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Nanoflares and the shock formation of magnetohydrodynamic waves in the solar
chromosphere have been considered as key physical mechanisms of the heating of
the chromosphere and corona. To investigate candidates of their signature in the mm-
wavelength, a tiny active region located on the solar disk was observed with the Atacama
Large millimeter and sub-millimeter Array (ALMA) at 3 mm, coordinated with observatories
on orbit including Hinode SOT spectro-polarimeter in the Cycle 4 solar campaign (19
March 2017). ALMA’s spatial resolution was moderate, far from the best performance, but
it provided stable conditions that are suitable to investigate temporal variations in the mm-
wavelength. We determined that the noise level is less than 20 K (σ) over 1 hour in the 20-s
cadence time series of synthesized ALMA images. The time variations with amplitudes
above the noise level were observed throughout the field of view, but variations exceeding
200 K, corresponding to energy input to the chromosphere on the order of 1020-22 erg,
were localized in two locations. One location was on the polarity inversion line, where tiny
concentrated magnetic patches exist in weak field and a tiny magnetic flux may be
emergent. The other location was at the outer edge of a bipolar magnetic region, which
was under development with a successive series of magnetic flux emergence. This
observation suggests that nanoflare-class energy inputs in the chromosphere can
occur associated with emerging flux activities.
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1 INTRODUCTION

The solar chromosphere is the interface layer connecting the solar surface (photosphere) to the
corona. The corona is permeated with bundles of both open and closed magnetic fields that are
rooted in the photosphere. The corona is heated to over 1 MK, whereas the temperature of the
photosphere is 6,000 K. The chromosphere has a temperature of approximately 10,000 K; however,
because of its high density, it requires heat input that is one order of magnitude higher than that of
the corona. The energy is believed to transfer through chromospheric structures towards the corona.
Thus, much attention has been given recently to the dynamical behaviors of chromospheric
structures. Observationally, high spatial and temporal resolution observations, provided by
space-borne observatories, such as the Hinode Solar Optical Telescope (Kosugi et al., 2007;
Ichimoto et al., 2008; Shimizu et al., 2008; Suematsu et al., 2008; Tsuneta et al., 2008; Lites
et al., 2013) and Interface Region Imaging Spectrograph (IRIS) (De Pontieu et al., 2014), and
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recent 1-m class ground-based telescopes, such as Swedish Solar
Telescope (Scharmer et al., 2003) and Goode Solar Telescope
(Cao et al., 2010), have revealed propagating
magnetohydrodynamics (MHD) waves (e.g., De Pontieu et al.,
2007; Okamoto et al., 2007; Okamoto and De Pontieu, 2011;
Stangalini et al., 2011; Martínez-Sykora et al., 2017; Abbasvand
et al., 2020) and the ubiquitous occurrence of small-scale
magnetic reconnection events in the chromosphere
(Katsukawa et al., 2007; Shibata et al., 2007; Shimizu et al.,
2009). Meanwhile, significant progress has been made recently
in modeling the three-dimensional chromospheric structures and
their dynamics with sophisticated radiative MHD models,
helping to capture a physical picture of the chromospheric
fine structures and their dynamics (e.g., Martínez-Sykora et al.,
2017). It has been considered that MHD waves excited by the
convective gas motions at the photosphere propagate through the
chromosphere toward the corona and are also dissipated in the
chromosphere by the formation of shocks (e.g., Carlsson and
Stein, 1997). As an alternate model, the convective gas motions
generate tangential discontinuity and braiding in magnetic field
lines in the corona, leading to numerous numbers of tiny
magnetic reconnection events, so-called nanoflares (Parker,
1988). It is noted that the terminology nanoflare in Parker
(1988) represents a swarm of tiny energy releases in order of
1024 erg produced in coronal loops, but hereafter we will use the
terminology nanoflare for a transient release in nanoflare energy
range, i.e., 1022 − 1024 erg.

