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ABSTRACT

The physical role played by small-scale activity that occurs before the sudden onset of solar energetic

events (SEEs, i.e., solar flares and coronal mass ejections) remains in question, in particular as related to

SEE initiation and early evolution. It is still unclear whether such precursor activity, often interpreted

as plasma heating, particle acceleration, or early filament activation, is indicative of a pre-event phase

or simply on-going background activity. In this series, we statistically investigate the uniqueness and

causal connection between precursors and SEEs using paired activity-quiet epochs. This first paper

specifically introduces transient brightenings (TBs) and presents analysis regimes to study their role as

precursors, including imaging of the solar atmosphere, magnetic field, and topology analysis. Applying

these methods qualitatively to three cases, we find that prior to solar flares, TBs 1) tend to occur in

one large cluster close to the future flare ribbon location and below the separatrix surface of a coronal

magnetic null point, 2) are co-spatial with reconnection signatures in the lower solar atmosphere, such

as bald patches and null point fan traces and 3) cluster in the vicinity of strong-gradient polarity

inversion lines and regions of increased excess magnetic energy density. TBs are also observed during

quiet epochs of the same active regions, but they appear in smaller clusters not following a clear spatial

pattern, although sometimes associated with short, spatially-intermittent bald patches and fan traces,

but predominantly away from strong gradient polarity inversion lines in areas with little excess energy

density.
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1. INTRODUCTION

Solar energetic events, i.e., solar flares and coronal

mass ejections (CMEs), are the result of free magnetic

energy stored in the solar corona suddenly being released

via magnetic reconnection. The physical mechanisms

that trigger and initiate these energetic events still re-

main elusive, as most trigger mechanisms cannot be ob-

served directly (L. M. Green et al. 2018). Various phe-

nomena are frequently observed in coronal and chromo-

spheric data in the minutes to hours before solar flares

and CMEs (e.g. S. J. Tappin 1991; F. Fárńık et al. 1996;

F. Fárńık & S. K. Savy 1998; F. Fárńık et al. 2003; B.

Joshi et al. 2011; C. Chifor et al. 2007; Y. Bamba et al.

2014; A. Hernandez-Perez et al. 2019a; H. Wang et al.

Corresponding author: Karin Dissauer

dissauer@nwra.com

2017), that are interpreted as “precursors”. These phe-

nomena include localized, small-scale, short-lived tran-

sient brightenings in multiple wavelengths including the

optical, (extreme-) ultraviolet and X-rays (e.g., C. Chi-

for et al. 2007; B. Joshi et al. 2011; A. Hernandez-Perez

et al. 2019b; H. S. Hudson et al. 2020), strong blue-shifts

in Hα (e.g., K. Cho et al. 2016), and pre-event extreme-

ultraviolet (EUV) coronal dimmings (e.g., J. Qiu et al.

2007; Q. M. Zhang et al. 2017; C. Zhu et al. 2024).

The physical role of precursors is not clear. Precursors

in the form of small-scale transient brightenings (TBs)

may be responsible for destabilizing the overlying mag-

netic field in accordance with the breakout scenario (e.g.

A. C. Sterling & R. L. Moore 2001, 2004), or they may

signify reconnection deep in the sheared core magnetic

field region as required from the tether-cutting mech-

anism (e.g. C. Chifor et al. 2007; A. Hernandez-Perez

et al. 2019b; W. He et al. 2023). TBs may signal emerg-
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ing flux or magnetic flux cancellation (e.g. A. C. Ster-

ling & R. L. Moore 2005; Y. Bamba et al. 2014) that act

as catalyst for the main reconnection event (K. Kusano

et al. 2012; N. Ishiguro & K. Kusano 2017; Y. Bamba

et al. 2017). Pre-event activity in the form of Doppler

shifts seem to correspond to the activation and rise of fil-

aments, while pre-event coronal dimmings (PCDs) may

indicate the expansion and stretching of overlying loops

during a slow rise phase before an impulsive eruption

(e.g. J. Qiu & J. Cheng 2017; Q. M. Zhang et al. 2017).

Hot onsets, recently detected in GOES/XRS total irra-

diance lightcurves in soft X-rays are characterized by a

gradual and almost linear growth in emission measure

at isothermal temperatures in the range of 10–16 MK

prior to the flare’s impulsive phase, as determined by

the start of the hard X-ray emission (H. S. Hudson et al.

2021; A. F. Battaglia et al. 2023; D. F. da Silva et al.

2023). Observations indicate that soft X-ray emission

occurs within the footpoint and low-lying loop regions

and not in the corona and is therefore hypothesized to

be physically distinct from the main flaring process.

Alternatively, the observed transient phenomena may

simply reflect the general dynamics and restructuring

of the chromosphere and corona, with no causal link to

subsequent energetic events. For example, UV bursts

– small (≤ 2”), intense brightenings in active regions

– are not directly associated with flares and typically

show weak or no signals in AIA coronal imaging channels

(H. Peter et al. 2014; P. R. Young et al. 2018). They

are thought to be small-scale reconnection events that

occur from the photosphere to the upper chromosphere,

often in magnetic environments such as emerging active

regions, bald patches, sunspot moats, and light bridges

(P. R. Young et al. 2018).

So what makes small-scale pre-event activity actual

event “precursors”? Are physical properties of these

phenomena any different from random activity that oc-

curs without any subsequent solar energetic event?

This series investigates, for the first time, the unique-

ness and causal relationships of precursor signatures –

such as transient brightenings and pre-event coronal

dimmings – to solar energetic events to better under-

stand the triggers for energy release and magnetic recon-

nection. Our work builds on K. D. Leka et al. (2023),

which identified the kurtosis of running-difference im-

ages in AIA channels (sensitive to hot flaring plasma,

the transition region, and chromospheric plasma at 94,

131, and 304 Å) as key parameters for distinguishing

flare-active from flare-quiet epochs. The kurtosis in gen-

eral provides sensitivity to the far wings of a distribu-

tion, while running-difference images track variation in

intensity on a 72s cadence, suggesting that short-lived,

small-scale brightening and dimming events are more

frequent before solar flares than during flare-quiet peri-

ods. The spatial association between these precursors

and the magnetic and plasma environments could not

be fully captured in that study due to its reliance on

FOV-integrated quantities for parametrization.

Therefore, this series, focuses on statistically quanti-

fying differences in the spatial, temporal, and physical

characteristics of event-precursor signatures against the

distributions of similar phenomena that occur during

activity-quiet epochs, thus solidifying any statistical as-

sociation and identifying unique physical signatures. In

addition, we investigate the relationships between pre-

cursor phenomena and the related event’s observational

signatures of magnetic reconnection, eruption dynamics,

and energy release, thus solidifying a causal relationship.

In this first paper of the series we introduce transient

brightenings and the different regimes that are combined

to study them. Observational imaging diagnostics, in-

cluding cumulative TB masks, heat maps, and differ-

ential emission measure analysis, are combined with

magnetic field diagnostics. The latter includes param-

eters describing the magnetic environment relevant to

TBs and/or the subsequent flare, including bald patches

in the observed field. Additionally, coronal magnetic

field modeling and the reconstruction of the magnetic

skeleton are used, highlighting features like separatrix

surfaces associated with coronal magnetic null points

and between open and closed magnetic flux. We apply

these methods qualitatively to three different case study

events (see Table 1) for demonstration purposes; a full

quantitative statistical analysis is presented in a future

part of the series.

2. DEFINITIONS

Precursor activity—is defined as small-scale transient

brightenings or coronal dimming activity (pre-event

coronal dimmings) prior to solar flares and coronal mass

ejections. We do not consider smaller flares, i.e., C-class,

prior to larger flares, i.e., M-, and X-class, to be precur-

sors (N. Gyenge et al. 2016). C-class flares are classified

as events, while activity below the C-class threshold is

not considered an event and may therefore be analyzed

within analysis epochs.

Transient brightenings—are small-scale, short-lived (but

without a defined lifetime) emission enhancements in

SDO/AIA 1600Å, interpreted as observational signa-

tures of small-scale reconnection events. TBs will

be detected based on a global thresholding algorithm

(Sec. 4.1) similar to flare ribbon detection, since we hy-

pothesize they form due to the same physical process

but on a different spatial scale. A cumulative binary de-
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tection mask that contains at least one contiguous group

of non-zero pixels is defined as a TB event.

