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Abstract

A coronal hole formed as a result of a quiet-Sun filament eruption close to the solar disk center on 2014 June 25.
We studied this formation using images from the Atmospheric Imaging Assembly (AIA), magnetograms from the
Helioseismic and Magnetic Imager, and a differential emission measure analysis derived from the AIA images.
The coronal hole developed in three stages: (1) formation, (2) migration, and (3) stabilization. In the formation
phase, the emission measure (EM) and temperature started to decrease 6 hr before the filament erupted. Then, the
filament erupted and a large coronal dimming formed over the following 3 hr. Subsequently, in a phase lasting
15.5 hr, the coronal dimming migrated by 21507 from its formation site to a location where potential field source
surface extrapolations indicate the presence of open magnetic field lines, marking the transition into a coronal
hole. During this migration, the coronal hole drifted across quasi-stationary magnetic elements in the photosphere,
implying the occurrence of magnetic interchange reconnection at the boundaries of the coronal hole. In the
stabilization phase, the magnetic properties and area of the coronal hole became constant. The EM of the coronal
hole decreased, which we interpret as a reduction in plasma density due to the onset of plasma outflow into
interplanetary space. As the coronal hole rotated toward the solar limb, it merged with a nearby preexisting
coronal hole. At the next solar rotation, the coronal hole was still apparent, indicating a lifetime of >1 solar
rotation.

Unified Astronomy Thesaurus concepts: Solar coronal holes (1484); Solar filaments (1495); Solar filament
eruptions (1981); Solar corona (1483); The Sun (1693)
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1. Introduction

Coronal holes are one of the primary structures of the solar
corona. They have a lower density and temperature compared to
the ambient corona, which makes them appear dark in coronal
images at extreme ultraviolet (EUV) and soft X-ray wave-
lengths (E. Landi 2008; M. Hahn et al. 2011; J. Saqri et al.
2020; S. G. Heinemann et al. 2021). Their magnetic flux
topology is open to interplanetary space, along which solar
plasma is accelerated to supersonic speeds, forming high-speed
solar wind streams (J. T. Nolte et al. 1976; S. R. Cranmer 2009).
Individual coronal holes can persist for several solar rotations
and sometimes expand to cover a significant fraction of the
coronal surface (S. G. Heinemann et al. 2020). Small- and
medium-sized coronal holes occur mostly at lower latitudes
from the rising to the declining phase of the solar cycle, while
large polar coronal holes are most prominent during solar
minimum (S. R. Cranmer 2009).

Although coronal holes are striking features in coronal
images, their detailed formation process is rarely observed.
Direct observations have only been reported by
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C. V. Solodyna et al. (1977) using observations from the
S-054 X-ray spectrographic telescope on board Skylab, by
N. V. Karachik et al. (2010), and L. Yang et al. (2010) using
observations from the Extreme-ultraviolet Imaging Telescope
(EIT) on board the Solar and Heliospheric Observatory
(SOHO), and by A. R. Inglis et al. (2019) using observations
from the Atmospheric Imaging Assembly (AIA) on board the
Solar Dynamics Observatory (SDO). These studies reported
that coronal holes formed within 6 hr to 3.4 days and that
the coronal emission in the EUV and X-ray decreased by
25%-60%, as compared to the quiet-Sun values. The coronal
holes studied by N. V. Karachik et al. (2010), and probably the
one by L. Yang et al. (2010), formed from the decay of active
regions, while the coronal holes from A. R. Inglis et al. (2019)
formed within the quiet Sun. The coronal hole from
C. V. Solodyna et al. (1977) possibly formed by a filament
eruption, as they noted the disappearance of an Ho filament
accompanied by the appearance of a nearby coronal dimming
prior to the appearance of the coronal hole.

The lack of further direct observations is due to the unique
nature of coronal holes and their observational limitations.
Newly formed coronal holes are small, and when they are not
close to the solar disk center, they are easily obscured by
brighter neighboring structures. Indirect studies based on the
statistical locations of coronal holes and based on coronal
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simulations find that polar coronal holes result from meridional
magnetic flux transport toward the poles (J. D. Bohlin &
N. R. J. Sheeley 1978; Y. M. Wang 2009), whereas low-latitude
coronal holes likely form from decaying active regions
(A. F. Timothy et al. 1975; V. G. Fainshtein & G. V. Rudenko
2004; G. J. D. Petrie & K. J. Haislmaier 2013) and filament
eruptions (V. G. Fainshtein & G. V. Rudenko 2004).

Filament eruptions can also produce coronal dimmings,
which may resemble small low-latitude coronal holes in
coronal observations but are physically distinct phenomena.
These coronal dimmings are localized, transient decreases of
emission in EUV and soft X-rays that form in the wake of
filament eruptions and coronal mass ejections, due to the
expansion and plasma evacuation of the erupting structure
(e.g., A. C. Sterling & H. S. Hudson 1997; B. J. Thompson
et al. 2000). Dimmings associated with the expansion of the
flux rope feet and the evacuation of plasma therein are
generally termed core or flux rope dimmings (A. C. Sterling &
H. S. Hudson 1997; A. M. Veronig et al. 2025). These core
dimmings can temporarily reach EUV intensities as low as
typically seen in coronal holes (e.g., G. D. R. Attrill et al.
2005) and have therefore historically been referred to as
“transient coronal holes” (D. M. Rust 1983; G. D. R. Attrill
et al. 2008). However, unlike true coronal holes, the intensities
of coronal dimmings recover gradually to quiet-Sun values.
Coronal dimmings persist on average only for 8-11 hr, with
the longest-lived cases observed lasting less than 4 days
(G. D. R. Attrill et al. 2008; A. A. Reinard & D. A. Biesecker
2008; L. D. Krista & A. A. Reinard 2017; L. D. Krista et al.
2022; G. M. Ronca et al. 2024).

