
A&A, 708, A51 (2026)
https://doi.org/10.1051/0004-6361/202558637
c© The Authors 2026

Astronomy
&Astrophysics

Equipartition field strength on the sunspot boundary

Statistical study
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ABSTRACT

Context. A recent case study of a long-lived sunspot confirmed earlier observational indications that the outer boundary of sunspots is
defined by an invariant value of the magnetic field strength. This property is also found in magnetohydrodynamic sunspot simulations,
which show that this invariant value corresponds to the equipartition field strength.
Aims. We investigated a large sample of sunspots throughout their evolution to statistically assess the magnetic field strength at their
outer boundaries, determine whether it systematically reaches an invariant value, and evaluate possible dependences on sunspot size
and evolutionary phase.
Methods. We automatically processed nearly 1000 active regions observed by the Helioseismic and Magnetic Imager on board the
Solar Dynamics Observatory and identified and tracked 312 unique sunspots. The outer boundary of each sunspot was defined using
a continuum-intensity threshold. For all evolutionary stages, we computed the mean magnetic field strength along this boundary and
its standard deviation.
Results. Across the sample, the mean magnetic field along the boundary decreases during formation, reaches a minimum during
the stable phase, and increases again during decay. For sunspots with a fully developed penumbra, this minimum is remarkably
consistent, with a value of 605 ± 27 G. The standard deviation of the magnetic field exhibits a similar temporal evolution, and its
minimum provides an additional diagnostic of penumbral maturity: fully developed penumbrae correspond to σB / 200 G, whereas
higher values indicate either forming or decaying structures. For sunspots with fully developed penumbrae, the mean B value at their
boundaries varies weakly with sunspot size; larger sunspots tend to have stronger B.
Conclusions. The results demonstrate that fully developed sunspots systematically reach an invariant magnetic field strength value,
namely the equipartition field strength, at their outer boundary. The temporal evolution of the mean field and its spatial variability
along the boundary provides a robust diagnostic of sunspot formation, stability, and decay.
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1. Introduction

The morphological appearance of sunspots is defined by the
interaction between convective motions and the magnetic field.
Sunspot umbrae are regions in which the vertical component of
the magnetic field exceeds a critical value (Bcritical

ver ) that is about
1.8 kG (Jurčák 2011; Jurčák et al. 2018; Schmassmann et al.
2018). These observational findings agree with theoretical work
studying stability against overturning convection in the pres-
ence of magnetic field as Gough & Tayler (1966) derived
Schwarzschild’s convective stability criterion for compressible
gases, including the stabilising effect of the magnetic field. In
the simplest form, the Gough & Tayler criterion for stability is
given by

1
Γ1
−

d ln ρ
d ln p

<
B2

ver

B2
ver + 4πΓ1 p

, with Γ1 =

(
d ln p
d ln ρ

)
ad
, (1)

where Γ1 is Schwarzschild’s first adiabatic exponent, ρ is the
density, p is the pressure, and Bver is the vertical component of
the magnetic field. Once Bver < Bcritical

ver , the overturning convec-
tion sets in and can operate, but it is still affected by the magnetic
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field. The Gough & Tayler criterion in sunspot simulations was
investigated in detail by Schmassmann et al. (2021).

In sunspots, umbrae are surrounded by penumbrae, in which
the horizontal component of the magnetic field is sufficiently
strong to shape the convective cells into elongated filaments.
This results in the formation of the so-called uncombed struc-
ture of the penumbra (Solanki & Montavon 1993), in which the
background magnetic field of the opening sunspot magnetic fun-
nel is mixed with horizontal fields contained within the filaments
of convective origin (Tiwari et al. 2013).

Recently, Schmassmann et al. (2026) confirmed that the
outer sunspot intensity boundary is well defined by a con-
stant magnetic field strength value of about 625 G. On the
other hand, from magnetohydrodynamic (MHD) sunspot sim-
ulations, Jurčák et al. (2020) found that this constant field cor-
responds to the equipartition field. This value is comparable
to the estimates of the equipartition field strength estimated
from MHD simulations of the solar photosphere (Rempel 2014).
Schmassmann et al. (2026) thus confirmed two previous obser-
vational studies by Wiehr (1996) and Kálmán (2002), who found
indications that the outer sunspot intensity boundary matches the
iso-contour of the equipartition field strength.