Pre-event coronal dimmings—are temporary decreases in

emission at EUV wavelengths that are hypothesized to

indicate early filament activation or the rise of overlying

fields that enable a subsequent CME. A future paper in

the series introduces pre-event coronal dimmings, and

presents an overview of their relationship to the main

eruption as well as to the magnetic topological skeleton,

their magnetic and plasma environment.

Analysis epochs—To investigate the uniqueness of pre-

cursor activity, TBs will be detected prior to the GOES

soft X-ray start of the flare event (active epochs) and

also during specifically selected quiet times of the same

active region (quiet epochs). We define an active epoch

as the pre-flare phase, specifically the period preceding

a C1.0 or larger solar flare listed in the GOES flare cata-

log, during which no other flaring events above the C1.0

level occur. For the purpose of transient brightenings, a

quiet epoch is thus defined as a time period during which

no flares are detected above C1.0 level in the GOES flare

catalog3 during an analysis interval. Quiet epochs are

selected from the same active regions as active epochs,

both prior to and after the active epoch of interest (if

possible), to serve as control data and also allow in-

tercomparison between quiet epochs. Our definition of

the pre-flare phase is in contrast to the pre-flash phase

(A. O. Benz et al. 1983), or the time period prior to

the hard X-ray onset, also referred to as pre-flare phase

when, usually, soft X-ray activity is already detected

(e.g., M. Battaglia et al. 2009; H. S. Hudson et al. 2021).

Analysis intervals—are time intervals of approximately

two hours, assigned for either an active or quiet epoch,

over which the analysis is conducted. For active epochs

these intervals start two hours prior to the GOES

flare start time and end four minutes before it. The

same interval lengths are used for quiet epochs to opti-

mize comparison between the epochs. The four-minute

gap between the end of the analysis interval and the

flare/quiet epoch start time corresponds to the same sig-

nificance criterion4 used to define the start time in the

1–8Å GOES/XRS flux. A gradual increase in the flux

before the flare start time is often observed and therefore

the start time can be ambiguous. We try to resolve this

ambiguity by introducing this additional lag time, so TB

3 ftp://ftp.swpc.noaa.gov/pub/warehouse/
4 The start time of a solar flare observed by GOES/XRS is de-
fined as follows: “The begin time of an X-ray event is defined as
the first minute, in a sequence of 4 minutes, of steep monotonic
increase in 0.1–0.8 nm flux.”

signatures are not mistaken as early flare ribbons. The

closest-in-time valid quiet epoch is selected for each ac-

tive epoch, provided it is within 24 hours. The selected

events under study (see Table 1) are part of a large sta-

tistical sample, for which all events are selected to be

on-disk from the SDO perspective within 45◦ around

the central meridian, and part of the RibbonDB database

(M. D. Kazachenko et al. 2017).

3. OBSERVATIONS

3.1. Data and Pre-Processing

In order to investigate precursor activity we primarily

use data from the Solar Dynamics Observatory (SDO;

W. D. Pesnell et al. 2012), specifically from the At-

mospheric Imaging Assembly (AIA; J. R. Lemen et al.

2012) and the Helioseismic and Magnetic Imager (HMI;

P. H. Scherrer et al. 2012; J. T. Hoeksema et al. 2014).

AIA acquires coronal images of the Sun in nine differ-

ent extreme ultraviolet and ultraviolet (UV) passbands

with a native cadence of 12s and a spatial resolution of

1.5′′ sampled at 0.6′′. The full range of channels (94,

131, 171, 193, 211, 304, and 335 Å), plus the 1600 and

1700 Å UV channels, provide data sensitive to tempera-

tures between ≈ 5,000 K – 10 MK, i.e., from the photo-

sphere, chromosphere and transition region up through

the corona. HMI provides vector magnetic field data

with a default cadence of 720s and a spatial resolution

of 1.0′′ sampled at 0.5′′.

For all magnetic field analysis in this series, we use the

vector field data from HMI, specifically the hmi.B 720s

series, with the hmi.Mharp 720s series providing aux-

illiary information (see below). The “random” option

is chosen for the disambiguation of weak-signal areas,

and the pipeline product is otherwise used with no fur-

ther downsampling or modifications. We use sub-area

regions-of-interest (ROIs) data cubes of three hours (two

hours of analysis time plus one hour to characterize

the subsequent flare event or quiet state) down-sampled

time-series of AIA data based on the “HMI Active Re-

gion Patches” (HARPs; J. T. Hoeksema et al. 2014),

called “AIA Active Region Patches” (AARPs; K. Dis-

sauer et al. 2023). HARP metadata (hmi.Mharp 720s

series) are used to extract these ROI-defined images at

all wavelengths of interest, with down-sampling to 72s

cadence for the shorter-wavelength data to match the

UV-image cadence. AARP image-plane spatial dimen-

sions are kept constant over the target time range, and

cover the HARP bounding boxes for straightforward

cross-source analysis. We note that compared to the

AARP definition, the AIA extracted field-of-views have

been reduced to match the HARP box dimension. The

first image of each time series is a reference against which

ftp://ftp.swpc.noaa.gov/pub/warehouse/
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subsequent extracted images are tracked and corrected

for differential rotation. We detect transient brighten-

ings primarily in 1600Å AIA data and characterize their

plasma properties in the corona performing Differen-

tial Emission Measure (DEM) analysis using the code

of M. C. M. Cheung et al. (2015). We use co-temporal

AIA data of 94, 131, 171, 193, 211, and 335Å chan-

nels, limit the temperature range of the inversions to

log T = [5.7− 7.7] with a binsize of ∆ log T = 0.1. Stan-

dard Solarsoft IDL and Python software is used to ana-

lyze the data.

3.2. Events Overview

We focus here on three flare events that have distinctly

different behavior. The events, dates, host regions, ac-

tive epoch and selected pre-event and post-event quiet

epochs are listed in Table 1. The M2.9 flare event in

NOAA AR 11112 on October 16, 2010 is classified as

a circular ribbon flare and is associated with an EUV

late-phase emission episode (T. N. Woods et al. 2011;

J. Chen et al. 2020). The C1.5 flare event in NOAA

AR 11123 on November 12, 2010 is randomly selected

from the RibbonDB database to serve as an example of

a smaller flare (below M- and X-class). The X2.1 flare

event that occurred in NOAA AR 11283 on September

6, 2011 is well-studied from both an observational and

modelling point of view (C. Jiang et al. 2013, 2014; M.

Janvier et al. 2016; C. Jiang et al. 2018; A. Prasad et al.

2020). In addition, an extended period of non-flaring

activity prior to this flare is observed, therefore a se-

quential investigation of TBs during three consecutive

pre-event quiet epochs leading up to the active epoch is

performed (see Table 1 for details). The active epoch

of November 12, 2010 is used throughout the methodol-

ogy section to illustrate the application of the different

methods (c.f., Figures 1-6).

4. METHODOLOGY

4.1. Transient Brightening Detection

Transient brightenings are detected based on a global

thresholding algorithm in 1600Å originally developed for

the analysis of flare ribbons (e.g., J. Qiu et al. 2002,

2004, 2007; M. D. Kazachenko et al. 2012, 2017). Flare

ribbons are interpreted to represent the footpoints of

newly formed loops as a result of magnetic reconnec-

tion. Detecting TBs using the same algorithm is a first

step to target the detection of the same physical phe-

nomena, namely magnetic reconnection, only during a

different phase (i.e., prior to a solar flare or during a

quiet epoch). For each image k at time step tk, transient

brightenings are identified as pixels p with intensity val-

ues higher than a pre-defined cutoff intensity Ic, which

is a multiple M of the median intensity of k over the

AARP field-of-view. M ≈ 6 was empirically found to

detect TBs as they are smaller and shorter lived com-

pared to main-flare ribbons, which presents the lower

limit of values used for flare ribbon detections (M. D.

