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Abstract In this paper, we report the observed temporal correlatetwéen extreme-ultraviolet (EUV)
emission and magneto-acoustic oscillations in an EUV meg®n, which is the footpoint region only
connected by magnetic loops with million-degree plasma fi@sult is obtained from a detailed multi-
wavelength data analysis of the region with the purposesuflving fine-scale mass and energy flows that
come from the photosphere, pass through the chromosphe:fimalty heat the solar transition region or the
corona. The data set covers three atmospheric levels orutihec8nsisting of high-resolution broad-band
imaging at TiO 7057 and the line of sight magnetograms for the photospherda-regolution narrow-
band images at helium10830A for the chromosphere and EUV images at 1% for the corona. The
10830A narrow-band images and the TiO 708 broad-band images are from a much earlier observation
on 2012 July 22 with the 1.6 meter aperture Goode Solar Tepes(GST) at Big Bear Solar Observatory
(BBSO) and the EUV 174 images and the magnetograms are from observations madénbgspheric
Imaging Assembly (AIA) or Helioseismic and Magnetic ImadetMI) onboard the Solar Dynamics
Observatory (SDO). We report the following new phenomehaRepeated injections of chromospheric
material appearing as 108§0absorption are squirted out from inter-granular lane$witperiod of~ 5
minutes. (2) EUV emissions are found to be periodically matdd with similar periods of 5 minutes. (3)
Around the injection area where 108émbsorption is enhanced, both EUV emissions and strengtieof
magnetic field are remarkably stronger. (4) The peaks onirie pirofile of the EUV emissions are found
to be in sync with oscillatory peaks of the stronger magnfegid in the region. These findings may give
a series of strong evidences supporting the scenario thahabheating is powered by magneto-acoustic
waves.
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1 INTRODUCTION region or the coronale Pontieu et al. 2014Tian 2017
De Pontieu et al. 20QRAschwanden et al. 2007

A fundamental and long standing problem in astrophysics By exploring correlations between the oscillatory
is why the tenuous solar (and many stellar) corona has signals observed at different levels of the solar atmo-
million-degree temperature far in excess of the underlyingphere, much progress has been made on resolving the
vastly denser photosphere. More and more evidence hasass and energy flows passing through the chromo-
revealed that the heating energy is generated directly frorsphere, the interface layeb¢ Pontieu et al. 20142009