From a theoretical standpoint, the equipartition field corre-
sponds to the magnetic field strength at which the magnetic
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Fig. 1. Comparison of the original HMI
continuum intensity (left) and its deconvolved
version (right) for NOAA AR 11084 (HARP 71
dataset), observed on 2010 July 2 at
04:00:00 UT. The red and blue contours
correspond to 0.5 and 0.9 of the original
continuum intensity, respectively, and the
dashed yellow and green contours indicate the
same levels in the deconvolved image. The
colour bars are identical in the two panels.

energy density equals the kinetic energy density of the mov-
ing plasma. This condition marks a natural transition between
flow-dominated dynamics and regimes in which the magnetic
fields play the leading role. Under this assumption, we obtain
Beq =

√
4πρ v, where ρ denotes the mass density, and v is the

characteristic plasma velocity.
The theory of the equipartition field strength therefore

implies that outer sunspot boundaries should correspond to
Beq. Numerous studies have investigated the magnetic proper-
ties of sunspots using azimuthal averages of magnetic parame-
ters (see e.g. Westendorp Plaza et al. 2001; Borrero et al. 2004;
Bellot Rubio et al. 2004; Beck 2008; Borrero & Ichimoto 2011).
These studies consistently showed that the magnetic field
strength reaches its maximum in the umbral core and decreases
radially outward. Depending on the data and method, the
azimuthally averaged magnetic field strength at the outer sunspot
boundary varies, but is typically found to be about 800 G.
This value is comparable to the estimates of equipartition field
strength in the solar photosphere for typical densities and veloc-
ities expected there. However, based on these studies, no direct
relation between the outer sunspot boundary and Beq was estab-
lished.

The analyses pointing out the similarity of B at the sunspot
boundary to Beq were either based on a few vector magnetograms
of a complex active region (Kálmán 2002) or on a long time
series of a stable simple sunspot (Schmassmann et al. 2026). We
note that Wiehr (1996) inferred on Beq using spectroscopic data
alone, without performing any inversion. Therefore, it is nec-
essary to confirm these previous observational findings using a
statistical approach. This is now feasible based on the extensive
archives of consistent space-based observations.

The source code we used in this work is publicly available in
the GitHub repository solar-feature-contour-tracking1,
released under the MIT license. This ensures full reproducibility
of the data processing and statistical analysis described in this
study.

2. Data selection and processing

We analysed a large set of solar active regions using data from
the Helioseismic and Magnetic Imager (HMI; Scherrer et al.
2012; Schou et al. 2012) on board the Solar Dynamics Obser-
vatory (SDO; Pesnell et al. 2012). Our dataset includes all HMI
Active Region Patches (HARPs) with IDs between 1 and 1500,
yielding 837 time series, supplemented by additional previously
collected datasets. In total, we gathered 974 candidate regions,

1 https://github.com/Sirrah91/
solar-feature-contour-tracking

encompassing a broad range of sunspot and pore activity. For
each region, we used the HMI observables of the continuum
intensity Ic and the magnetic field strength B.

The HMI observes the Fe i 617.3 nm photospheric spectral
line, sampling it at six wavelength positions across the line pro-
file with an effective spectral resolution of approximately 76 mÅ.
The magnetic field strength B used in this study corresponds
to the total field inferred from these filtergram measurements
through the Very Fast Inversion of the Stokes Vector (VFISV), a
Milne–Edington inversion code (Borrero et al. 2011). This inver-
sion yields a magnetic field strength representative of the forma-
tion region in which the line is most sensitive.