Kazachenko et al. 2017). The same value of M is used

for all events and their associated epochs. The instan-

taneous brightening mask Rk(p) at each time step tk is

defined to have a value of 1 at pixels identified as bright-

ening and 0 elsewhere (e.g., M. D. Kazachenko et al.

2017; K. Dissauer et al. 2018).

A heat map H0:n(p) is used to study TB activity over

analysis intervals (data are available at K. Dissauer et al.

2025a). It is based on the pixel-by-pixel sum of instan-

taneous brightening masks Rk(p) at each time step tk,

which contain all TB pixels identified at time step tk,

i.e., H0:n(p) = Rn(p) + Rn−1(p) + . . . + R0(p). Heat

maps represent cumulative maps, i.e., they include in-

formation over the entire analysis interval, and have the

advantage of containing weighted information on multi-

ple brightenings for individual pixels and their bright-

ening duration. Heat maps resolve “hot spot” areas of

enhanced activity. TBs that occur multiple times at the

same location or are longer-lived have a higher value

within the mask5. Figure 1 illustrates the basic detec-

tion of transient brightenings during the active epoch on

November 12, 2010.

4.2. Spatiotemporal Clustering

To identify underlying patterns and objectively quan-

tify hot spot areas in the heat maps of transient bright-

enings, we apply Hierarchical Density-Based Spatial

Clustering of Applications with Noise (HDBSCAN; R. J.

G. B. Campello et al. 2013, 2015). HDBSCAN is a

density-based clustering algorithm: given a set of points

in space, it groups together points that are closely

packed together (points with many nearby neighbors),

marking points as outliers that occur in isolation or are

located in very sparse regions (i.e., whose nearest neigh-

bors are far away). HDBSCAN calculates a density-

based clustering hierarchy, which enables the recogni-

tion of clusters of various shapes and sizes by taking into

account the stability of cluster assignments across dif-

ferent levels of the hierarchy; it identifies stable clusters

as those with consistent memberships at multiple levels,

ensuring robustness in cluster formation. HDBSCAN

has two key parameters, the number of min samples-

5 We note that the difference between TBs being above the de-
tection threshold for multiple, successive frames (long-duration
brightening) versus exceeding the threshold during multiple dif-
ferent times (multiple short-duration bursts) during the time
range under investigation is not resolved with this method.
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Date NOAA
AR No.

HARP
No.

Flare Start
time

Flare
Class

Active epoch Pre-event quiet
epoch

Post-event quiet
epoch

16-Oct-2010 11112 211 19:07 UT M2.9 17:07–19:03 UT
(17:48 UT)

13:00–14:56 UT
(13:48 UT)

21:12–23:08 UT
(22:00 UT)

12-Nov-2010 11123 245 07:59 UT C1.5 05:59–07:55 UT
(06:36 UT)

nonea 15:48–17:44 UT
(16:36 UT)

06-Sep-2011 11283 833 22:12 UT X2.1 20:12–22:08 UT
(21:00 UT)

14:12–16:08 UT;
16:12–18:08 UT
(17:00 UT);
18:12–20:08 UT*

07-Sep-2011
00:24–02:20 UT
(01:12 UT)

aDue to en-
hanced flaring
activity, no such
epoch could be
identified.

Table 1. Event overview. The date, NOAA active region and HMI HARP number, flare start time, GOES/XRS Soft X-ray
peak (“Flare Class”), and the analysis intervals for the active, and the selected pre-event and post-event quiet epochs are listed.
The times indicated in bracket refer to the time instant the PFSS model is reconstructed for each epoch, respectively. *An
extended period of non-flaring activity prior to the flare is observed, therefore a sequential investigation of TBs during three
consecutive pre-event quiet epochs leading up to the active epoch is performed. Pre-event quiet epoch #2, i.e., 16:12–18:08 UT
is used for magnetic skeleton, magnetic and plasma environment investigations.

neighbors used to calculate the distance between each

point in the sample and its nearest neighbors to em-

pirically estimate density and the minimum number

of points required to form a cluster (min cluster size).

For our application we choose min samples = 5 and

min cluster size = 10. In addition, we impose a lower

limit on the sparsity of a cluster by defining the cluster

neighborhood (ϵ) to be 1.5 Mm (see 6 for details), which

corresponds to approximately 2”, the typical length

scale of UV bursts (P. R. Young et al. 2018). The top

right panel of Fig. 1 shows three TB clusters and noise

identified by HDBSCAN for one time instant during the

active epoch on November 12, 2010.

4.3. Plasma Context

Differential Emission Measure diagnostics (M. C. M.

Cheung et al. 2015) are employed here to study

the properties of, and the coronal response to, the

transient brightenings detected in the upper photo-

sphere/transition region and their surroundings (K. Dis-

sauer et al. 2025b). Following the notation of M. C. M.

Cheung et al. (2015); J. Saqri et al. (2020), narrow-band

EUV observations, e.g., from SDO/AIA can be inversely

related to the physical properties of optically thin coro-

nal plasma as an integral over temperature space:

yi =

∫ ∞

0

Ki(T )DEM(T ) dT , (1)

where yi is the exposure time-normalized pixel value in

the ith AIA channel (in units of DN s−1 pixel−1) and

6 https://hdbscan.readthedocs.io/en/latest/dbscan from hdbscan.html

Ki(T ) is the temperature response function (in units of

DN cm5 s−1 pixel−1). For optically-thin emission, the

temperature distribution of the plasma along the column

height h is described by the differential emission measure

(in units cm−5 K−1)

DEM(T ) = n(T )2
dh

dT
, (2)

where n is the number density dependent on the tem-

perature T along h. The integral of DEM(T ) over a

finite temperature range represents the total emission

measure EM of the plasma (in units cm−5)

EM =

∫
T

DEM(T ) dT . (3)

Temperature and density are calculated as DEM-

weighted average temperature T and density n (X.

Cheng et al. 2012; K. Vanninathan et al. 2015):

T̄ =

∫
T
DEM(T )T dT

EM
, (4)

n̄ =

√
EM

h
. (5)

The DEM of the full field-of-view of active regions, on a

pixel-by-pixel basis, is reconstructed, this means that h

will change, depending on the structures present. There-

fore, we use a pixel-by-pixel estimate of h based on the

hydrostatic scale height of coronal plasma (e.g., M. J.

Aschwanden 2004):

h =
2kB T̄

µmH g
, (6)
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Figure 1. Example of the detection of transient brightenings in NOAA AR 11123. Top row: SDO/AIA 1600Å images at
06:41 UT during the pre-flare phase of a C1.5 flare on November 12, 2010 showing small-scale brightening activity (left) and
the detected TB pixels identified as four individual clusters to illustrate HDBSCAN for this time step (right). Bottom row:
Cumulative TB mask up to this time step starting at 05:59 UT (left) and TB heat map for the full analysis interval (i.e.,
05:59–07:55 UT) overlaid on an image of the radial component of the magnetic field. The colorbar shows how often each
individual pixel was detected as TB during the analysis interval. An animation of this figure is available. It shows original
SDO/AIA 1600Å observations together with the detection of TBs over the full analysis interval of two hours and the formation
of the corresponding cumulative TB mask. The animation does not include the TB heat map panel of the figure.

where we assume a fully-ionized solar plasma with µ =

0.64 and mH = 1.67 × 10−27 kg, and use the DEM-

weighted average temperature T̄ in each individual pixel

to calculate h. We note that this approach to estimate h

may not represent its “true” value for each pixel, as loops

with varying temperatures could appear along the line of

sight and different loop geometries apply for each pixel

(pixels covering the top of loops versus their footpoints).

However, we believe that the scale height might serve as

a more accurate estimate of h than using a constant

value across the entire field of view given the variation

in loops along the line of sight. While the hydrostatic

scale height represents a reasonable estimate of h at the

loop top, it is an overestimation for the loop footpoints,

leading to an underestimation of density for the given

EM.

Plasma property maps are calculated at each time step

during the different analysis epochs, and average maps

over each analysis interval are used for comparison with

TBs. Figure 2 shows the mean emission measure (left),

density (middle) and emission-measure weighted tem-

perature map (right) during the active epoch on Novem-

ber 12, 2010. The black contours represent the cumula-

tive map of TBs detected during this epoch. The TBs

generally lie in areas of enhanced emission measure, den-

sity, and temperature.