the photosphere via hot expulsions, spicules or AlfvérmAschwanden et al. 2007 On the other hand, helium
waves Mcintosh et al. 2011 Tian et al. 2014 Peter et al. 10830A narrow-band imaging has proven to be one of
2014 Dinesh Singh & Singh Jatav 20},%ut leaving no the best tools for precisely tracking mass and energy flows
residual traces on it. Resolution of this problem ultimatel from below Qi et al. 2012Hong et al. 201). The helium
relies on resolving fine-scale mass and energy flows 10830A line is a weak absorption line seen against the
passing through the chromosphere, the interface layesolar disk, yet the line is so special that the chromospheric
sandwiched between the photosphere and the transitidime is associated with excitation by high-energy extreme-
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ultraviolet (EUV) photons. So, it is a line formed in the peak correlations between EUV emissions and magneto-
upper chromosphere. Since the line is shallow, a narronacoustic oscillations. Observational results are given in
band filtergram at this line taken near the disk centeSection2 and conclusions are provided in Sect®n
contains the features of the photosphere like granules.
Therefore, a big and crucial advantage for a narrow-ban
filtergram taken at this line is that it can be preciselyg OBSERVATIONAL RESULTS
aligned with simultaneous images of the photosphere.  £q getails on the observations, we guide readers to the
Over the solar disk, the coronal heating rate differspaper JCG12. In this section, we will directly introduce
at different parts of the solar surface, ranging from activehe results analyzed from the observations. We feature
regions to coronal holes. An important target for studyingrigure 1 here to show the observations made by different
the interface layer is footpoint regions of coronal loops,instruments. It includes the EUV moss region (the area of
appearing as faculae on the photosphere or plages in th&terest: AOI), its surrounding plages and the active negio
chromospherel( & Ding 2009). The region is believed The EUV moss region, with an area of 10 Mxnl0 Mm, is
to have a stronger heating rate, with prevalent oscillationinside the chartreuse-colored boxes in all panels (K-
at various waveband®g Pontieu et al. 20Q3In a plage  (d). Figurel(a) andl(c) depicts the EUV observation made
area, of particular interest is the so-called EUV “moss”,by Atmospheric Imaging Assembly (AIA) at Fe IX 171
a region being connected to coronal loops with million-A onboard Solar Dynamics Observatory (SDO) and the
degree hot plasma. In this region, much stronger heating-ray telescope (XRT) onboard Hinode taken with the
rate is believed to be constantly occurring. Neverthelessti-poly filter (Kosugi et al. 2007 Golub et al. 200y, In
the region has its name since it is full of dark inclusionsFigure 1(d) we specially give a larger field of view to
from low temperature plasma making it take the appeardisplay the morphology of the active region and its position
ance of reticulated bright EUV emissioBdrger etal. on the solar disk. A moss region is usually situated at
1999 Fletcher & De Pontieu 1999 The dark inclusions  footpoints of soft X-ray (SXR) loops of million-degree
are found to jointly appear and disappear, a signaturglasma Berger et al. 1999Fletcher & De Pontieu 1999
of oscillatory fine-scale mass and energy flows risingso it is an ideal place for investigating the problem of
upward Fletcher & De Pontieu 1999De Pontieu et al. coronal heating. A line-of-sight magnetogram observed by
2003 De Pontieu & Erdélyi 2006 On the other hand, the Helioseismic and Magnetic Imager (HM8dhou et al.
the oscillatory emissions of coronal loops as well as2012 onboard SDO Resnell etal. 20)2is given to
the rooted footpoint regions usually serve as indireclemonstrate the magnetic nature of the moss region
evidences of magneto-acoustic waveless etal. 2015 (Fig. 1(c)). The magnetic field has negative polarity, so
Banerjee et al. 200 Nakariakov & Verwichte 2006 The  we will use an unsigned magnetic field for research in this
heating of the corona or plasma via damping of magnetopaper.
acoustic waves is of great interest across the entire pane| (b) gives high-resolution imaging at narrow-
community of astrophysics, as well as the plasma physic§and helium1 10830 A for the region. The high-
community Stix 1975 Kolotkov etal. 2019. However,  resolution reveals many small scale, and thus ubiquitous,
as the first step, reliable correlations between the heatinggward mass injections in the form of enhanced 10830
and magneto-acoustic oscillations have to be determin sorption patches (EAPs), as defined and discussed by
spatiotemporally with solid observations. Hong et al.(2017%. From panel (a), we can see that point-
On 2012 July 22 high-resolution narrow-band imaginglike EUV dark inclusions from low temperature plasma
at helium1 10830A for the chromosphere and broad- are in the midst of EUV emissions. Dark inclusions are
band imaging at TiO 705A lines for the photosphere actually cool material being squirted upward as mass in-
were carried out, targeting the active region NOAA 11259ections Berger et al. 1999 letcher & De Pontieu 1999
(Jietal. 2012 JCG12 hereafter). The observations haveAs we will see in this paper, the dark inclusions, together
revealed the smallest scale magnetic activities in interwith EUV emission, are spatiotemporally associated with
granular lanes of the photosphere with their brighteninggnhanced helium10830A absorptions. The phenomenon
going up into the local transition region. The finding wassignifies that the dark inclusions or enhanced helium
confirmed by further analysis of the same data set 0L0830A absorptions are accompanied by some kind of
similar observationsZeng et al. 2013Hong et al. 2017 heating processes. In panel (b), an enlargement of the ROI
Yang et al. 201® In the most recent workli et al.(2021) s specially given to showcase the EAPs at 1083@hich
reported a possible correlation between the perturbatioris within the contour level of.6 x 103 counts pixett. We
of magnetic field and He | 10838 absorption, and both call other areas less 108§0absorption patches (LAPS).
have a quasi-periodic nature. In the paper, they switclror the purpose of subsequent statistics, the valdesot
to concentrate on demonstrating that the magnetic field0® counts pixet! is chosen in such a way that its contour
perturbations are magneto-acoustic oscillations powerel@vel divides the ROI into two regions with roughly equal
by p-mode. In this paper, we conduct a thoroughareas. The value correspondsi®5% of the average band
analysis of the correlation. We report on the peak-topass intensity for the moss region.
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Fig.1 The chartreuse-colored boxes in all panels outline thedditbhe EUV moss regionowith an area of 10 Mm
10 Mm. Panels (a)-(c) display the images at Fe IX &7abserved by AIA, helium 10830A observed by GST and a
line-of-sight magnetogram observed by HMI, respectivigiypanel (b), an enlargement for the AOI is specially feadure
to show EAPs and the patches with LAPs. The EAPs are definearksred areas within the contour leveKo$ x 103
counts pixef!. Panel (d), with a larger field of view, features an SXR imagjeeh with the Ti-poly filter by the XRT
onboard Hinode.

As can be seen from the online animation in the papeonline animation. This phenomenon represents additional
JCG12, there are numerous upward injections of heliunevidence demonstrating that the mass injections come out
| 10830A absorption material in the plage region. The of inter-granular lanes.
injections actually repeat themselves in the same place In the same place sandwiched between the two dark
periodically. The periodical nature can be demonstrate@arallel lines (Fig2-C2 and D2), we cut two slices out of
with a time-distance diagram made of a straight linethe| 10830A and EUV 171A time-distance diagrams and
across the area. Figur2-C2 features a sample time- covert them into two light curves. They are displayed in
distance diagram at 10838 from which we can see Figure3(a) and (c). Wavelet analysis of the light curves
rows of periodical absorption structures. To ascertaityields the oscillation period in the right two panels. They
their spatial information on the photosphere, Fig@re both have a component of 5 minutes, showing that
A2 gives a time-distance diagram for the photospherghey are somehow affected by the p-mode oscillation. We
made of a vertical slice in the same place. On the timesee that EUV emissions are correlated with the 10830
distance diagram, inter-granular lanes exhibit similavso absorption in a much more complex manner. The material
of parallel structures. The combination of the two kindsinjections from below, shown as EAPs, make contributions
of time-distance diagrams composed of heliub®830A  to dark inclusions. However, as we will see, they do heat
and TiO 7057A images confirms that the mass injectionsthe transition region to enhance EUV brightening at the
are coming out of inter-granular lanes, or the boundariesame time.
of solar granules (Fig2-B2 or S2.mp4). The associated Figure 4(a) plots mean EUV emission at 174
EUV brightening manifests a similar periodic structure gyeraged over EAPs and LAPs in the moss region. We
which we have just described. It is also worth noting thatsee that the EUV emission over the EAPs, traced with a
the rows of structures in the three time-distance diagramg( light curve, is systematically more intense over the
(C2, B2 and D2) exhibit similar moving patterns in the region of EAPs. Emissions in other EUV wavelengths have
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Fig.2 Panel Al depicts the photosphere in the moss region as @ubesith a broad-bang (1@) filter at TiO 7057A