The continuum intensity was corrected for limb darkening by
applying the fifth-order polynomial in the cosine of the heliocen-
tric angle µ using coefficients published by Pierce & Slaughter
(1977, Table IV, wavelength 660.4 nm). After correction, the
intensity was normalised by the median intensity of the quiet
Sun, defined as the intensities outside magnetically active
regions (i.e. B < 500 G) and within the range 60–95% of the
maximum continuum intensity. This avoids contamination by
bright points or low-contrast network features.

To enhance the spatial resolution and remove instrumental
degradation, the processed observations were passed through
the deep-learning-based deconvolution algorithm developed by
Korda et al. (2025). This model incorporates the precise HMI
point-spread function and realistic noise synthesis, restoring the
image quality to a level comparable with that of Hinode’s Solar
Optical Telescope Spectro-Polarimeter (SOT-SP; Tsuneta et al.
2008; Lites et al. 2013). Figure 1 illustrates the improvement,
showing the original HMI continuum intensity alongside the cor-
responding deconvolved output produced by the neural network.
The subsequent identification, tracking, classification, and anal-
ysis of sunspots and magnetic structures were carried out using
these deconvolved observations. All datasets were analysed at a
uniform temporal cadence of one hour.

2.1. Initial detection and sunspot definition

We detected the sunspots on the enhanced continuum-intensity
maps produced by the neural network deconvolution model.
These maps, derived from HMI observables corrected for limb
darkening, allowed us to identify the fine structure in active
regions more accurately.

Two fixed intensity thresholds were used to delineate dark
solar features: regions with 0.5 < Ic/Ic

QS ≤ 0.9 were classified
as penumbrae, and regions with Ic/Ic

QS ≤ 0.5 were identified as
umbrae. To eliminate spurious or transient features, only regions
with a minimum area of about 0.25 Mm2 and a minimum lifetime

A51, page 2 of 10

https://github.com/Sirrah91/solar-feature-contour-tracking
https://github.com/Sirrah91/solar-feature-contour-tracking


Korda, D., et al.: A&A, 708, A51 (2026)

of 3 hours were retained. This ensured that only well-defined per-
sistently trackable features were included in the analysis.

All regions meeting these criteria were stored, including
small pores and irregular fragments, to enable future studies
beyond the current scope. For this work, we exclusively focused
on sunspots, which are defined as contiguous penumbral struc-
tures that may enclose no or several umbral cores. The defin-
ing boundary of a sunspot was taken to be the outer penumbral
contour. Bright structures enclosed within this boundary, such as
light bridges or trapped granulation, were considered part of the
penumbra. Each detected sunspot was assigned a unique identi-
fier and tracked consistently throughout its observed evolution.

This definition allowed us to unambiguously separate umbral
and penumbral areas, even in morphologically complex or frag-
mented regions. It also enabled a consistent statistical treatment
throughout the sunspot lifetime.

2.2. Sunspot filtering and phase segmentation

We applied additional filters to the full set of detected and
tracked sunspot candidates to select only once-mature and
well-defined sunspots for analysis. Specifically, a region was
retained when it satisfied both of the following criteria: (1) The
umbra persisted for at least 30 hours, ensuring that short-lived
or marginal features were excluded. (2) The penumbral area
exceeded about 250 Mm2 (sunspot diameter about 27′′) in at
least one observation during its evolution, filtering out pores
and fragmentary structures. For comparison, the penumbral area
shown in Fig. 1 equals 351 Mm2. When a sunspot temporarily
split into multiple parts and then re-formed, the fragments were
considered part of the same evolving feature as long as the time
gap between disappearance and reappearance was shorter than
3 hours. When the gap exceeded this threshold, the reappearing
feature was assigned a new identifier. This criterion helped us
to maintain continuity in the presence of transient segmentation
events while ensuring that truly distinct features were treated
separately. To avoid projection effects, sunspot observations at
µ < 0.4 (i.e. closer than ≈24◦ to the limb) were discarded
from the further analysis. After we applied these filters, the final
dataset comprised 312 unique sunspots tracked across a total of
43 190 frames.