4.4. Magnetic topological skeleton

TBs might be chromospheric signatures of reconnec-

tion occurring higher in the Sun’s atmosphere. Recon-

nection typically occurs at null points, separators, and

quasi-separators, locations at which the connectivity of

the magnetic field is rapidly or discontinuously changing

songyongliang
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Figure 2. DEM-constructed average emission measure (left), density (middle) and emission-weighted temperature (right)
maps for NOAA AR 11123 during the active epoch on November 12, 2010. The black contours represent the detected transient
brightenings over the same analysis intervals.

(D. I. Pontin & E. R. Priest 2022). Particles accelerated

during reconnection near these locations then propagate

along separatrix or quasi-separatrix layers, resulting in

heating when they reach the chromosphere. To under-

stand the causes of the TBs, we examine their location

in the context of the magnetic skeleton (D. W. Longcope

2005), specifically the intersection of separatrix surfaces

with the photosphere (G. Barnes et al. 2025).

To model the coronal magnetic field, we use a high-

resolution Potential Field Source Surface (PFSS; M. D.

Altschuler & G. Newkirk 1969; K. H. Schatten et al.

1969) model. Our implementation uses the SHTools

(M. A. Wieczorek & M. Meschede 2018) package to com-

pute spherical harmonics, which is accurate up to maxi-

mum degree ≈ 2800, and as a boundary condition uses a

full-disk image of the radial component of the HMI vec-

tor magnetogram Br, combined with an assumption of

antisymmetry in the far hemisphere.7 This allows small

scale photospheric magnetic features to be resolved that

may be associated with TBs, but is not suitable for

global modelling of the corona. We note that more so-

phisticated coronal models could be used, e.g., Nonlin-

ear Force-Free Field (NLFFF) models (T. Wiegelmann

& T. Sakurai 2021), but it was shown by S. Régnier

(2012) that the presence of a magnetic null point in a

potential field is relatively robust to the introduction

of moderate currents, thus we anticipate that elements

of the magnetic skeleton found in the PFSS model are

likely to also be present in non-potential models. Fur-

ther, for our planned statistical analysis it is currently

still unrealistic to validate this many NLFFF extrapo-

7 The PFSS code will be made available on gitlab upon accep-
tance of the manuscript.

lations following the recommendations of M. L. DeRosa

et al. (2015).

We also determine the location of bald patches in the

observed field that are a signature of dipped field lines in

the corona (N. Seehafer 1986; V. S. Titov et al. 1993).

Currents flowing in the corona are likely to result in

dipped field lines. By using the combination of the skele-

ton of the potential field and the observed bald patches,

we can determine most of the locations that could be

expected to exhibit signs of reconnection in the corona.

The magnetic skeleton consisting of coronal null points

and their topological features as well as open field foot-

points is reconstructed at one time step, i.e., in the mid-

dle of each analysis epoch (see Table 1 for details). Bald

patches are identified during all available HMI vector

magnetograms of the analysis intervals and evaluated as

cumulative maps.

4.4.1. Coronal null points and associated topological
structures

Magnetic null points are locations where the magnetic

field vanishes, B = 0. In the vicinity of a null point,

there are two field lines directed toward (away from)

the null, called spine field lines, and a set of field lines

directed away from (toward) the null that lie in a sur-

face, referred to as the fan surface, which separate do-

mains of different connectivity (D. W. Longcope 2005).

The intersection of two fan surfaces is a separator field

line, which is a particularly favorable location for re-

connection. These structures comprise the elements of

the magnetic skeleton associated with the null. The fan

traces (intersection with the lower boundary of the null

separatrix surfaces) are the most likely place to find a

chromospheric signature of null point or separator re-

connection.
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Figure 3. Transient brightenings (in rainbow color, see
Fig. 1 for details) identified during the active epoch of NOAA
AR 11123 on November 12, 2010 overlaid on the radial com-
ponent of the magnetic field Br from the PFSS model at
06:36 UT using spherical harmonics up to degree 2800. TB
hot spot areas are marked in red, areas of lower TB activ-
ity are shown in blue. The building blocks of the magnetic
skeleton are shown: a coronal null point (purple), field lines
in its separatrix surface (lilac), separators (green) and two
spine field lines (purple).

To check if pre-event activity occurs at locations favor-

able for signatures of reconnection, we locate null points

in the PFSS model using the approach of A. L. Haynes

& C. E. Parnell (2007), then determine the other ele-

ments of the magnetic skeleton based on the approach

of A. L. Haynes & C. E. Parnell (2010). Figure 3 illus-

trates the magnetic skeleton associated with a single null

point within NOAA AR11123 on November 12, 2010 to-

gether with the detected transient brightenings in color.

The majority of TBs during this epoch occur within the

null point dome.

Determining the magnetic topological skeleton for a

specific AR is a rather complex task, as numerous coro-

nal null points, especially low-lying ones associated with

quiet Sun magnetic fields are present everywhere on the

Sun. Identifying the relevant topological features within

our active-region-sized FOVs is therefore key. The fol-

lowing approach is used: First, null points are located

in the full coronal volume above the AR, and their spine

field lines are traced. Next, the remaining elements of

the magnetic skeleton (fan surfaces and separators) are

determined for null points that have at least one spine

end in the vicinity of a TB. Separators from these nulls

are used to determine a second set of null points for

which elements of the skeleton are also determined.

Figure 4. Same as Figure 3 but showing open field foot-
points (rose-pink) as the topological feature of interest.

4.4.2. Open field footpoints

The boundary between open and closed field is a sep-

aratrix surface, and thus another possible location for

signatures of reconnection. To determine the footpoints

of open magnetic field, we initiate field lines on a regu-

lar longitude-sin(latitude) grid covering the entire source

surface, and trace them down to their intersection with

the lower boundary. Figure 4 shows open field foot-

points of the PFSS extrapolation of AR 11123 at the

center of the active epoch on November 12, 2010. The

high spherical harmonic degree used is the reason for

the patchiness in the areas of open field as small spatial

scale opposite polarity features are resolved and result

in small areas of closed field within otherwise open ar-

eas. The boundaries of the open flux footpoints do not

show an obvious correspondence with the TBs.

4.4.3. Bald Patches

Bald patches are segments of a polarity inversion line

(PIL) where the horizontal field is directed from the neg-

ative to the positive polarity of the radial field (e.g., N.

Seehafer 1986; V. S. Titov et al. 1993; V. S. Titov & P.

Démoulin 1999):

Bh · ∇hBr|Br=0 > 0. (7)

Such regions indicate the presence of dips in the overly-

ing magnetic field lines. The field line connectivity is dis-

continuous across a bald patch PIL, hence the bald patch

separatrix surface, threaded by field lines that originate

in the bald patch, is a potential site of reconnection and

thus an interesting topological feature to consider for

TBs. By looking for bald patches in the observed field,

we circumvent the need to model the coronal field. How-

ever, we are unable to determine the footpoints of the
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Figure 5. Same as Figure 3 but showing bald patches (light
pink contours) as the topological feature of interest.

field lines in the bald patch separatrix surface which lie

away from the PIL.

The existence of a bald patch is consistent with the

presence of a twisted magnetic flux rope in the corona

above. However, bald patches are not unique to flux

ropes - even potential fields can contain bald patches

and flux ropes may have very small bald patch at the

photosphere. Here, we mostly focus on bald patches sim-

ply as a potential site for reconnection, without trying

to determine whether a flux rope is present.

We use IDL’s contour procedure to return points along

the PIL, then check at each point whether the direc-

tion of the horizontal field satisfies the bald patch cri-

terion. We restrict our analysis to points at which the

confidence in the disambiguation of the magnetic field is

large8, and hence the inferred direction of the horizon-

tal field is more reliable. Figure 5 shows the locations of

magnetic bald patches as light pink contours on top of a

colored TB heat map for November 12, 2010 illustrating

promising spatial agreement between the two.

4.5. The Broader Magnetic Landscape

Complementing the coronal magnetic topological

skeleton, we place the TBs into the broader magnetic

landscape through the analysis of the vector components

of the photospheric magnetic field, as provided by HMI.