During solar maximum on 2014 June 25, SDO captured in
great detail the formation of a small coronal hole by a large
quiet-Sun filament eruption near the solar equator: SDO
observed the filament eruption, a coronal dimming, and the
subsequent evolution of the dimming into a coronal hole,
which then merged with a nearby coronal hole. The newly
formed portion of the merged coronal hole was again visible at
the next solar rotation, setting its lifetime to >1 solar rotation.
The favorable position near the solar disk center during the
formation phase minimized any obscuration effects from
brighter, nearby coronal structures. Furthermore, the impulsive
nature of the filament eruption caused the formation and early
evolution of the coronal hole to unfold rapidly and clearly.
These features enable us to study the formation of this coronal
hole in unprecedented detail. Here, we investigate the
formation and early evolution of the coronal hole, analyzing
its area, temperature, emission measure, and magnetic
evolution, and its migration away from its birth location to a
region characterized by modeled open magnetic fields. The
observation of the formation, migration, and stabilization
phases spanned one and a half days.

The rest of this paper is structured as follows: Section 2
introduces the datasets and the applied methods. Section 3
analyzes the formation and early evolution of the coronal hole.
Section 4 discusses the results in terms of underlying physical
processes. Section 5 summarizes our findings.

2. Datasets and Methods

We studied the solar atmosphere in the AIA 171, 193, 211,
and 304 A channels, collected at a cadence of 5 minutes
(J. R. Lemen et al. 2012; W. D. Pesnell et al. 2012). All AIA
images were rebinned by a factor of 4 x 4 to increase the
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signal-to-noise ratio; corrected for instrumental short-to-long
distance scattered light using the revised point-spread func-
tions for AIA with the basic iterative deconvolution algorithm
(S. J. Hofmeister 2024; S. Hofmeister et al. 2025); and
normalized by their exposure time. The coronal observations
in the ATA 171, 193, and 211 A filtergrams primarily show
emission from Fe IX at 0.8 MK, Fe X1I at 1.6 MK, and Fe X1v
at 2 MK, respectively. To identify the filament, we used AIA
304 A filtergrams, which show HelIl emission at transition
region temperatures of about 50,000 K.

We identified the boundaries of the coronal hole from June
25 10:30 to June 26 18:00 using a thresholding technique on
AIA 193 A filtergrams, similar to T. Rotter et al. (2012),
S. J. Hofmeister et al. (2017), and S. G. Heinemann et al.
(2018). All times given in this study are in universal time
(UT). After June 26 18:00, the location of the coronal hole
boundaries could not be robustly identified anymore in the
glare of the surrounding quiet-Sun loops. We manually
adjusted the threshold for each image to best match the
apparent coronal hole boundary in the image. To account for
the human bias involved, we determined two sets of
boundaries: a compact one comprising the core of the coronal
hole and a wider boundary, which also includes connected
darker areas during the migration phase. An example is shown
in Figure 1. When not explicitly otherwise stated, we refer in
our analysis to the compact coronal hole boundaries.
Furthermore, to establish a baseline for the evolution of
coronal plasma properties, we also examine the plasma
properties within the coronal hole boundary for the 6 hr prior
to its formation. We calculated the evolution of the coronal-
hole-averaged intensities, their projection-corrected area, and
the position of their center of mass, following S. J. Hofmeister
et al. (2017) and S. G. Heinemann et al. (2018).

We derived the plasma temperature 7, differential emission
measure (DEM), and emission measure (EM) of the coronal
hole from the AIA filtergrams in the 171, 193, and 211 A
channels using the DEM code of M. C. M. Cheung et al.
(2015). The DEM is a measure of the temperature-resolved
coronal plasma content, and the EM is a measure of the
temperature-integrated plasma content. We employed the
temperature response functions provided by the AIA team
for coronal abundances, set Gaussian basis functions for the
DEM code, derived the DEM using 100 linear temperature
bins in the temperature range of 0.3-3 MK, and adjusted the
fitting precision so that the simulated AIA counts, derived by
multiplying the DEM with the temperature response functions
of AIA, matched the observed AIA counts to within 10%. We
excluded the AIA 94, 131, and 335 A channels from the
inversions, as their signals were in the noise regime, and their
inclusion prevented the DEM from converging to a physically
meaningful solution. We neglected any possible changes in
coronal elemental abundances during the coronal hole
formation, as no spectroscopic measurements of the abun-
dances were available. As a consequence, as is commonly
done, we also neglected the first-ionization potential (FIP)
effect, according to which Fe abundances are typically
decreased in coronal holes as compared to quiet-Sun regions
(U. Feldman & K. G. Widing 2002). Because this possible
decrease in Fe abundance was neglected, the derived EM for
the coronal hole should be regarded as a lower bound. The
temperature estimate is largely unaffected because the Fe
abundance cancels out in the temperature determination. To
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Figure 1. The coronal hole under study, observed in AIA 193 A on 2014 June 26 06:00. (a) Original AIA image. (b) AIA image deconvolved with the instrumental
point-spread function described in S. Hofmeister et al. (2025). In the point-spread-function corrected image, the coronal hole boundaries are more clearly defined.
The compact and wider coronal hole boundaries we use in our study are marked in cyan and violet, respectively.

study the evolution of the coronal plasma density and
temperature during the formation of the coronal hole, we
averaged the DEM and EM over its area.

Using the DEM, we tested for adiabatic cooling of the
plasma during the filament eruption and formation of the
coronal hole. Adiabatic cooling refers to the reduction in
plasma temperature resulting from the plasma expansion under
the condition that no heat is exchanged with the surrounding
environment. This adiabatic expansion might occur in the
expanding magnetic fields of the rising, erupting filament.
Adiabatic cooling follows the relation

T n"~! = constant, 1

where n is the plasma particle number density, comprising
electrons and ions in the corona; and v = 5/3 is the adiabatic
constant. The plasma particle number density is related to the
electron number density by n = kn,, where k is a constant
related to the abundances and ionization states, and which will
cancel out in the following steps. The electron number density
n, is related to the EM by

EM = f n? di, ©)

where the integral extends along the line-of-sight /. When we
denote the initial time as #, and a subsequent time as #; and
assume that the plasma can be modeled by a single
temperature, it follows from Equations (1) and (2) that the
evolution of T for plasma that undergoes adiabatic cooling
obeys

y—1

T _ (ﬂ) : 3)
7;0 EMI()

Using this equation and the temperature and EM timelines
derived from the DEMs, we evaluated whether the cooling of
the plasma during the filament eruption and coronal hole
formation was consistent with adiabatic cooling.