by GST (18:44:32 UT). Panels C1-D1 are the images of the neagem at helium 10830A (18:44:31 UT) and Fe IX
171A (18:44:36 UT) respectivel){,. Panel (B1) displays a comigoisnage generated by taking the photospheric emission
as background and putting 10880absorption (inpink) over it. Panels (A1-D1) have the same field of vieM & 10
Mm?) as the chartreuse-colored boxes in FigPanels (A2-D2) give four time-distance diagrams gendrfiem the
intensity distribution of the corresponding images aldmg ertical slit (the position of the vertical slit for thigtire is

at 11.4 Mm) shown in panels (A1-D1). The two sets of dark palrihes are the boundaries of two slices being cut to
become time profiles in Fig(a) and (c). Online animation for varying time-distancegdéans generated with different
slit positions is available.

a similar behavior Klong et al. 201Y. We also compare chromosphere and the photosphere. There are numerous
strength of the magnetic field in the EAPs and LAPsphotospheric features which enable us to align the 10830
and the result implies that mean magnetic field is alsd narrow-band images with the images of the photosphere
systematically more intense over the region of EAPsat TiO 7057 A with unprecedented precision. It can be
(Fig.4(b)). Furthermore, the two kinds of time profiles called a natural co-alignment. Therefore, we can pin down
seem to have a kind of peak-to-peak correlation, whetthe features of the chromosphere, 108/"8Chbsorption

we compare the perturbations on the light curves. Tan this paper, on the photosphere with least ambiguity.
exclude the possibility that the temporal variations of mea The precise co-alignment for high-resolution images has
magnetic field in Figurd(b) may be affected by the area of yielded the finding of magnetic activities in inter-granula
EAPs, which are also periodically changing, we computedanes driven by granular convections (JCGZ2ng et al.
another kind of time profile for the mean magnetic field2013 Hong et al. 201Y. It is worth mentioning that, with

for the region with the stronger field. For a certain timehigh-resolution spectroscopic imaging in He | 10830
(say at 18:42:41 UT in this analysis), we select those pixel¥ang et al. (2019 reported that plasma flows along the
where the unsigned magnetic field is larger than 250 Gmagnetic loops are ejected from and drained out into inter-
Then these pixels are collected together and get fixed tgranule lane areas at different ends of magnetic loops.
produce the time profile in Figuré(c). We see that the With the same set of data as being observed and
peak-to-peak correspondence still exists with the exoapti analyzed by JCG12, the paper aims to resolve fine-scale
of a few EUV peaks. With the help of a series of verticalmass and energy flows in the chromosphere and their role
lines in Figure4, we see that 14 out of the 18 EUV peaksin heating the corona. The mass and energy flows are
can be regarded as being well correlated with the peaks afignified by the periodic mass injections seen as 10830

magnetic field perturbations. absorption in the selected moss region. For the periodic
mass injections, they may also be the on-disk counterparts
3 DISCUSSION AND CONCLUSIONS of spicules. For these periodic mass injections, we can

High-resolution 1083@ narrow-band images are actually conclude that

composite images containing dual features of the upper— They have a period of 5 minutes,
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Fig. 3 Left two panels plot two time profiles that are obtained frdra tebinning of two slice time-distance diagrams
featureg in Fig2. The result of their wavelet anglysis is displayed in thétigvo panels. The upper two panels are for
10830A while the lower two panels are for 17A. Vertical dashed lines indicate the times of the strond@&30A
absorption.
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Fig.4 Panels (a)-(b) feature two kinds of time profiles for the m&afv 171 A emission and mean magnetic field
(unsigned) in the moss region, with thad-colored light curve over the EAPs and thielue-colored light curve over the
otherregions (i.e., LAPS). In panel (b), thark curvein the middle is the time profile of unsigned magnetic fieldraged
over the whole moss region. Tied- andblue-colored light curves in the lower panel are the time profiles for the mean
unsigned magnetic field averaged over the stronger (grdaar250 G) and weaker (less than 250 G) magnetic field
regions at 18:42:41 UT, respectivelgertical grey linesrun through peaks on the time profiles of the EUV emission over
the EAPs.
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