Here we focus on two (of many, c.f. K. D. Leka & G.

Barnes (2003); K. D. Leka et al. (2018); M. K. Geor-

goulis et al. (2021)) ways of characterizing the locally

stored excess magnetic energy and propensity for mag-

netic reconnection (K. D. Leka et al. 2025). We evalu-

ate the R parameter (C. J. Schrijver 2007), a measure

8 conf disambig=90 in the HMI series hmi.B 720s.

Figure 6. Average excess magnetic energy density ρe (top)
and average magnetic flux in strong-gradient PIL areas r
(bottom) for AR 11123 on November 12, 2010 during the
active epoch. The pink contours outline all transient bright-
enings detected over the same textbfanalysis interval.

to identify strong-field, high-gradient polarity inversion
lines which are proxies of (near-) photospheric electrical

currents. R is defined as total unsigned magnetic flux

within ∼ 15 Mm of strong-field, high-gradient PILs; fol-

lowing K. D. Leka et al. (2018), we compute R using

physical distances rather than a static number of pix-

els as was done originally. A Gaussian-weighted mask

of distance from the strong-gradient PILs is multiplied

by the magnetic flux at each pixel (“p”) ϕp to define a

density (the spatial integral of which is R) against which

we can compare the spatial association of r(p) with the

TBs.

The photospheric excess magnetic energy density ρe
(K. D. Leka & G. Barnes 2003) is defined as the differ-

ence between the observed Bo and the potential fields

Bp on a pixel-by-pixel basis

ρe(p) = (Bp(p)−Bo(p))2/8π , (8)
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and therefore represents an estimate of the energy avail-

able for solar energetic events. The total excess energy

Ee =
∑

ρe dA computed over the active region, consis-

tently ranks as one of the best single-performing param-

eters in discriminating flare-imminent from flare-quiet

active regions, indicating that active regions with sub-

stantial magnetic “free energy” are more likely to pro-

duce major solar flares (K. D. Leka & G. Barnes 2007;

B. T. Welsch et al. 2009; M. G. Bobra & S. Couvidat

2015; K. Florios et al. 2018).

Both parameters provide complementary information

to the topological features introduced in Sec. 4.4 which

are based on the evaluation of a potential field. For ex-

ample, neither bald patches nor fan traces of coronal null

points are required to be associated with strong-gradient

PILs, as is the R parameter. The excess magnetic energy

density is a measure with respect to the potential field,

therefore it is not available by the information from the

skeleton itself.

We calculate average maps of both parameters using

all available HMI vector magnetograms over the analy-

sis intervals of each epoch. Figure 6 shows an example

of the excess energy density ρe(p) (top) and the spa-

tial map of flux that would contribute to R, or the r(p)

“density” (bottom), of NOAA active region 11123 on

November 12, 2010, during the active epoch. The pink

contours outline the detected TBs during the same anal-

ysis interval. Some TB clusters are co-spatial with the

high values of ρe(p) and r(p), indicating the availabil-

ity of energy in magnetic configurations known to be

associated with magnetic reconnection.

5. RESULTS

In the following, qualitative comparisons between

transient brightenings, their location within the mag-

netic skeleton, and magnetic and plasma environments

are shown for three events of interest including their

matched quiet epochs (Table 1). This serves as an

overview of regimes that are considered; detailed quan-

titative comparisons for a large statistical sample will be

presented in a future paper of the series.

5.1. October 16, 2010

The M2.9 flare occurring in NOAA AR 11112 on Octo-

ber 16, 2010 has been classified as circular-ribbon flare,

starting at 19:07 UT, and reaching its peak intensity

at 19:12 UT (J. Chen et al. 2020). Figure 7 shows the

GOES/XRS soft X-ray flux evolution for an extended

time period around this flare to illustrate the selection

of the different epochs transient brightenings are stud-

ied in. Highlighted in blue is the pre-flare, active epoch,

and two time periods prior to (after) the active epoch,

i.e., the pre-event (post-event) quiet epochs in orange.

Figure 8 illustrates transient brightening activity to-

gether with the topological skeleton and the magnetic

environment during the active epoch (middle column)

and the quiet epochs (left column: pre-event quiet, right

column: post-event quiet). The first row shows the re-

sults of the clustering algorithm DBSCAN applied to

the TB heat maps of each epoch. Different colors repre-

sent different clusters of TBs identified by the method.

The golden contour in the middle panel represents the

flare ribbons identified during the flare rise time (i.e., the

time period from GOES soft X-ray flare start to peak

time). In addition to the main semi-circular flare ribbon,

a remote ribbon associated with the scattered positive

fluxes in the facular region to the West is observed (J.

Chen et al. 2020). The active epoch is characterized by

the appearance of multiple TB clusters of varying sizes,

ranging from a few to several tens of arcseconds. One

large cluster clearly exceeds the size of the others, and

it is co-spatial with later flare ribbons in the core of

the active region. TBs are not observed at the remote

flare ribbon. While the quiet epochs show even more

TB clusters compared to the active epoch, they are all

smaller in size. No systematic differences in the cluster-

ing behavior between the two quiet epochs is identified.

The second row of Figure 8 shows the location of

transient brightenings as a heat map together with the

magnetic topological skeleton, consisting of coronal null

points, their spines and fan traces, open field footpoints

and bald patch locations (see figure legend). For all

epochs, the majority of TBs occur within or close to

the fan traces of the central null domes. For the active

epoch, the largest cluster partially lies within a fan trace,

but in close proximity to its border. It contains the only

two compact hot spot areas (defined as TBs detected for

more than half of the time within the epoch, indicated in

red) observed within the FOV. Both hot spot areas are
co-spatial with bald patches. Most of the other, smaller

TB clusters during this epoch occur within fan traces

of nulls and are sometimes co-spatial with bald patches.

During the quiet epochs, the majority of TBs occur as

well within or in close proximity to fan traces, some are

co-spatial with PILs that exhibit short, spatially inter-

mittent lengths of bald patches, while a few show no

correspondence to a topological feature at all; it may be

that some TBs that do not correspond to any topologi-

cal feature are associated with the intersection of a bald

patch separatrix surface away from the PIL, which we do

not locate (see §4.4.3). We note that more, compact TB

clusters are observed in quiet epochs compared to the

active one but not more hot spot areas. Most of these

clusters are co-spatial with bald patches or fan traces,

or both but a systematic pattern could not be identi-



11

Figure 7. Overview of the analysis epochs for the October 16, 2010 event. GOES/XRS soft X-ray 1–8Å time evolution during
the time period of interest. The colored areas indicate the active epoch (blue; during the pre-flare phase of the associated M2.9
flare), as well as pre- and post-event quiet epochs (orange). We note that flares below C-class are not considered as events.

fied. The footpoints of spine field lines do not seem to

be preferential locations for TBs in any analyzed epoch.

No open field regions of interest are present within the

field-of-view of this active region during the investigated

epochs.

The third and fourth rows of Figure 8 show the excess

magnetic energy density ρe(p) and the magnetic flux

in strong-gradient PIL areas r(p). For all the epochs,

the majority of TBs do not correspond to high-ρe(p)

values. However, the largest TB cluster for the active

epoch almost fully encloses the high-ρe(p) area, and we

note the spatial agreement of a big cluster in the post-

event quiet epoch with the largest values of ρe(p). This

is slightly different for r(p), where some small clusters

during the quiet epochs match locations of interest of the

parameter as well. But also here, the majority of TBs

do not spatially co-align with strong-gradient PIL areas.

Good spatial agreement with high-r(p) areas is found for
the largest TB cluster during the active epoch. Hot spot

areas do not seem to occur at preferred locations of these

parameters.