We derived the average photospheric magnetic flux density
and the total signed magnetic flux within the coronal hole
boundaries using the low-noise photospheric line-of-sight

magnetograms taken by the Helioseismic and Magnetic Imager
(HML, J. Schou et al. 2012; P. H. Scherrer et al. 2012) on board
SDO. We also refer to the total signed magnetic flux of the
coronal hole as its “open” magnetic flux since the flux extends
far into interplanetary space. We assumed the magnetic field in
coronal holes to be statistically radial and therefore trans-
formed the line-of-sight magnetic field to a radial magnetic
field following S. J. Hofmeister et al. (2017). This avoids
systematic errors in the magnetic flux measurements due to the
Sun’s rotation over the period of the study. Furthermore, we
identified photospheric magnetic elements as regions with an
absolute magnetic field strength greater than 50 G in the
magnetograms.

We accompanied our observational analysis with coronal
magnetic field reconstructions at 2014 June 25 08:00 and at
July 22 08:00 using the potential field source surface (PFSS)
model implemented in the European Heliospheric Forecasting
Information Asset (EUHFORIA; J. Pomoell & S. Poedts
2018). The model solves the Laplace equation for a potential
coronal magnetic field by employing a numerical method of
expansion in solid harmonics, expressed in spherical coordi-
nates. To initialize the model, we used global synchronic
magnetic field maps at a resolution of 1°. These magnetic field
maps are based on HMI line-of-sight magnetic field observa-
tions from the solar rotations around 2014 June 25 08:00 and
around July 22 08:00, respectively, processed by the Air Force
data assimilative photospheric flux transport model (ADAPT;
C. N. Arge et al. 2010; K. S. Hickmann et al. 2015; G. Barnes
et al. 2023), and smoothed by a Gaussian smoothing with a
o = 0.8°. For each date, ADAPT produces 12 flux transport
realizations, each corresponding to a different assumed
supergranulation pattern. Differences between these realiza-
tions are most pronounced at high latitudes >70° and on the
far side of the Sun, where direct observations are limited and
flux transport modeling is required (E. Asvestari et al. 2024).
But the realizations agree closely at low- and midlatitudes on
the Earth-facing, well-observed side of the Sun, which
includes our region of interest, so that the choice of realization
had little impact on our modeling results. Building on these
maps, we performed PFSS extrapolations by setting the outer
boundary, i.e., the source surface where the magnetic field is
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Figure 2. Evolution of the solar corona during the coronal hole formation, as observed in AIA 193 A. (a) June 25 00:00: a large quiet-Sun filament channel (marked
in black) is present east of the central meridian. A coronal hole (blue) lies to its west, and a dim region (red), possibly another coronal hole obscured by overlying
quiet-Sun loops, is visible to the east. (b) 10:30: the filament erupts, producing two coronal dimmings (cyan and green). (c) June 26 06:00: The cyan dimming
migrates northwestward and develops into the coronal hole under investigation. The green dimming recovers to quiet-Sun intensities.

assumed to become open and radial, to 1.6 solar radii and
calculating the magnetic field up to the solid harmonic degree
¢ = 140. Field lines were traced both from the source surface
to the photosphere and vice versa, using a uniform grid at the
model resolution as seed points, to identify open magnetic field
regions. This source surface height was chosen because the
resulting open-field regions closely matched the coronal holes
observed in the EUV, providing an observationally motivated
justification. Finally, we projected the derived open-field maps
to the field of view of AIA.

3. The Formation and Early Evolution

On 2014 June 25, a large, north—south—oriented quiet-Sun
filament channel was observed east of the solar central
meridian, as outlined in black in Figure 2(a). West of the
filament channel, a coronal hole was present as outlined in
blue, while to the east lay a dim, ambiguous structure, possibly
another coronal hole partially obscured by overlying quiet-Sun
loops, as outlined in red. Between 10:00 and 11:00, the
filament in the filament channel erupted, producing a coronal
mass ejection (CME) with a velocity of 489 km s~ as reported
in the continuously updated SOHO/LASCO CME -catalog
(N. Gopalswamy et al. 2009). Two coronal dimmings formed
at the footpoints of the filament. The western dimming, shown
in panel (b) in cyan and located near the disk center, was
unobstructed in AIA observations. The dimming migrated
northwestward and developed into the coronal hole under
investigation. The eastern dimming, shown in green, recovered
within 6 hr to quiet-Sun intensities.

The formation of the western dimming and its evolution into
a coronal hole is detailed in Figure 3 and the associated movie.
The figure shows snapshots in the AIA 304, 171, and 193 A
channels and the PFSS extrapolation for the magnetic field
topology. The AIA images are overlaid with the location of
photospheric magnetic elements. In Figures 4 and 5 and
Table 1, we show the associated evolution of the coronal hole
area A; average magnetic flux density B; total magnetic flux ®;
average intensity in the AIA 171, 193, and 211 A channels;
EM; and temperature 7.