Most of the solar radiation at millimeter (mm) wavelengths
comes from the chromosphere, providing a unique diagnostic
for the chromosphere (Vernazza et al., 1981). The mm-
wavelength emission is free-free emission (thermal
bremsstrahlung), produced by free electrons scattering off
ions without being captured. Assuming the free electrons to
be in local thermodynamic equilibrium (LTE), the source
function is equivalent to the Planck function. In the mm
wavelengths, the Rayleigh–Jeans law is an approximation to
the Plank function, giving a linear relation from the emission
intensity to the brightness temperature (Kraus, 1986). However,
the electrons are mostly regulated by the ionization degree of
hydrogen atoms that significantly departs from LTE in the
chromosphere. 3D non-LTE radiative MHD simulations
show that the formation height range of the radiation at
millimeter wavelengths depends on the location in the
simulation domain and is related to the underlying magnetic
structure (Loukitcheva et al., 2015; Martínez-Sykora et al.,
2020). Nonetheless, millimeter emission can image the
chromospheric thermal structure at the height at which the
radiation is formed. This suggests that the radiation at mm
wavelengths can be used as a thermometer to probe the
chromospheric temperature. The thermometer provides a
useful tool to detect changes in chromospheric temperature.
Variations in brightness temperature could be due to variations
in formation height depending on the chromospheric structure.
For large class of variations to be examined in this paper,
however, it would be plausible that brightness variations are
caused dominantly by changes in chromospheric temperature.
Therefore, transient energy inputs in the chromosphere either

by nanoflare andmicroflare (da Silva Santos et al., 2020; Shimizu
et al., 2021) or by shock formation (Eklund et al., 2020; Nindos
et al., 2021a; Chintzoglou et al., 2021) may be identified by
monitoring transient increases in the thermometer.

The Atacama Large millimeter and sub-millimeter Array
(ALMA) (ALMA Partnership et al., 2016) is capable of
performing interferometric observations of the Sun at mm
wavelengths, allowing both high spatial and temporal
resolution imaging observations of a few arcsec or higher
spatial resolution (Shimojo et al., 2017a). Using ALMA
observations in early phase, transient time variability was
studied primarily in the quiet Sun (Nindos et al., 2021a;
Nindos et al., 2021b). The number of studies addressing
temporal variations of brightness temperature associated
with strong magnetic flux concentrations is increasing; for
example, a solar plasmoid ejection from an X-ray bright point
(Shimojo et al., 2017b), tiny brightenings in a group of pores
(da Silva Santos et al., 2020), oscillations in chromospheric
plage regions (Chintzoglou et al., 2021; Narang et al., 2022),
and the ALMA counterpart at the footpoints of a soft X-ray
loop-type microflare observed in a tiny active region (Shimizu
et al., 2021). The objective of this article is to present the
temporal variations in mm-wavelength data recorded with an
ALMA observation for a small active region. Section 2
describes observations and data analysis. Section 3 presents
the results of the data analysis, followed by discussions in
Section 4 and a summary in Section 5.

2 OBSERVATIONS AND DATA ANALYSIS

The ALMA observation was coordinated with Hinode from 13:
36-19:41 UT on 19 March 2017, as an execution of the ALMA
Project code 2016.1.00030.S (PI: Shimizu). The Hinode
program was numbered as IHOP 327. The target region was
a tiny active region located on the solar disk at (-495, -40)
arcsec on the heliocentric coordinate seen as a compact bright
region in soft X-rays with a magnetic bipolar distribution on
photospheric SDO/HMI magnetograms. It is noted that no any
NOAA number was designated to this region. The ALMA
performed its observations at 100 GHz (3 mm, Band 3) with
the C40-1 antenna configuration, which is the most compact
layout in the solar observing mode, giving a spatial resolution
of 5”.0, ×, 3”.9. See Shimizu et al. (2021) for further details of
the observations and data processing. It should be noted that
no single-dish (total power) data were acquired to calibrate the
absolute brightness temperature in this observation. Thus, the
temporal profiles presented in this article show the deviation
from the averaged brightness temperature in the observation
field of view. Time variations in temperature brightness can be
derived even without absolute temperature information. The
co-alignment of the data from the different instruments was
carefully investigated to identify a better method among
alignment methods examined, and we finally appear to
achieve a precision better than 2”. Details of the co-
alignment procedure are also described in Shimizu et al.
(2021).
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3 RESULTS