To segment the temporal evolution of each sunspot into for-
mation, stable, and decaying phases, we fitted a piecewise linear
model to the time series of the total magnetic flux, normalised
by its maximum value. The model complexity was increased
gradually by allowing an increasing number of linear segments,
starting from a single-segment base model. At each step, a can-
didate model with m segments was compared to the previously
accepted model with n segments and was only accepted when its
mean squared error was reduced by a fraction 0.5 ×

(
1 + m−n−1

5

)
or more relative to the most recent accepted model. The mod-
els were tested sequentially up to a maximum of ten segments,
with the constraint m ≤ n + 5. The relaxed acceptance criterion
for additional segments allows the algorithm to capture more
complex temporal behaviour, such as multiple magnetic merg-
ing events, without immediately favouring overfitted solutions.
When none of the tested candidates met the criterion, the previ-
ously accepted model was retained as optimal. On average, 2.8
segments were sufficient to capture the evolutionary trend.

Each fitted segment was then classified according to its slope
k, using an empirically determined threshold of |k| ≤ 0.00225 h−1

to define a stable phase. Segments with k > 0.00225 h−1 were
classified as formation, while those with k < −0.00225 h−1

were classified as decaying. Segments shorter than 3 hours were

ignored to avoid fitting noise or short-term artefacts due to detec-
tion uncertainties.

3. Results and discussion

For every sunspot and at every time step, we extracted the con-
tour corresponding to the quiet-Sun penumbra intensity thresh-
old (Ic/Ic

QS = 0.9) and evaluated the mean magnetic field
strength 〈B〉 along this boundary. Each contour therefore pro-
vides one measurement of the penumbral boundary field. To
ensure a consistent comparison across the solar disc, we applied
the foreshortening correction of the pixel area and point-density
correction using

〈B〉 =

∑
i

Bi dsi/µi∑
i

dsi/µi
, (2)

where i indexes the sampled points along a given contour,
each associated with a magnetic field value Bi, dsi is the arc-
length element corresponding to the spacing between neighbour-
ing sampled points along the contour, and µi is the cosine of
the heliocentric angle at the position of point i. The contour
points were sampled using linear interpolation of the underly-
ing observables, with a maximum point spacing of 0.5 px along
the contour. This procedure ensured a faithful representation of
the contour geometry and sufficient point density to accurately
compute the mean magnetic field along the boundary.

3.1. Statistical properties of the penumbral boundary field

From the time series of 312 sunspots, we obtained 43 190 indi-
vidual quiet-Sun penumbra boundary measurements, spanning
the three evolutionary phases (forming, stable, and decaying).
This large statistical sample allowed us to quantify not only the
typical magnetic field strength at the penumbral boundary, but
also the evolution of its distribution throughout the sunspot life-
time.

3.1.1. Boundary magnetic field distribution

The distributions of the mean magnetic field strength 〈B〉 on
the penumbral boundary (see Fig. 2) rise steeply towards their
modal values, followed by a comparatively slow decline. This
behaviour is observed in all evolutionary phases.

During the fast forming phase (18% of the contours), many
penumbrae are incomplete or irregular. Local variations along
the contour, caused by incomplete or merging penumbral seg-
ments, broaden the 〈B〉 distribution. In addition, parts of the
Ic/Ic

QS = 0.9 contour may lie close to the umbra, sample intrin-
sically stronger fields, and produce a high-field tail.

During the stable phase (41% of the contours), penum-
brae are typically clearly separated from the umbra and are
largely uniform, resulting in a relatively narrow 〈B〉 distribution.
Nonetheless, a modest high-field tail persists, arising from quasi-
stable sunspots or partially developed penumbrae, where parts
of the Ic/Ic

QS = 0.9 contour still sample stronger fields near the
umbra. Despite these occasional high-field excursions, the bulk
of the measurements is concentrated around 〈B〉mode ≈ 629 G,
providing a direct indication of an invariant field around sta-
ble sunspots. We note that the 〈B〉mode agrees very well with the
recent result of Schmassmann et al. (2026).