Figure 3(a) identifies the field of view of the study. Within this
field of view, the western leg of the filament is visible in AIA
304 A, as shown in panel (b). The footpoint of this leg is about
1507 southeast of a location where the PFSS model suggests the
presence of an open magnetic field, shown in panel (c). The
preexisting western coronal hole seen in Figure 2 is also located
within this region of the modeled open magnetic field. On June
25 06:00, the filament started to rise, and the coronal emission at
the footpoint of the filament decreased, which is shown in panel
(d). Between 10:00 and 11:00, the filament erupted and led to the
rapid formation of a coronal dimming. In panels (e)—(i), we show
the dimming evolving into the coronal hole under study. For
simplicity, we will call it a coronal hole from the time when the
dimming has fully developed, i.e., from 13:30 on, since we
cannot determine the exact time when the structure is no longer a
coronal dimming and has evolved into a coronal hole. This
choice will be discussed in more detail in the discussion in
Section 4. From 13:30, the newly formed coronal hole started to
migrate toward the northwest. On June 26 05:00, it reached its
final location at the northern end of the region with modeled open
magnetic field lines. It then stabilized there close to the
preexisting coronal hole and later merged with this preexisting
coronal hole. It can be identified for at least 2.75 more days as it
rotated toward the western solar limb, i.e., at least until 4 days
after its formation, which is shown in panel (j). At the next solar
rotation, the coronal hole is still apparent in EUV observations at
disk center and in the PFSS extrapolations, which sets its lifetime
to >1 solar rotation and is shown in panels (k)—(1).

Based on these observations, we divide the formation and
early evolution of the coronal hole in three phases: (1) the
formation phase from June 25 06:00 to 13:30, (2) a subsequent
migration phase to the location of the open magnetic field until
June 26 05:00, and (3) a stabilization phase until 18:00. In the
following, we analyze these three phases in more detail.

3.1. Phase 1: Formation

The formation phase consists of two parts: a precursor phase
from June 25, 06:00 to 10:30, and a birth phase from 10:30 to
13:30. The filament eruption occurs between these phases from
about 10:00 to 11:00.
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Figure 3. Overview of the coronal hole formation. (a) Full-disk AIA 193 A image, with the field of view for subsequent panels outlined in white. In the following
panels, the field of view is adjusted to follow the solar rotation over time. (b) Filament channel before eruption as seen in AIA 304 A (c) Open magnetic flux regions
from PFSS extrapolations, with orange for positive flux and green for negative flux. The blue and red contours mark coronal hole boundaries at June 25 10:50, and
June 26 17:55, respectively. (d)—(e) and (g)—(i) Coronal dimming and its subsequent evolution into a coronal hole as observed in AIA 193 A, and (f) in AIA 171 A.
(i) The coronal hole 2.75 days later, close to the solar limb, as observed in AIA 193 A observations. (k)—(1) The coronal hole near disk center at the next solar
rotation, as observed in AIA 193 A observations and PFSS extrapolations, respectively. In the EUV observations, photospheric magnetic elements of positive and
negative polarity are overlaid in green and blue, respectively. The compact and wider coronal hole boundaries, which are used for the study of the evolution of the
coronal hole properties, are marked in cyan and violet, respectively. An associated movie, showing the evolution, is available online. The first frame displays, from
left to right, full-disk solar images in the AIA 304, 171, and 193 A channels, with the field of view of the study outlined in white. Subsequent frames present in these
channels the formation and evolution of the coronal hole, with its compact boundaries marked in cyan.

(An animation of this figure is available in the online article.)

In the precursor phase, the filament rose, and even before it the coronal dimming and subsequently the coronal hole under
had fully erupted, the EUV corona at the footpoint of the investigation. The timelines in Figure 4 show that this
filament started to darken. This darkening will later become darkening corresponds to AIA 193 A and 211 A emission
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Figure 4. Evolution of the coronal hole properties as derived from the compact coronal hole boundaries. (a) Area, average magnetic flux density B, and total
magnetic flux ®. (b) Average AIA 171, 193, and 211 A intensities. (c) DEM for the selected six times. (d) EM, T, and expected temperature from adiabatic cooling.

levels decreasing to 51% and 49%, respectively, as compared
to the prior quiet-Sun values, while the ATA 171 A intensity
remained approximately constant. The corresponding EM and
temperature timelines indicate that the EM decreased from 2.3
to 1.4 x 10*cm™ and the average plasma temperature
decreased from 1.7 to 1.5 MK. This temperature decrease
relative to the EM decrease follows the relation expected from
adiabatic cooling, given by Equation (3). Therefore, the
darkening of the coronal plasma in this precursor phase might
be interpreted as an effect of adiabatic expansion during the
rising of the filament. As the filament rises, its magnetic field
becomes primarily radially stretched away from the photo-
spheric footpoints. The plasma in the filament, which was
originally held down due to magnetic confinement within the
stable filament, expands vertically due to the lower ambient
magnetic and gas pressure in the higher corona. The expansion
causes the plasma to cool down, leading to decreased
temperature and emission.

In the birth phase that followed, the filament fully erupted as
seen in the movie in the AIA 304 A channel. The darkening in
AIA 193 and 211 A channels continued, and the coronal
dimming formed. Starting from 10:30, the dimming could be
clearly distinguished from its surroundings. This is the time
that we began to track the evolution of the area of the feature.
The timelines in Figure 4 show that the size of this coronal
dimming rapidly increased to an area of 9 x 10° km?, with a
growth rate of about 6 x 10° km*hr~" for 1.5 hr. The average
magnetic flux density in the area encompassed by the coronal
dimming remained about constant at 2.5 G. The total magnetic
flux encompassed increased to 2.1 X 10%° Mx, which is a
result of the spatial growth of the dimming region

encompassing a larger number of preexisting photospheric
magnetic elements.

During this birth phase, the average intensity levels of the
dimming in the AIA 193 A and 211 A channels, respectively,
decreased further to 34% and 33% of their initial quiet-Sun
values. However, the average AIA 171 A intensity increased
by about 20%. This increase occurs broadly throughout the
coronal dimming. In addition, a small, bright coronal loop
system appeared in the AIA 171 A channel precisely at the
time of the filament eruption, as shown in Figure 3(f). This
loop was apparent before the eruption in the hotter ATA 193 A
channel, as indicated in Figure 3(e). A DEM analysis of the
temporal evolution of the loop system showed that the average
temperature decreased from a preeruption level of about 1.5
MK to a posteruption level of about 1.1 MK, while the EM
stayed roughly constant. Thus, the plasma in this loop system
cooled significantly during the eruption, while its plasma
content stayed approximately constant.