3.1 Noise Level in ALMA Time Series
We use the method described in Shimojo et al. (2017a) to evaluate
the noise level in the ALMA time series. ALMA Band 3 has two
receivers sensitive to orthogonal components of the linear
polarization (ALMA Partnership et al., 2016). The
interferometric measurements in each component can be used
independently to synthesize an image and the two synthesized
images should be identical to each other if no noise is included in
the data. Thus, the noise level was estimated from the difference
between the two polarizations for a 20 s integration. The
difference should be zero for thermal emission from optically-
thick chromospheric plasma in the absence of flare emission.
Furthermore, circularly polarized light due to the presence of
strong magnetic fields (Miyawaki et al., 2016) may produce net
linear polarization due to differential Faraday rotation; however,
it is negligibly small at 100 GHz (Iwai et al., 2017; Loukitcheva
et al., 2017). The difference in two synthesized images, which
were generated independently with interferometric
measurements by the two receivers sensitive to orthogonal
components of the linear polarization, gives the standard
deviation smaller than 20 K for the entire period. Weak spatial
dependence may be visible when it is compared to the brightness
temperature derived from the ALMA data, although the
dependence is small in magnitude and may be roughly
regarded as random distribution. Therefore, we set 20 K as the
noise level in σ in the subsequent results, although this would
represent the most conservative evaluation.

3.2 Spatial Distribution of Large Time
Variability
Figure 1B is the spatial distribution of time variations detected in
the ALMA brightness temperature map in panel (a). For each
location, the standard deviation was derived from the time series
of brightness temperature. The map is shown at 4 arcsec/pixel.
The contours in Figure 1B represent the spatial distribution of
magnetic flux density: positive 300 gauss in red and negative 300
gauss in black, from Figure 1C. Time variations with amplitudes
much larger than the noise level (20 K in σ) are observed in most

of the binned pixels. The variations exceeding 200 K are observed
in the lower middle (around X = 22, Y = 13; area A1 hereafter)
and the lower right (around X = 54, Y = 6; area A2 hereafter), both
of which are located at or close to polarity inversion lines.
Figure 2 shows the time profile of ALMA brightness
temperature at these locations. At area A1, the brightness
temperature is gradually decreased with some enhancements
during the observation. The largest enhancement is about
400 K increase from the base brightness just before the
enhancement. The appearance of the observed enhancement
looks periodic, but the interval exceeds 10 min, which is
different from 3 to 5 min expected from p-mode oscillations.
The temporal profile of enhancements shows an increase in
relatively short timescale (100–200 s) and gradual decrease
after the peak. At area A2, a large enhancement is observed at
the latter half of the observation and its duration is about 1,000 s.

The magnitude of the time variations is compared to the time-
averaged brightness temperature in Figure 3A. The figure shows
a fairly dispersive distribution between them. The binned pixels
with large variation over 200 K are widely distributed from -300
to 500 K. The correlation coefficient is 0.34, suggesting poor
correspondence. In Figure 3B, the magnitude of time
variations is compared with the magnetic flux density at the
photosphere. Large variations over 200 K are observed in the
regions where the magnetic flux density is less than 200 gauss. At
the magnetic flux concentrations (higher than 300 gauss) in the
photosphere, large variations over 200 K are not observed and
dominant variations have a standard deviation of 90-170 K.

3.3 Magnetic Flux Evaluation at the
Photosphere
According to the previous subsection, two areas showed large
temperature variations exceeding 200 K. Figure 4 is the magnetic
flux distribution at the photospheric level, measured with the
Hinode/SOT Spectro-Polarimeter (SP) during the first and last
half of the ALMA observing period. The two areas are marked by
yellow squares in Figure 4.

The large variations observed in area A1 (around X = 30, Y =
30 arcsec in Figure 4) are located in a weak-field area at the
polarity inversion. Positive polarity patches are dominant at the

FIGURE 1 | The spatial distribution of (A) the mean brightness temperature and (B) the standard deviation in the time series of ALMA data. The contours represent
the spatial distribution of (C) magnetic flux density: positive 300 gauss in red and negative 300 gauss in black.
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right of this area, whereas negative polarity patches are
distributed at the left. In the square, a tiny negative polarity
patch exists and shows an increase in the magnetic flux. Positive
and negative magnetic patches located around the square also
show changes their locations and shapes, as well as strength
within about 30 min. As given by arrows in the second map, a
small negative polarity patch and a small positive polarity patch
appeared, indicating emergence of tiny magnetic flux around the
polarity inversion line. Note that it is difficult to look into the
temporal evolution of such a tiny magnetic patch in the time
series of HMI magnetograms (Scherrer et al., 2012; Schou et al.,
2012).

