dense area 
o v er flare pixels near 
sunspot C, 150–200 s. 
Concentrated signals 
trace ribbon with higher 
periods. 

Some mo v ement of 
underlying magnetic 
pores visible in Fe. 
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ere directly due to the flares, as the inclination seems to be gradually
ncreasing across each time instance displayed in Fig. 12 . 

The velocity oscillations which were observed in Ca II 8542 Å
ere similar to the intensity oscillations in appearance (for instance

hey follow the similar running penumbral wave pattern), but were
n some ways different from the intensity oscillations. For example,
here was a lack of velocity oscillations in sunspot umbrae which
ere almost completely co v ered by the intensity oscillations. This

an give insight into the physical conditions giving rise to these
ifferent types of oscillations, but might be highlighting problems in
he analyses. 

A velocity oscillation which spans the entire spectral window
entered on the rest w avelength w ould produce intensity oscillations
t ev ery wav elength step, and oscillations in either wing would
e a half-cycle out of phase. The intensity oscillations in the red
ections of the post-flares Ca II 8542 Å data cospatial with velocity
scillations suggest that the velocity oscillation is centred on the
ed side of the line. The presence of intensity oscillations without
orresponding velocity signals could be indicative of intrinsic tem-
erature or density fluctuations which are not related to mo v ement
f the plasma. Alternativ ely, mo v ement perpendicular to the line
f sight could cause intensity variations without detectable velocity
ignals. 

Velocity oscillations are most easily detectable when the spectral
ine has a consistent and simple shape, for instance a Gaussian-like
mission or absorption feature close to the centre of the spectral
indow. It is therefore easy for a coherent velocity oscillation to
e interrupted if the line becomes more complex – due to a steep
elocity gradient, an absorption feature in the line-of-sight or a large
oppler shift. This explains why there are few signals observed near

he large filament structure (and why it was mostly ignored for the
elocity analysis), and perhaps why some of the sunspot umbrae are
oid of oscillatory signals (because of, for example, umbral flashes).
t is important to keep this is mind because it means that there could
NRAS 527, 5916–5928 (2024) 
e oscillations which are not detected by this analysis. Ho we ver, this
oes not mean there is any tendency for false positives, only false
e gativ es, in the v elocity analysis. Comple x line shapes are not as
ig of an issue for the intensity analysis, a possible explanation for
he pre v alence of intensity signals, and for situations where there are
ntensity oscillations with no velocity signals detected (for example
n the umbra of Sunspot A). 

.2 Flare ribbon oscillations 

he ribbon of the second flare is not typical, because the physical
tructure which was brightened by the second flare was already
resent in the activ e re gion before the flares began. The bright area
unning along the centre of the field of view mo v es subtly o v er the
ourse of the observations (see Fig. 11 ). The first flare did cause
ome activity along this ribbon, but the second flare appears to have
ad much more impact in terms of chromospheric heating. 

There were intensity oscillations detected in the pre-flares interval
ear the flare ribbon, along its southern edge, near and at the Ca II
542 Å line core. After the flares there were almost no line core
scillations, but there were strong oscillations in the near and far
ed wavelengths over sunspot C, which might be evidence of bulk
o wnflo ws at this location. 
The ribbon oscillations are most obvious in velocity data. There

re signals south of the bright structure in both pre-flares and post-
ares intervals, and in the post-flares interval there is a strong
oncentration o v er sunspot C, matching the intensity signals in
ed wavelengths. The velocity oscillations detected at x = 850–
025 along the flare ribbon have higher typical periods than the
oncentration near sunspot C. 