We checked whether the loop had an effect on our general
coronal dimming DEM results and found only minor
quantitative differences, with changes of approximately 10%
in the derived EM and temperature, while no qualitative
differences were observed. Therefore, the EM and temperature
curves shown in Figure 4(d) are also representative of the
dimming plasma with this small loop system excluded.

Aside from the influence of this loop system, the overall
evolution of the coronal dimming plasma during the birth
phase continued the trend from the precursor phase. During the
birth phase, the EM of the dimming decreased from 1.4 to
1.1 x 10*°cm™ and its average temperature from 1.5 to
1.3 MK. This temperature decrease continued to follow the
trend expected by adiabatic cooling, as shown in Figure 4(d).
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Figure 5. Same as Figure 4, but derived from the wider coronal hole boundaries.

3.2. Phase 2: Migration

Starting from June 25 13:30, i.e., when the dimming has
fully developed and reached its largest size, we call the
dimming a coronal hole. Over the following 15.5 hr until June
26 05:00, this coronal hole migrated about 1507 toward the
northwest relative to the rotating solar surface. The migration
phase started with an expansion of the coronal hole toward the
southwest (13:00-14:30), shown in Figure 3(g). Next, it shrank
from the south (14:30-June 26 00:00) and an hour later from
the east (15:30-June 26 00:00). Subsequently, it evolved and
expanded to the northwest (15:00-June 26 05:00). On June 25
at 18:00, the coronal hole connected for the first time to what
will become its final location, which is shown in Figure 3(h).
On June 26 05:00, the coronal hole settled in its final location
and its area stabilized.

In the movie associated with Figure 3, the coronal hole is
clearly seen to drift across photospheric magnetic elements,
which remained quasi-stationary on the solar surface. Because
coronal holes host an open, quasi-radial magnetic field, this
drift motion must have involved continuous opening of closed
field lines at the leading edge and simultaneous closing of open
flux at the trailing edge. Moreover, since all coronal magnetic
field lines must remain rooted in the photosphere, these
opening and closing processes necessarily occur via inter-
change reconnection at both edges to preserve the photospheric
connectivity. In addaition, the coronal hole also drifted across
the bright AIA 171 A loop system, which became visible in the
AIA 171 A channel during the eruption (see Section 3.1). This
loop system did not drift with the coronal hole but remained
fixed at the solar surface. Therefore, although initially within
the coronal hole boundaries, this loop system was not part of
the coronal hole.

In Figure 6, we analyze the drift speed quantitatively by
evaluating the evolution of the AIA 193 and 171 A intensities
along a slice in the direction of the apparent motion. The slice
corotates with the Sun. Distances are measured along the
direction of the apparent motion so that small position values
in the slice represent the plasma behind the coronal hole and
large values the plasma at its front. At the beginning of the
migration phase, the apparent drift speed of its leading
boundary of 0.9 kms~' was smaller than the drift speed of
its trailing boundary, which was 1.4 kms™'. This led to a
contraction of the coronal hole in the northwest direction,
which may have caused the observed expansion to the south.
On June 25, at about 18:00, a sudden jump in the location of its
leading boundary occurred, which corresponds to its first
connection to its final location. This extension of the coronal
hole to its final location appears somewhat brighter in the
EUV, indicating that it is a mixture of coronal hole and quiet-
Sun plasma. Finally, the leading boundary stayed fixed relative
to the solar surface, while the trailing boundary further
contracted to its final location.

Comparing the timelines in Figures 4 and 5, we find that the
derived coronal hole properties differ during the migration
phase depending on whether the compact or wider coronal
hole boundaries are used. The difference arises because the
compact boundaries exclude the mixed plasma region in
Figure 6(b), where the coronal hole first connects to its final
location, whereas the wider boundaries include this region.
Focusing on the compact boundary timelines in Figure 4,
which capture only the coronal hole core, we observe that
during the migration phase, the EM decreased to 0.8 X
10*® cm™> and the temperature dropped to 1.1 MK. The
temperature decrease follows adiabatic cooling. Meanwhile,
the area and average magnetic flux density fluctuated without a
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Table 1
Coronal Hole Parameters at Different Evolutionary Stages

Quiet Sun End of End of End of End of
Parameter Precursor Eruption Movement Stabilization
A [10° km?*] 5-6 8-9 7-10 5-8 5-8
B [G] 2524 2.3-2.3 2.5-2.6 3.5-3.7 4344
@ [10%° Mx] 1.4-15 2.0-2.1 1.9-2.6 1.7-3.0 2.0-3.4
AIA 171 A [DN] 103-103 117-119 115-127 101-115 76-97
AIA 193 A [DN] 153-153 77-80 53-66 34-54 27-46
AIA 211 A [DN] 65-65 30-32 22-26 13-18 11-17
EM [10%° cm ] 2.3-23 1.4-1.5 1.1-1.3 0.8-1.1 0.6-0.9
T [MK] 1.7-1.7 1.5-1.5 1.3-14 1.1-1.2 1.2-1.3

Note. The stages here are the quiet-Sun location within the first coronal hole boundary before the coronal hole was formed (2014 June 25 06:00), the end of the
precursor phase (2014 June 25 10:30), the end of the eruption phase (2014 June 25 13:30), the end of the migration phase (2014 June 26 05:00), and the end of the
stabilization phase (2014 June 26 18:00). The parameters are area A, average magnetic flux density B, total magnetic flux @, average intensity in the AIA 171, 193,
and 211 A channels in data numbers [DN], EM, and temperature 7. In each cell, the first number gives the parameter derived from the compact boundaries, and the

second number the parameter derived from the wider boundaries.

clear physical pattern. In contrast, the wider boundary
timelines in Figure 5 show that the temperature decrease
deviates from adiabatic cooling. This is likely because the
wider boundaries encompass not only clear coronal hole
plasma but also mixed coronal hole and quiet-Sun plasma.
However, the wider boundaries reveal a negative correlation
between the coronal hole area and its average magnetic flux
density. More precisely, as the coronal hole moved from a
weaker to the stronger magnetic field region, its area
decreased. This suggests that the shaded region may be part
of the coronal hole but has not yet cooled to typical coronal
hole temperatures. If this interpretation is correct, the magnetic
flux evolution in the timelines of the wider boundaries implies
that the total magnetic flux increased by at least 20% during
the migration phase. This also means that the coronal hole did
not solely migrate through interchange reconnection at its
boundaries, which would conserve the total magnetic flux of
the coronal hole, but that it gained additional magnetic flux
during its migration.