The large variations at area A2 are located at the outer edge of
a small bipolar magnetic region that is under development with
successive series of magnetic flux emergence from below the
photosphere. A group of positive polarity fluxes moves toward the

upper left direction. The ALMA pixels showing large variations
are located near the front side of this moving positive polarity
flux. Weak signals for negative polarity flux can be recognized
there in the SP maps, suggesting that a mixed polarity or polarity
inversion configuration is formed. It should also be noted that the
brightness temperature is high in this emerging flux region, as
shown in Figure 1A.

4 DISCUSSIONS

In this study, we synthesized time series of ALMA maps by
integrating the data acquired over each 20 s and investigated the
temporal variations in the brightness temperature for a tiny active
region with a magnetic bipolar distribution at the photosphere
(Figure 1). Following the method described in Shimojo et al.

FIGURE 2 | Time profile of ALMA brightness temperature at two locations: (A) area A1 (B) area A2.

FIGURE 3 | The magnitude of time variations measured as the standard deviation in the time series of ALMA data is compared (A) to the time-averaged brightness
temperature and (B) to the magnetic flux density in the photosphere. The value of magnetic flux density (magnetic strength) is derived from themagnetic flux density map
binned to 4 arcsec/pixel.
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(2017a), we derived the noise level of the examined data less than
20 K, which is similar to that derived by Shimojo et al. (2017a) for
verification data acquired in December 2015. Moreover, the level
of noise is quite stable for about 1 h, indicating that the examined
ALMA data are valuable for investigating temporal variations in
brightness temperature.

Time variations above the noise level can be recognized in
most of regions, even when the spatial resolution of the
synthesized images (4 arcsec/pixel) is lower than the best
resolution ALMA can achieve (ALMA Partnership et al.,
2016). The chromosphere is dynamic; there is consistently
dynamic behavior of fine scale structures such as spicules and
fibrils, and the height of the chromospheric structure is always
changing (Pereira et al., 2012). Time variations in ALMA time
series would reflect the dynamic nature of the chromosphere, and
thus, it is not surprising to observe time variations above the noise
level. In this study, we focused on significant variations, namely
variations exceeding 200 K, which are ten times larger than the
noise level. The emission of the chromosphere is closely related to
magnetic field concentrations at the solar surface. It is well
established that the relation between chromospheric emission
and magnetic field is nonlinear (Barczynski et al., 2018). Figure 3
shows that the magnitude of time variations is weakly correlated
with the brightness temperature with a fairly board distribution.
The brightness temperature is not enhanced in the locations
where large time variations above 200 K are observed. This
indicates that large time variations have no clear relationship
with the heating level of the chromosphere. In terms of the
relationship with the magnetic field strength, large time variations
above 200 K are not observed in magnetic flux concentrations
above 200 G, but occur above regions with weak magnetic fields
below 100 G. This is not the case in magnetic flux concentrations,
but in the geometry of the magnetic field expanding from the
concentrations in the photosphere into the chromosphere,
i.e., magnetic canopy structure. When a magnetic flux emerges

from below the photosphere to the canopy structure, the sudden
change in geometry, such as a sudden expansion or change in
shape of the magnetic field lines that have emerged above the
photosphere, may lead to magnetic reconnection with the pre-
existing field, resulting in large time variations.

Pervasive presence of brightness temperature variations due
to p-mode oscillations are expected in the examined time
series. We applied an FFT analysis on the time series and
found that the power of variations in 3–5 mHz is not
significant and p-mode oscillations may contribute to time
variations much smaller than the significant variations
discussed. The time profiles shown in Figure 2 do not show
strong signals for oscillations in 3–5 mHz. In contrast, in a past
observation, intensity oscillations with significant power in the
frequency range 3–5 mHz were found in the quiet-Sun and
active region (White et al., 2006). Recently, Jafarzadeh et al.
(2021) have obtained the power spectra for 10 ALMA datasets
(of which, 6 datasets for Band 3) and found a lack of dominant
chromospheric oscillations within the frequency range of
3–7 mHz for most of the datasets. These datasets are largely
influenced by the strong magnetic fields originating within the
observed field of view, while clear power enhancements at
around 4 mHz were observed for the magnetically quiescent
datasets. The result from our FFT analysis for the data
examined in this study seems to be in line with the
Jafarzadeh et al. (2021)’s findings.