Figure 9 shows the plasma environment of AR 11112

during the three analysis epochs in the form of average

emission measure (first row), density (second row), and

emission-weighted temperature (third row). During the

quiet epochs, the majority of TBs occur in regions of

enhanced emission measure (∼ 1028cm−5), but not in

the highest ones. Similarly, most TBs occur in areas

with unremarkable values of temperature and density,

averaging ∼ 3MK and ∼ 7.0 × 108cm−3. Smaller clus-

ters associated with low emission measure locations also

exist. During the active epoch, the highest emission

measure and temperature values over the investigated

analysis intervals are observed. These regions are asso-

ciated with the large cluster of TBs. Parts of this clus-

ter correspond to either hot (> 4.0MK) or dense regions

(> 1.0 × 109cm−3), indicative of plasma accumulation

and plasma heating. Again hot spot areas or locations of

enhanced activity of transient brightenings are not ex-

ceptional locations in terms of emission measure, density

or temperature.

5.2. November 12, 2010

NOAA AR 11123, that newly emerged on November

10, 2010, is part of AR complex HARP 245 that also

includes magnetically connected AR 11121 that is at this

point already decaying. Here, we investigate the C1.5

flare of AR 11123 on November 12, 2010 that starts at

07:59 UT and reaches its maximum at 08:11 UT. Since

no major precursor activity was detected in AR 11121

during the analysis intervals we only focus on AR 11123.

Figure 10 shows the time evolution of the GOES/XRS

soft X-ray flux in 1–8Å around the time of the flare,

indicating the analysis intervals for the active and post-

event quiet epoch. Due to enhanced flaring activity prior

to the active epoch, no valid pre-event quiet epoch could

be selected.

Figure 11 shows transient brightening activity for the

active and the post-event quiet epoch in relation to the

topology of the active region and its magnetic environ-

ment. During the active epoch, transient brightening

clustering at the future flaring location is observed. The

largest cluster identified by DBSCAN (blue) is co-spatial

with ribbons during the flare’s rise time (Fig. 11, first

row, left). Comparing the TB heat map with the mag-

netic skeleton reveals that TB hot spots occur in the

vicinity of an extended bald patch contour, within a big

null point dome footprint (Fig. 11, second row, left).

In terms of the magnetic environment, the majority of
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Figure 8. Transient brightenings together with the magnetic skeleton of the active region and the magnetic environment for
the active epoch in AR 11112 on October 16, 2010 prior to a M2.9 flare (middle column; 17:07–19:03 UT) and two matched
quiet epochs, one prior to the event (left column, pre-event quiet, i.e., 13:00–14:56 UT) and one after the event (right column,
post-event quiet, i.e., 21:12–22:08 UT). First row: DBSCAN clustering results of the cumulative TB map during each epoch.
Each identified cluster appears in a different color, light rose pixels indicate noise, not corresponding to any cluster. The radial
component of the magnetic field Br of the vector magnetogram is plotted in the background for reference. The golden contour
in the middle panel outlines the flare ribbons during the rise time of the associated flare. Second row: Transient brightenings
(in rainbow color, see Fig. 1 for details) together with elements of the magnetic skeleton of the host active region (see legend).
The reconstruction time of each skeleton is listed in Table 1 for each epoch. The radial component of the magnetic field Br from
the PFSS model using spherical harmonics up to degree 2800 is plotted in the background. Third row: Excess magnetic energy
density ρe(p) averaged over the two-hour analysis intervals of the different epochs. The pink contours outline the cumulative
TB map during each epoch. Fourth row: Magnetic flux in strong-gradient PIL areas r(p) averaged over the two-hour analysis
intervals of the different epochs. The pink contours outline the cumulative TB map during each epoch.
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Figure 9. Transient brightenings together with the plasma environment for the active epoch in AR 11112 on October 16, 2010
prior to a M2.9 flare (middle column; 17:07–19:03 UT) and two matched quiet epochs, same as in Fig. 8 (left column: pre-event
quiet epoch, i.e., 13:00–14:56 UT; right column: post-event quiet epoch, i.e., 21:12–22:08 UT). DEM reconstructed emission
measure (first row, in log), density (second row) and temperature (third row) averaged over the two-hour analysis intervals of
the different epochs. The black contours outline all TBs detected during each epoch, respectively.

Figure 10. Overview of the analysis epochs for the November 12, 2010 event. GOES/XRS soft X-ray 1–8Å time evolution
during the time period of interest. The colored areas indicate the active epoch (blue; during the pre-flare phase of the associated
C1.5 flare) and the post-event quiet epoch (orange). No valid pre-event quiet epoch could be identified for this event.
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Figure 11. Same as Fig. 8 but for the active epoch in AR 11123 on November 12, 2010 prior to a C1.5 flare (left column;
05:59–07:55 UT) and one matched quiet epoch after the event (right column, post-event quiet, i.e., 15:48–17:44 UT). No valid
pre-event quiet epoch could be identified for this event.

TBs cluster around regions of high-value ρe(p) and r(p)

(Fig. 11, third and fourth row, left).

During the post-event quiet epoch, more individual

TB clusters are identified but they are smaller, all of sim-

ilar size and appear at random locations within the FOV

of the active region (Fig. 11, first row, right). These

smaller TB clusters also appear within a similar bigger

null point dome structure, close to locations of short

and intermittent bald patch segments (Fig. 11, second

row, right). Smaller-scale areas of enhanced activity oc-

cur but they are not hot spots, compared to the active

epoch. Regarding the magnetic environment, TBs dur-

ing the post-event quiet epoch show no spatial corre-

spondence with areas of increased excess magnetic en-

ergy ρe(p) (Fig. 11, third row, right) or flux-enhanced re-

gions of strong-gradient polarity inversion lines (Fig. 11,

fourth row, right). For both epochs, open field areas

are located outside of the big separatrix surface to the

North, but no TBs occur at these locations (Fig. 11,

second row).
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Figure 12. Same as Fig. 9 but for the active epoch in AR 11123 on November 12, 2010 prior to a C1.5 flare (left column;
05:59–07:55 UT) and one matched quiet epoch after the event (right column, post-event quiet, i.e., 15:48–17:44 UT). No valid
pre-event quiet epoch could be identified for this event.

Figure 12 shows the plasma environment of AR 11123

together with transient brightening locations. The

largest cluster identified during the active epoch is co-
spatial with the highest emission measure regions, which

enclose high density (> 1.0×109cm−3) and temperature

(> 5 MK) areas. The elongated high temperature region

is partially co-spatial with the fan trace of a coronal null

point identified within the skeleton. While a similar, but

smaller high-temperature region is observed in the post-

event epoch, no TBs are occurring there. The smaller

TB clusters appear mostly at enhanced emission mea-

sure areas (∼ 5×1028cm−5), but do not match particular

regions-of-interest in terms of density and temperature.

5.3. September 6, 2011

The X2.1 flare event in NOAA active region 11283 on

September 6, 2011 starts at 22:12 UT and reaches its

peak around 22:20 UT. It is the only event being ex-

amined that features an extended period of non-flaring

activity before the flare itself. This allows for a sequen-

tial analysis of TBs during the quiet periods leading up

to the active epoch (see Table 1 for details). Figure 13

illustrates the selection of active (blue) and sequential

pre-event (green, and orange-green) as well as post-event

quiet epochs (orange) for the event under study. Fig-

ure 14 shows the evolution of TB heat maps over ap-

proximately 8 hrs on September 6, 2011, with panels

(a-c) showing consecutive pre-event quiet epochs and

panel (d) showing the active epoch. In the early stages

of this time sequence (panels a,b), there is no clear spa-

tial pattern to the TBs, but over time a distinct gradual

shift and clustering of TBs towards the strong-field po-

larity inversion line and the future flare location can be

observed (panels c,d).

Figure 15 provides further details on this change in

transient brightening behavior by investigating TBs in

the context of the magnetic skeleton of the active re-

gion, and the magnetic environment for the active epoch

(middle column) and two matched quiet epochs (left col-

umn: pre-event quiet; right column: post-event quiet).
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Figure 13. Overview of the analysis epochs for the September 6, 2011 event. GOES/XRS soft X-ray 1–8Å time evolution
during the time period of interest. The colored areas indicate the active epoch (blue; during the pre-flare phase of the associated
X2.1 flare), the consecutive pre-event quiet epochs leading up to it (in green and orange/green, labeled QE #1-3) and the
post-event quiet epoch (orange). For the magnetic skeleton, magnetic and plasma environment analysis QE #2, the active
epoch and the post-event quiet epoch are used.