3.3. Phase 3: Stabilization

Starting from June 26 05:00, the coronal hole settled at the
location where the magnetic field model indicates open
magnetic field lines. From then on, its northwest boundary
stayed fixed relative to the solar surface, while its southeast
boundary continued to contract toward the center of the
coronal hole. Simultaneously, the coronal hole slightly
expanded along the perpendicular, northeast-southwest axis
and finally stabilized on June 26 15:00. During this
stabilization phase, the coronal hole became more pronounced
in the ATA 193 A observations and also started to clearly
appear in the AIA 171 A observations, shown in Figure 6.

The timelines in Figures 4 and 5 show that the evolution of
the coronal hole properties appears to be smoother during the
stabilization phase. Using the wider boundaries, the area,
magnetic flux density, and magnetic flux of the coronal hole
remained about constant, while when using the compact
boundaries, all of these properties appeared to increase. This
difference is due to the region of mixed coronal hole and quiet-
Sun plasma marked in Figure 6(b). As this region was already
included in the wider boundaries during the migration phase,
its darkening during the stabilization phase has no effect on the
associated timelines. However, as this region was not part of

the compact boundaries during the migration phase, its
darkening causes it to become gradually included in the
compact boundaries during the stabilization phase, resulting in
the corresponding observed increase in area and magnetic flux.
In both timelines, the EM now decreased exponentially by
3% hr ', which might be related to a plasma outflow toward
interplanetary space. The measured temperature appeared to
slightly increase from June 26 09:00 to 18:00 by about
0.1 MK, which is probably an artifact of the DEM; the DEM
curve at June 26 17:55 in Figure 4(c) shows a weak peak at
2.2 MK. This might arise from residual calibration errors, as
such temperatures are physically unlikely in a coronal hole
(S. Hofmeister et al. 2025).

Starting from June 26 18:00, when the coronal hole is at a
longitude of 20° west of the central meridian, the coronal hole
becomes harder to discern in the glare of the surrounding
structures. This prevents us from analyzing its further
evolution in a robust manner. However, the merged coronal
hole can be discerned for at least another 2.75 days, i.e., at
least until 4 days after its formation, while it rotated toward the
solar limb, as shown in Figure 3(j). At the next solar rotation
close to the solar disk center, the merged coronal hole seems
again apparent, as shown in Figure 3(k)—(1). By comparing the
latitudes of the merged coronal hole between the two solar
rotations, we find that the portion corresponding to the newly
formed coronal hole remains well recognizable. In contrast, the
part corresponding to the preexisting southwestern coronal
hole appears stretched toward the southwest and somewhat
diminished, yet still present. The continued visibility of the
coronal hole sets a lower bound on its lifetime of one solar
rotation.

4. Discussion

Our study raises several interesting questions: (1) When is a
dark structure actually a coronal hole? (2) Are there more
coronal holes that are formed by filament eruptions? (3) Why
did the coronal hole migrate? (4) Why is adiabatic cooling
observable? We briefly discuss these questions here.

4.1. When Is a Dark Structure Actually a Coronal Hole?

Clearly, not every dark structure on the Sun is a coronal
hole. In the EUV, coronal holes can easily be confused with
halos around active regions, coronal dimmings, and sometimes
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Figure 6. Migration of the coronal hole as seen in AIA 193 A (top row) and AIA 171 A (bottom row). The first column shows overview images from June 26 17:55.
The coronal hole boundary from June 25 10:50, which we rigidly rotated with the solar surface to 17:55, is outlined in blue. This boundary corresponds to the initial
location of the coronal dimming at the solar surface. The coronal hole boundary from June 26 17:55 is outlined in red. This boundary corresponds to the location
where the coronal hole eventually stabilized. A slice in the migration direction is marked in white. The second column shows the temporal evolution of AIA

intensities along the slice, describing the migration of the coronal hole.

even filament channels. Active region halos can be distin-
guished spectroscopically from coronal holes (S. M. Lezzi
et al. 2023), while filament channels can be distinguished from
coronal holes by the underlying photospheric magnetic field
configuration (V. Delouille et al. 2018). Coronal dimmings are
usually distinguished from coronal holes by their association
with CME:s, their shorter lifetimes of 8-11 hr on average
(A. A. Reinard & D. A. Biesecker 2008; L. D. Krista &
A. A. Reinard 2017; L. D. Krista et al. 2022), and their
dynamic evolution in coronal imagery, which features a fast
recovery to quiet-Sun intensities (G. D. R. Attrill et al. 2008;
G. M. Ronca et al. 2024). However, spectroscopically, many
similarities between coronal holes and coronal dimmings have
been reported. These include the reduced coronal densities and
emission as compared to the ambient quiet-Sun values, plasma
outflow along the approximately radial magnetic field, and
nonthermal line broadening indicating Alfven waves propagat-
ing toward interplanetary space (H. Tian et al. 2021).