Time variations exceeding 200 K were dominantly observed
at two locations; one is at the outer edge of a small emerging
flux region, and the other is at the polarity inversion line where
tiny concentrated magnetic flux patches exist in weak field. In
the series of chromospheric images, such as AIA 1600 Å, SOT
Ca II H, and IRIS 1400 Å slit jaw, many point-like transient
brightenings are observed in emerging flux regions in general
(e.g., Toriumi & Wang, 2019). They may correspond to
Ellerman bombs, burst intensity enhancements in Hα line

FIGURE 4 | Stokes V amplitude maps from two Hinode/SOT Spectro-Polarimeter’s scans during the ALMA observing period. The field of view is 75 × 80 arcsec,
where the slit is moved from the left to the right. The left mapwas recorded from 15:38:01-16:07:44 UT and the right from 16:08:52-16:38:36 UT. The red rectangle gives
the field of view used in Figure 1. The yellow squares are the location of two macro-pixels where large variations exceeding 200 K are observed. The arrows specify
newly appeared magnetic flux patches.
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wings (Ellerman, 1917), which may be caused by magnetic
reconnection occurring at the magnetic flux dips (Bernasconi
et al., 2002; Georgoulis et al., 2002; Pariat et al., 2004;
Matsumoto et al., 2008). They may be formed by horizontal
motions of magnetic flux driven either by the flux emergence
or by gas convection. Small-scale transient brightenings are
observed in common when opposite magnetic polarities come
into contact with or cancel each other at the photospheric level
(Shimizu, 2015). In particular, magnetic reconnection may
occur when an emerging flux interacts with the pre-existing,
overlying magnetic field, creating high-temperature plasma in
localized volume with hot and cold ejections (e.g., Yokoyama
and Shibata, 1995; Cheung and Isobe, 2014). In IRIS
observations, high-temperature plasma in localized volume
may appear as UV bursts (Peter et al., 2014). Many such bursts
appear to be associated with the cancellation of magnetic
fluxes. Tian et al. (2018) investigated the 3D magnetic field
topology through a magnetohydrostatic model and found that
a small fraction of the bursts are associated with bald patches
(magnetic dips), which are similar to the magnetic
configuration for Ellerman bombs. In active regions, newly
emerging magnetic flux interacts with the pre-existing
magnetic field, leading to magnetic reconnection events.
Indeed, this scenario has been reported with high spatial
resolution observations of granular-sized emerging fluxes
and of their chromospheric response carried out in recent
years (e.g., Guglielmino et al., 2008, 2010; Vargas Domínguez
et al., 2012; Ortiz et al., 2014; de la Cruz Rodríguez et al., 2015;
Centeno et al., 2017; Guglielmino et al., 2018; Díaz Baso et al.,
2021). A complex fan-spine magnetic topology may be
responsible for triggering UV bursts (Chitta et al., 2017;
Smitha et al., 2018). The same scenario has also been
considered as one of major magnetic configuration for
producing coronal transient brightenings or microflares in
active regions (Shimizu et al., 2002; Kano et al., 2010).
Thus, it is natural that the time variations with relatively
large amplitude in ALMA data can occur associated with
small evolving magnetic flux driven by the flux emergence
and may be a counterpart of magnetic reconnection events,
such as Ellerman bombs, UV bursts and transient brightenings
in active regions.

The ALMA data can be used as a thermometer to probe changes
in the temperature of chromospheric plasma, at least in the range
6,500–12,000 K (Molnar et al., 2019). The 200 K increase may be
interpreted as the thermal energy increase (3nkBδTV) of
approximately 1021−22 erg for a brightening at one pixel (4
arcsec), if we assume that the density (n) is 1010−11 cm−3

according to the standard solar atmospheric model in Fontenla
et al. (1993). Here, kB is the Boltzmann constant and δT is the
temperature increase. The increased brightness temperature was
used for the δT. This is valid when the optical thickness is unity or
larger at 3 mm. If the optical thickness is much smaller than unity,
the increased brightness temperature divided by the optical thickness
should be used for the δT. As discussed in Shimizu et al. (2021),
however, we have concluded that the optical thickness for the layer
where the ALMA observes at 3 mm is about unity or higher. The
volumeV is simply given bymultiplying the pixel size (4 × 4 arcsec2)