We can investigate the velocity oscillations which were detected
t the end of the flare ribbon (near sunspot C) in a more in-depth
ay by analysing timeseries individually. We e xtracted v elocity and

ntensity timeseries from 10 pixels in a vertical line from the flaring
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Figure 13. Example of velocity oscillations seen in a flaring pixel, located 
at x = 1025, y = 852. Top: the normalized Ca II 8542 Å core (solid line) and 
SDO/AIA 171 Å (dashed line) intensities starting just before the second flare 
and extending to the end of the data set. Middle: the line-of-sight velocity 
as measured by Doppler shift of the Ca II 8542 Å core. Bottom: the wavelet 
power spectrum of the velocity signal, with a reversed colour scale (high 
power is dark). The hatched area shows the ‘cone of influence’, where edge 
effects could impact the spectrum. 
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rea and performed a wav elet analysis. F or e xample, we show one of
he velocity timeseries drawn from a pixel at x = 1025, y = 852 in Fig.
3 . Here, we show the Ca II 8542 Å core intensity, measured velocity,
nd velocity wavelet power spectrum from a time just before the 
econd flare until the end of the data set. The wavelet spectrum was
btained using the method outlined in Torrence & Compo ( 1998 ),
nd is used here to investigate the time-variance of the velocity 
scillations. The wavelet colour scale is reversed so dark areas have 
ore power, and we see the clear velocity oscillations reflected in the

pectrum. In this example, there is a positive shift in velocity around
he time of the rapid intensity increase. This results in high power
t the long-period section of the wavelet spectrum at the beginning 
f the timeseries, though this is under the ‘cone of influence’ of
he spectrum meaning the power here may be artificial in nature. 
here is power at ∼200 second periods throughout the timeseries 

the velocity Fourier power spectrum peaks at P = 205 s) but it is
ost pronounced in the last 30 min. In this latter half hour a clear 3-
in periodicity begins at 10:30 and the period grows closer to 4 min

rom 10:45 onward. Similar strong velocity signals at this time were 
bserved in all of the other pixels in our 10 pixel sample. 
The presence of velocity oscillations from 10:30–11:00 coincides 

ith local brightening in the AIA 171 Å as seen in images in Fig.
 and a timeseries cospatial with the velocity signal shown in Fig.
3 . Earlier in the event, at around 10:00 UT, the 171 Å intensity
eaked a few minutes before the Ca II 8542 Å core intensity at the
ame location, before falling rapidly while the Ca II 8542 Å intensity 
ell more gradually. This first brightening is likely the direct heating 
f the flare impulsive phase. At 10:30 the 171 Å intensity began to
ise steadily to a second peak at 10:55, while the Ca II 8542 Å core
ntensity continued to fall to the pre-flare level. This second 171 Å
rightening may be due to conductive heating of the low-atmosphere 
lasma from o v erlying hotter post-flare loops. It is therefore possible
hat the velocity oscillations are related to the evolution of the post-
are loop and we can speculate on different scenarios leading to 
his change of period. Disturbances from the cooling loop – mass 
o v ement from chromospheric condensations or waves – could 

ravel do wn to wards its anchor point in the lo wer atmosphere and
ould provide an energy source for the resonance of chromospheric 
3-min’ oscillations. The further increase in period at this location, 
t around 10:40 UT, could indicate a further change (increase) in
he magnetic field inclination, or conductive heating of the deep 
hromosphere, both of which would result in a decrease in the cutoff
requency (equation 1 ). Or the observed increase in period could
e due to the ‘illumination’ of a deeper layer in the chromosphere,
hich is oscillating at a lower frequency. 

 C O N C L U S I O N S  

n this paper, we have studied how the oscillatory signatures of
his active region changed around the time of two small flares. We
ound that the positions and typical periods of the oscillations in
ntensity and velocity were different when comparing times before 
nd after the flare activity. The area co v ered by oscillatory signals
round the sunspots was found to decrease, and the typical periods
ncreased o v er the penumbra of the largest sunspot. Measurements
f the photospheric and chromospheric magnetic fields support the 
dea that these changes could be due to the magnetic field becoming

ore inclined, and the penumbrae of the sunspots developing. We 
ound velocity oscillations at the location of flare heating, some of
hich were cospatial with a post-flare loop near the sunspots which
rightened in 171 Å radiation approximately 30 min after the second 
are. We speculate that the evolution of the loop could have induced
 response from the chromospheric material at its natural resonating 
requency. 
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