Based on the findings of S. W. MclIntosh (2009), our
observations in this study, and the spectroscopic similarities
between coronal dimmings and coronal holes described above,
we argue that coronal dimmings might sometimes develop into
coronal holes. The magnetic field strength in the footpoints of

quiet-Sun filaments is similar to that in coronal holes, as both
are rooted in photospheric magnetic elements (V. Delouille
et al. 2018). The magnetic field direction in filament legs
becomes approximately radially aligned when the filament
erupts and produces a CME, resulting in a local field
orientation as in coronal holes. And the coronal density in
the stretched filament leg might reach similarly low values as
in coronal holes, as the CME evacuates plasma from the
filament. In such a configuration, in the filament leg, wave—
particle interactions may lead to energy dissipation and solar
wind acceleration analogous to the processes in coronal holes.
This would explain the observed plasma outflows in coronal
dimmings. If these conditions then move to a location where
the vertical magnetic field lines are preferably open, i.e.,
locations where magnetic field models indicate open magnetic
field lines, the coronal dimming with the associated solar wind
acceleration might stabilize and become persistent. Hence, the
coronal dimming could transform into a real coronal hole.
This scenario probably applies to the coronal hole under
investigation. It was formed by a filament eruption with a
subsequent coronal dimming. After its formation, it moved
about 150”7 northwest within 15.5 hr to a location where
magnetic field models indicate open magnetic field lines,
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Table 2

Date and Location of Coronal Holes That Might Have Formed from Filament Eruptions
Date Position Date Position Date Position
2011 Aug 19 10°N 14°E 2013 Dec 22 38°N 8°E 2023 Feb 22 49°S 2°W
2011 Aug 19 31°S 5°W 2014 Oct 3 41°N 1°W 2023 May 4 38°S 8°W
2012 Feb 15 2°S 12°E 2016 Feb 8 15°S 6°E 2023 Jun 08 30°N 4°W
2012 May 27 46°N 12°E 2016 Apr 27 18°N 14°E 2023 Aug 12 34°N 13°E
2012 Oct 24 29°N 7°E 2016 Jun 19 19°S 8°E 2023 Nov 12 50°N 23°W
2012 Dec 25 47°S 5°E 2016 Nov 12 11°N 12°W 2023 Dec 11 8°S 9°E
2013 Feb 11 32°N 8°E 2021 Sep 21 0°N 3°E
2013 May 25 37°N 14°W 2022 Jul 26 13°N 14°E
stabilizing the vertical magnetic fields. At this location, the identification of both structures and, consequently, the

EUV intensity did not then recover as would have been
expected from coronal dimmings. Instead, the EUV intensity
slowly decreased further, which fits a persistent plasma
outflow toward interplanetary space. With a lifetime of at
least 1 solar rotation, the structure is certainly not a coronal
dimming anymore, but has become a small coronal hole.

4.2. Are There More Coronal Holes That Are Formed by
Filament Eruptions?

V. G. Fainshtein & G. V. Rudenko (2004) studied the
locations of coronal holes and reported two populations: one in
plage regions located away from photospheric magnetic
inversion lines and another near these inversion lines. These
two populations likely correspond to two different formation
mechanisms: a continuous process driven by the gradual
opening of magnetic field lines in plage regions and an
eruptive process driven by filament eruptions. However, direct
observations of these formation processes are rare. To our
knowledge, the only clear observation of a coronal hole
forming through the slow, continuous process is a coronal hole
on 2012 September 3 reported by A. R. Inglis et al. (2019). In
addition to the coronal hole studied here, a formation of a
coronal hole by a filament eruption has been reported by
S. G. Heinemann et al. (2018), which lasted for 10 solar
rotations.

Building on these studies, we searched the AIA database at a
cadence of 1 week from 2010 to 2024 for coronal holes likely
formed by filament eruptions. We stepped through the AIA
193 A images and looked for images where a clear filament
channel was visible in one image and where the filament
channel disappeared and a clear coronal hole nearby was
observed instead one solar rotation later. In total, we identified
22 of these events, which we list in Table 2. Figure 7 presents
four of the clearest cases of this list. In each row, the first
column shows the location of a large filament channel on the
Sun, and the second column provides a zoomed-in view. The
third and fourth columns show the same location during the
next solar rotation, where the previously visible filament
channel has been replaced by a medium-sized coronal hole.
The disappearance of the filament channel and the appearance
of the coronal hole nearby strongly suggest that these coronal
holes were formed by filament eruptions. The lifetimes of
these coronal holes range from <1 to 7 solar rotations.

The number of coronal holes we identified as forming from
filament eruptions likely represents a lower limit, as both
filament channels and coronal holes, particularly at mid-to-
high latitudes, are often partially obscured by surrounding
quiet-Sun loops. This observational limitation complicates the
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association of coronal hole formations with filament eruptions.
Considering this selection effect, we would not be surprised if
the number of coronal holes that have formed by filament
eruptions is substantially larger than the number of cases we
have identified.

4.3. Why Did the Coronal Hole Migrate?

The migration of the coronal hole over 1507 into a region
with PFSS-modeled open magnetic field lines shows that
coronal holes do not always originate in areas of modeled open
magnetic fields. We find that they can form in areas where
models predict closed magnetic field lines, such as a coronal
dimming close to filaments, open the magnetic field at that
location, and then migrate to regions with modeled open
magnetic field lines. The migration to a region with modeled
open magnetic field lines stabilizes the coronal hole and can be
interpreted as a minimization of energy to keep the magnetic
field open. To observe the open-field lines in our study, we had
to set the source surface height of the PFSS model, i.e., the
altitude at which the magnetic field lines are considered open, to
a low value of 1.6 solar radii. If we had used higher source
surface heights, such as the standard values of 2 or 2.5 solar
radii, the model would not have shown open-field lines in the
region where the coronal hole settled. Theoretically, the source
surface height should be set to large heights so as not to
artificially constrain the modeling domain. However, in
practice, source surface heights as low as this, or even lower,
are often needed to at least roughly match the EUV and solar
wind observations (C. O. Lee et al. 2011; E. Asvestari et al.
2019; S. T. Badman et al. 2020; O. Panasenco et al. 2020).
These low source surface heights are likely needed to
compensate for systematic errors in the model, which include
inaccuracies in full-disk magnetograms (J. E. Plowman &
T. E. Berger 2020), incomplete magnetic field evolution in
synoptic magnetograms (D. Yang et al. 2024; S. G. Heinemann
et al. 2025), oversimplified PFSS assumptions that assume that
the corona is static, potential, and force-free, as well as artifacts
introduced by the selected numerical schemes used to compute
the PFSS solution. In addition, the need for such a low source
surface height to obtain a modeled open magnetic field region at
the location of the observed coronal hole might indicate that this
open magnetic field region is not very stable.