Comparing the different epochs, it becomes evident that

the largest TB cluster occurs during the active epoch

(first row, middle panel) and it occurs in close proxim-

ity to the rise time flare ribbons (first row, middle panel,

golden contours) within separatrix surfaces in the cen-

ter of the active region (second row, middle panel). This

cluster shows multiple, extended areas of enhanced ac-

tivity (second row middle panel) and it encloses all of

the enhanced high-ρe(p) area (third row, middle panel)

and the majority of high-r(p) areas (fourth row, mid-

dle panel). During the active epoch, in addition to this

large cluster, a few more smaller clusters appear. Three

of them are associated with enhanced TB activity. All

of these clusters are co-spatial with fan traces of isolated

nulls and smaller bald patch contours, but occur in re-

gions of low-ρe(p) and low-r(p). Some small-scale TBs

that do not show any correspondence to inferred topo-

logical features or regions-of-interest in the magnetic en-

vironment also occur. The pre- and post-event quiet

epochs are characterized by only smaller-scale clusters

that are all associated with enhanced activity, some are

hot spot areas. None of them are co-spatial with loca-

tions of enhanced values of the excess magnetic energy

density ρe(p) and the magnetic flux in strong-gradient

PIL areas r(p).

In all three epochs, next to various short, intermit-

tent bald patches in weaker magnetic field regions, we

find a coherent, long bald patch segment close to the

primary strong-field PIL (Fig. 15, second row). For the

active epoch, the longer segment spatially matches the

largest cluster of TBs, while for the quiet epochs only a

small fraction of the TBs are observed near this longer

bald patch segment. We interpret this long, coherent

bald patch as signature of a magnetic flux rope, as it is

co-spatial with a hot sigmoid observed in 94Å and co-

spatial with a twisted flux rope found in Non-Force-Free-

Field extrapolations by A. Prasad et al. (2020). Open

magnetic field regions are present in all three epochs

but are very small in extent and very localized to the

strong negative polarity region in the center of the ac-

tive region. No transient brightenings are observed in

the vicinity of open field, leading us to conclude that no

small-scale reconnection between open and closed field

lines occurred during these epochs.

Figure 16 shows transient brightenings in the context

of the plasma environment. The large TB cluster during

the active epoch partially encloses high emission mea-

sure areas (> 1028cm−5), indicating in this particular

case plasma heating (up to 6MK). During the pre-event

quiet epoch the majority of TBs occur in enhanced emis-

sion measure regions (∼ 5.0×1028cm−5), that are mod-

erately dense (∼ 8 × 108cm−3) but cooler compared to

other structures within the active region (< 3.5MK). A

few TB clusters exist in low emission measure areas. The

post-event quiet epoch is dominated by ongoing activity

in hot flare loops to the North of the core of the active

region after a previous flare. We note that this area

is co-spatial with the location of coronal nulls and fan

traces of the magnetic skeleton. Transient brightenings

randomly appear in this in general emission-measure en-

hanced post-flare volume, but are not particularly hot.

Figure 17 provides further observational evidence that

the majority of transient brightenings observed during

the active epoch are co-spatial with a hot sigmoid that is

formed in the core of the active region. Two snapshots of

SDO/AIA 1600Å data during the active epoch together
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Figure 14. Evolution of transient brightenings detected over consecutive quiet and active analysis intervals for AR 11283 on
September 6, 2011. The background shows the radial component of the magnetic field Br of the SDO/HMI vector magnetogram,
TB heat maps are shown in rainbow color on top (see Fig. 1 for details). Pre-event quiet epochs at (a) 14:12–16:08 UT (QE#1),
(b) 16:12–18:08 UT (QE#2), (c) 18:12–20:08 UT (QE#3) and the active epoch at (d) 20:12–22:08 UT are shown. A gradual
shift and clustering of TBs towards the strong-gradient polarity inversion line (indicated by the white arrow) can be observed
over time. A X2.1 flare is occurring at 22:12 UT (pink diamond) close to the location of the largest TB cluster in the active
epoch.

with instantaneous TB detections and co-temporal 94

and 304Å images are shown. A spatial correspondence

between the brightenings in 1600Å, flare ribbon-like sig-

natures in 304Å, and the hot sigmoid in 94Å is observed,

indicating that these detected transient brightenings are

related to the formation of the flux rope that becomes

later part of the eruption (A. Prasad et al. 2020). This

is in agreement with plasma heating observed at these

locations during the active epoch as well (see Fig. 16).

5.4. General patterns

In the following we report on general trends in terms of

TB clustering, patterns related to TB occurrence in the

context of the magnetic topological skeleton, as well as

the magnetic and plasma environment that are observed

in all three event cases studied.

Spatial Clustering during Active Epochs—for the active

epoch of each event case under study, there is one dom-

inant, large cluster of transient brightenings, accompa-

nied by smaller-sized clusters. The dominant cluster is

co-spatial with the location of flare ribbons during the

rise time of the associated flare (Figs. 8, 11, 15 first row,

middle panels). For the quiet epochs (including both

pre-event as well as post-event quiet epochs) TB activ-

ity is also observed, but these clusters tend to be smaller

in size and their appearance does not show a clear spatial

pattern (Figs. 8, 11, 15 first row, left and right panels).

Patterns Related to the Topological Skeleton—The major-

ity of transient brightenings, are related to topological

features of the magnetic skeleton of the potential field.

Most of them are observed at bald patches (Fig. 11,

15), and near fan traces of coronal nulls (Fig. 8). We

conclude that TBs present the chromospheric signa-

tures of magnetic reconnection episodes. During active

epochs where coherent, longer bald patches segments ex-

songyongliang
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Figure 15. Same as Fig. 8 but for the active epoch in AR 11283 on September 6, 2011 prior to a X2.1 flare (middle column;
20:12–22:08 UT) and two matched quiet epochs, one prior to the event (left column, pre-event quiet QE#2, i.e., 16:12–18:08 UT)
and one after the event (right column, post-event quiet, i.e., September 7, 2011 00:24–02:20 UT).

ist (Fig. 11 & 15), the largest cluster of TBs is observed

there too, while during quiet epochs some TBs are asso-

ciated with bald patches that are characterized by inter-

mittent, shorter segments. Transient brightenings tend

to occur at bald patch locations, not next to them as

it is traditionally the case for flare ribbons associated

with the main flare reconnection. The large cluster of

TBs found in each active epoch occurs within the sep-

aratrix surface of a null point, although not always in

close proximity to the null fan trace. We note that al-

though open field footpoints also indicate locations for

signatures of reconnection no TBs were observed there.

Patterns related to Magnetic Environment—during active

epochs, transient brightenings tend to occur in regions of

increased excess energy density and close to strong-field,

high-gradient polarity inversion lines prior to solar flares

(Figs. 8, 11, 15, third and fourth rows, middle panels).

On the contrary, during quiet epochs the majority of TB

clusters appear at locations that do not clearly correlate

with areas of enhanced values of these parameters.

Patterns related to Plasma Properties—TBs during active

epochs tend to be associated with the hottest and dens-

est areas within the active region. During quiet epochs,

they still appear in enhanced but not areas of interest

in regards to their emission measure, density or temper-

ature.

6. SUMMARY AND DISCUSSION

This paper examines transient brightenings and their

physical relationship to solar energetic events, providing
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Figure 16. Same as Fig. 8 but for the active epoch in AR 11283 on September 6, 2011 prior to a X2.1 flare (middle column;
20:12–22:08 UT) and two matched quiet epochs, one prior to the event (left column, pre-event quiet QE#2, i.e., 16:12–18:08
UT) and one after the event (right column, post-event quiet, i.e., September 7, 2011 00:24–02:20 UT).