by the line-of-sight depth. We used 500 km for the line-of-sight
depth, coming from the width of the contribution function, which
describes how much of the emergent radiation is contributed over
height, by Loukitcheva et al. (2015), who studied the formation
height of the millimeter radiation with a snapshot of a 3D radiative
MHD simulation performed with the Bifrost code (Gudiksen et al.,
2011). It is noted that even the Bifrost simulation resembles quiet-
Sun conditions despite the stronger magnetic fields, and that 500 km
is only an average value. The width of the contribution function
depends largely on the atmospheric structure; it ranges from 100 to
1,000 km. The contribution function can be quite localized (100 km
in width) for Band 3 in active region conditions or shows multiple
peaks (100 km in width each) from distinct layers with different
electron densities and temperatures spanning several megameters,
particularly during flux emergence (da Silva Santos et al., 2022),
which may be relevant for the science case in this study. The actual
width of the contribution function for the observed targets is
unknown and thus when we used 100−1000 km for the line-of-
sight depth, the thermal energy would be in a range between 4 × 1020

and 4 × 1022 ergs. This rough estimate indicates that transient
variations with a temperature change of 200 K can be considered
as nanoflare-class energy inputs to the chromosphere.

The amount of energy was estimated with the ALMA 3mmdata,
which are sensitive to temperature changes in a limited line-of-sight
depth at the chromosphere. Depending on the structure of an energy
release event in the solar atmosphere, the energy of the time variation
observed with ALMA may be only a small fraction of the energy
release event. If it is a counterpart such as UV burst or Ellerman
bomb, the overall energy content will be larger than the energy
evaluated with ALMA. For example, if the energy is released deeper
than the chromosphere, the energy will be larger; The total energy of
the Ellerman bombs are estimated to be 1026 to 5 × 1027 ergs (Fang
et al., 2006). More interestingly, semiempirical atmospheric models
for Ellerman bombs indicate that the inclusion of nonthermal
particles can reduce the temperature enhancement compared to
the thermal only model (Fang et al., 2006). This situation is also the
same even if an energy release occurs in the transition region above
the chromosphere, as in the case of a UV burst. When the energy is
released in the coronal loops, a counterpart can be observed at the
loop footpoints as the transient response of the chromosphere with
ALMA; Shimizu et al. (2021) have found that this transient response
is caused by the non-thermal particles impinging to the footpoints
and that its energy is much smaller than what is released in the
corona. This tells that the overall energy content may be larger
compared to the energy estimated with ALMA.

Energy evaluations are important for understanding the role of
observed time variations in coronal and chromospheric heating.
Nindos et al. (2020) performed a systematic survey for transient
brightenings with ALMA data at 3 mm and found a significant
number of weak brightenings everywhere (not only at network
boundaries and in cell interiors) in the quiet solar chromosphere.
Their brightness temperatures are from 70 K to more than 500 K,
and they derived the energies between 1.5 × 1024 and 9.9 ×
1025 ergs. As briefly discussed above, the energy estimate contains
a significant uncertainty due to uncertainties in the input
parameters, such as the electron density and line-of-sight
depth for volume. To reduce the uncertainties, we need to
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have additional modeling for the height of formation, especially
on transient energy releases in the regions where successive series
of magnetic flux bundles emerge from below the solar surface and
develop the complex of magnetic structures in the chromosphere.

5 SUMMARY

We investigated time variations, especially those with
relatively large amplitude, in series of ALMA synthesized
maps, acquired for a small active region on 19 March 2017.
We found several time variations exceeding 200 K, which is ten
times larger than the noise level, in a 1-h observation. The
200 K variations correspond to energy input on the order of
1020-22 erg. Such large variations were observed at two
locations; one is at the outer edge of a small emerging flux
region, and the other is at the polarity inversion line where tiny
concentrated magnetic patches exist in weak field and a tiny
magnetic flux may be emergent. This observation suggests that
nanoflare-class energy inputs in the chromosphere can occur
associated with emerging flux activities.
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