During the migration phase to the region of modeled open
magnetic field, the coronal hole drifted across the solar
surface, above regions where the underlying photospheric
magnetic elements were quasi-stationary. Analogous observa-
tions have been reported by S. G. Heinemann et al. (2023),
who studied the dissolution of a coronal hole due to its drift
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Figure 7. Additional coronal holes likely formed by filament eruptions. All panels display AIA 193 A observations. First column: overview images showing filament
channels, with the field of view for the second column marked in white. Second column: zoom-in on the filaments, indicated by blue arrows. Third column: same
field of view at the next solar rotation. The filaments have now disappeared, and coronal holes (red arrows) have formed. Fourth column: overview images at the

times of the coronal holes.

into a large quiet-Sun loop arcade. Both our study and theirs
demonstrate that there is no stable connection between the
manifestation of a coronal hole in the corona and the
underlying photospheric elements. Instead, the coronal magn-
etic field in the coronal holes appears to have reconnected with
the photospheric magnetic field as needed, primarily following
the open coronal magnetic field topology.

This tendency to follow the large-scale open-field structure
is also reflected in another well-known property of coronal
holes: their typically more-rigid rotation rates as compared to
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typical quiet-Sun structures. N. R. Sheeley et al. (1987)
proposed, based on analytical calculations and numerical
simulations, that supergranular diffusion acts as a meridional
flux transport mechanism, counteracting the shear from
differential rotation and producing a more-rigid rotation of
the large-scale coronal magnetic field. As manifestations of
this field, coronal holes follow the large-scale open-field
topology, which hence governs their rotation as well as their
migration into regions with a preferred open-field configura-
tion, as demonstrated in this study.
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4.4. Why Is Adiabatic Cooling Observable?

During the formation and migration phases, the evolution of
the 7-EM relationship followed well the behavior expected
from adiabatic cooling. However, adiabatic cooling assumes
no net heat exchange with the surroundings, implying that
either all other heating and cooling processes are negligible or
that they cancel out.

The assumption that all other heating and cooling processes are
negligible is difficult to reconcile with the known energy balance
of the corona. The characteristic timescale for radiative cooling is
tens of minutes (M. J. Aschwanden 2005; F. Reale & E. Landi
2012), meaning that without heating, the plasma would cool
rapidly from 1.6 to 0.6 MK in tens of minutes. To maintain a
roughly constant temperature, heating must supply energy at a
matching rate. Assuming a characteristic heating timescale of
20 minutes, this implies that during the 1.25 day interval in our
study, in which we seem to observe adiabatic cooling, the corona
experiences approximately 90 heating episodes, each of which
provides enough energy to raise the coronal temperature by about
1 MK. Heating processes are therefore substantial and cannot be
neglected.

The alternative is that nonadiabatic heating and cooling
processes are precisely balanced throughout the entire period
during which the temperature evolution seems to follow
adiabatic cooling. However, this would imply that coronal
heating and nonadiabatic cooling mechanisms merely com-
pensate for each other and thus do not drive the temperature of
the corona, which seems an implausible scenario. Therefore, it
remains unclear why the observed 7-EM evolution follows so
closely the trend expected from adiabatic cooling.

5. Summary

We have studied the formation of a coronal hole from a
large quiet-Sun filament eruption near the solar disk center
from 2014 June 25 to June 26 using SDO observations. The
formation progressed in the following steps:

1. A filament eruption from a quiet-Sun filament caused a
coronal dimming.

2. This dimming developed into a coronal hole, which
moved about 150”to the northwest over 15.5 hr, crossing
a small coronal loop system and drifting above the solar
surface in which the photospheric magnetic elements
remained quasi-stationary.

3. Throughout this evolution, the 7-EM relationship of the
forming coronal hole followed the trend expected from
adiabatic cooling.

4. The coronal hole then settled at a location where a PFSS
model indicated open magnetic field lines. During this
stabilization, the AIA intensities and EM began to
decrease further.

5. After about 1.5 days, starting from a longitude of
approximately 20° west, the coronal hole began to be
obscured by the brighter surrounding quiet-Sun loops,
but remained identifiable. About this time, it merged
with a preexisting nearby coronal hole at its southwest.

6. At the next solar rotation, the newly formed portion of
the coronal hole was still visible at the same location.
This sets its lifetime to >1 solar rotation.
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The detailed evolution observed in this event shows that
coronal holes can, under certain conditions, form as a consequence
of quiet-Sun filament eruptions. The structure persisted for at least
one solar rotation, migrated to a region of modeled open magnetic
field, and showed a progressive decrease in EM, which is
consistent with the expectations of coronal hole formation. The
drift of the coronal hole across the photosphere, along with the
absence of a stable connection to specific magnetic elements,
points to a continuous magnetic restructuring during the migration
phase that is likely governed by interchange reconnection.

Motivated by the event reported here, we searched the AIA
database for additional cases in which a quiet-Sun filament
eruption may have led to the formation of a coronal hole. We
identified 22 events between 2010 and 2024, of which we
presented 4 of the clearest cases that produced large coronal
holes with lifetimes from <1 up to 7 solar rotations. Owing to
observational limitations and selection effects, the number of
events identified likely represents a lower bound. Given that
filament eruptions are frequently observed to modify existing
coronal hole boundaries, causing them to grow, shrink, or shift
rapidly, it would not be surprising if a larger number of
coronal holes are actually formed by filament eruptions.
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