Figure 17. Snapshots of SDO/AIA 1600 (left), 304 (middle) and 94Å (right) images at 21:04 UT (top row) and 21:59 UT (bot-
tom row) showing the occurrence of transient brightenings in the upper photosphere/transition region and their corresponding
signatures in the chromosphere and corona during the active epoch of AR 11283 on September 6, 2011 prior to a X2.1 flare
starting at 22:12 UT. Transient brightenings, indicated by pink contours and a white arrow, are co-spatial with brightenings in
304Å and the signature of a hot sigmoid, visible in 94Å.
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an overview of our planned statistical analysis on their

origins and characteristics in different layers of the solar

atmosphere. TBs, detected in the upper photosphere

and transition region using SDO/AIA 1600Å observa-

tions, are analyzed via a cumulative approach over two-

hour intervals. Heat maps highlight hot spot areas and

clustering behavior that would otherwise be difficult to

identify. Instantaneous TB masks, which detect TBs at

each time step, are also available to study their time evo-

lution and will assist in the parametrization for future

statistical analysis.

The origin of TBs and their potential connection to

the main flaring event is explored by examining their

magnetic environment and the photospheric footprints

of the coronal topological skeleton, including the spines

and separatrices of coronal null points, open field foot-

points, and bald patches. These features are key regions

for magnetic reconnection signatures and are potential

sources of TBs. We investigate whether specific topolo-

gies are more strongly linked to pre-flare TBs compared

to quiet epoch TBs. Additionally, we analyze magnetic

field parameters, such as locations of strong-gradient po-

larity inversion lines and areas of free magnetic energy,

both known for their importance for the main flare pro-

cess. To examine connections with higher layers of the

solar atmosphere, we use Differential Emission Measure

analysis to study plasma properties and heating in the

solar corona.

A key open question regarding precursor phenomena

is their uniqueness. While precursors have been linked

to flaring events in several case studies with known tim-

ing and location (C. Chifor et al. 2007; B. Joshi et al.

2011; Y. Bamba et al. 2017), no study has yet examined

precursor activity in control data (without flaring) or in

a large statistical sample to rule out coincidence. This is

a main goal of this paper series. We analyze TB activity

during quiet epochs of the same active regions to statis-

tically assess their exclusive role in the pre-flare phase.

The methods presented are optimized for large-scale ap-

plications, ensuring speed, automation, and objectivity,

enabling progress beyond single-case studies.

Transient brightenings prior to three case study events

and their quiet epochs are analyzed in this paper for

demonstration purposes. We find that TBs tend to

group in one large cluster close to the future flare lo-

cation and below a null point separatrix surface during

active, pre-event epochs, while they appear in smaller

clusters that do not exhibit a clear spatial pattern dur-

ing the matched quiet epochs. This one large cluster is

co-spatial with areas of enhanced “free” magnetic en-

ergy and locations of strong-gradient polarity inversion

lines, while the smaller clusters during the quiet epochs

are not consistently associated with regions-of-interest of

these parameters. The consecutive study of quiet epochs

leading up to the X-class flare on September 6, 2011 in-

dicates that the appearance of TBs might even gradually

shift towards these flaring-relevant regions-of-interest on

a time scale ∼ 4 hours (Fig. 14).

In terms of plasma environment, this one large clus-

ter is characterized by hotter and denser plasma. We

note that the magnetic field and plasma environments

by themselves do not seem to be unique for active epochs

compared to the quiet epochs as high r(p) or ρe(p) ar-

eas are also identified during quiet epochs, as well as hot

and dense plasma areas (e.g., compare ρe(p) in Fig. 15 or

temperature in Fig. 16). The case study results indicate

that the combined analysis of TBs with their magnetic

and plasma environs might be highly relevant for future

flaring, but the significance of this finding needs to be

tested through statistical analysis.

Another important open question regarding precur-

sors is their causal relationship with solar energetic

events: does such a relationship exist, and if so, what

role do they play in the initiation and triggering of these

events? Causal inference cannot be established through

single-event case studies; however, previous research has

explored the physical role of potential flare precursors

in relation to the magnetic configuration of the host ac-

tive region, laying the groundwork for investigations into

causality.

For example, S. Masson et al. (2009) reports faint

brightenings during the pre-flare phase and suggests

low-energetic pre-flare null-point reconnection to be the

cause. Null-point reconnection is then reported during

the main event in a similar location. This is in agree-

ment with our results for the October 16, 2010 case

where the largest cluster of brightenings occurs close to

a null point fan trace (see Figure 8), co-spatial with the

flare ribbons for this event.C. H. Mandrini et al. (2014)

reports precursor brightenings in SDO/AIA 304 Å co-

located with quasi-separatrix layers, observed near null

point reconnection and the filament, possibly indicating

destabilization. The authors could not clearly distin-

guish between break-out and tether-cutting processes in

the pre-event phase, concluding that filament eruption

and null point reconnection interacted in a positive feed-

back loop.

For the September 6, 2011 event case, the largest TB

cluster is co-spatial with an extended bald patch seg-

ment, indicative of a current channel or magnetic flux

rope. Complementary observations in 94Å further con-

firm its formation and we conclude that TBs are highly

likely to be small-scale reconnection events associated

with its formation. For the November 12, 2010 case,
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the largest cluster prior to the flare is co-spatial with

an extended bald patch contour and occurs near a null

point fan trace. It is unclear which topological feature

is relevant to the main flare event in this case, but it

could be a combination of both.

Transient brightening clustering during active epochs

reported here is observed prior to hot onsets, recently

detected in GOES/XRS (H. S. Hudson et al. 2021; D. F.

da Silva et al. 2023) and Solar Orbiter/STIX data (A. F.

Battaglia et al. 2023). Our TB analysis ends four min-

utes prior to the soft X-ray flare onset time and therefore

a couple of minutes prior to these observations. Hot on-

sets are characterized by enhanced isothermal plasma in

the temperature range of 10–16 MK and show no signs

of gradual increase in temperature, whereas the emission

measure steadily increases by about two orders of mag-

nitude, implying a series of incrementally greater energy

release (H. S. Hudson et al. 2021). At this point, it is

unclear if the TB clustering observed prior to solar flares

is related to hot onsets, and while investigating this link

is scientifically interesting, it is beyond the scope of this

paper.

While some TB clusters are similar in size to UV

bursts discovered by IRIS, others are clearly larger, mea-

suring a few arcseconds. We note that the cumulative

approach used in this study, to a large degree “masks”

the actual size of individual TBs, as multiple events oc-

curring in close proximity are grouped into the same

cluster. We also found that smaller TB clusters, ob-

served during both quiet and active epochs, mostly oc-

cur in less conspicuous areas of the corona in terms

of plasma environment. They are not associated with

plasma heating or accumulation, displaying behavior

like that of UV bursts. In addition, most TBs iden-

tified in our study occur either at bald patches, near

the fan traces of coronal null points, or both – locations

that suggest these are small-scale reconnection events

(e.g. G. Aulanier et al. 1998; P. Démoulin et al. 1999).

Given the good spatial alignment with the photospheric

footprints of these topological features, we therefore con-

clude that the reconnection site for TBs is lower lying,

consistent with the physical interpretation of UV bursts

and further reinforcing the connection between the two

phenomena. However, the relationship between larger

TB clusters during active epochs and UV bursts remains

unclear, as UV bursts have not yet been systematically

examined during the pre-flare phase. We speculate that

there may be two types of TBs: 1) precursors, which

cover a larger area and are co-spatial with specific fea-

tures in the magnetic environment, and 2) signatures of

UV bursts.

7. CONCLUSIONS

The goal of this paper series is to examine whether

small-scale activity observed prior to solar energetic

events – commonly referred to as precursors – are

causally linked to the pre-event phase, or if they simply

represent random activity in the lower solar atmosphere.

This first paper introduces the overarching concept and

methodology for the planned statistical analysis, high-

lighting the following findings based on its application

to a few events:

• Transient brightening activity is observed prior to

solar flares but also during quiet epochs of the

same active regions when not producing any flares.

• Prior to flaring, TBs form a large cluster near the

future flare ribbon site, co-spatial with reconnec-

tion signatures like bald patches and coronal null

point fan traces. They are concentrated around

strong-gradient polarity inversion lines and regions

of increased magnetic energy density.

• TBs observed during quiet epochs in the same ac-

tive regions form smaller, irregular clusters, occa-

sionally linked to short, intermittent bald patches

and fan traces, but mostly located away from

strong-gradient polarity inversion lines and in ar-

eas with low energy density.
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