To obtain a clean estimate of the invariant field around
sunspots with fully developed penumbrae, we further filtered the
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Fig. 2. Histograms of 〈B〉 for the three evolutionary phases, together
with a reference histogram constructed from stable-phase observations
whose boundary σB is below 130 G. A Gaussian fit to this high-stability
subset provides an estimate of the magnetic field strength outlining the
sunspot outer boundary.

dataset of stable sunspots by a standard deviation σB < 130 G
along a given contour. We empirically found that this threshold
filters boundaries along sunspots with fully developed penum-
brae. The corresponding histogram (see Fig. 2) exhibits a sharply
peaked distribution, and a Gaussian fit to this subset yields our
best estimate of the magnetic field strength outlining the sunspot
outer boundary 〈B〉inv ≈ 605 ± 27 G. The extended high-field
tail seen in the full distributions arises primarily from penum-
brae that are not yet fully formed, where parts of the quiet-Sun
penumbra boundary lie close to the umbral boundary and thus
sample intrinsically stronger fields.

During the decay phase (41% of the contours), penum-
brae are initially well developed and clearly separated from the
umbra. As the phase progresses and the sunspot gradually loses
structure, the boundary becomes increasingly irregular, produc-
ing larger local variations along the contour that broaden the 〈B〉
distribution. In addition, in regions in which the penumbra is
absent or has partially disappeared, the Ic/Ic

QS = 0.9 contour
samples intrinsically stronger fields closer to the sunspot centre,
generating an extended high-field tail.

3.1.2. Boundary magnetic field evolution

Figure 3 shows the time series of individual 〈B〉 measurements
for each sunspot along with the median value. To facilitate
comparison among sunspots, the durations of each evolutionary
phase were normalised. During the forming phase, the individual
〈B〉 measurements exhibit large scatter, reflecting the irregular
and incomplete penumbrae discussed above. Despite this vari-
ability, the median clearly decreases over time, indicating that
the penumbral boundary is moving away from the umbra and
the field strength is converging towards a more stable value. The
standard deviation, σB, similarly decreases throughout the form-
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Fig. 3. Time series of individual 〈B〉 measurements for the three evo-
lutionary phases. The thick black curve shows the phase-wise median.
The solid and dashed red lines indicate the peak and standard deviation
of the Gaussian fit to the high-stability subset, respectively (black curve
in Fig. 2). The vertical black lines separate different phases.

ing phase, consistent with the progressive reduction of gaps and
irregularities in the penumbra and the general homogenisation of
the boundary.

For the stable phase, the temporal median 〈B〉med remains
approximately constant (694±15 G), with only a slight decrease
near the phase midpoint, indicating a well-defined and persis-
tent field along the penumbral boundary. The standard deviation
declines steeply at the start of the phase and increases gradually
towards its end, likely affected by the limitations of the phase-
detection algorithm at the boundaries. In the central portion of
the stable phase, however, the standard deviation is less than one-
third of that observed at the end of forming or the beginning of
decay, demonstrating the relative uniformity and stability of the
penumbral boundary in long-lived sunspots, where the field is
concentrated around the invariant value.

In the decay phase, the behaviour is analogous, but with
opposite trends to those in the forming phase. The phase begins
with a relatively low 〈B〉med ≈ 780 G along the penumbral
boundary, essentially the same value observed at the end of the
forming phase, 〈B〉med ≈ 794 G, suggesting that despite the large
scatter, the average penumbral boundary field exhibits similar
properties at the transitions between evolutionary phases. As the
decaying phase progresses, 〈B〉 increases gradually before cul-
minating in a rapid rise and the development of a broad distribu-
tion towards the end of the phase. The standard deviation grows
sharply in the final part of the decay, reflecting the enhanced
structural irregularity and the partial disappearance of penum-
bral regions.

3.2. Boundary magnetic field versus sunspot size

To examine whether the boundary field depends on the sunspot
size, we analysed the relation between the sunspot area and
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Fig. 4. Probability density distribution of the sunspot area and mean
magnetic field strength 〈B〉 measured along the Ic/Ic

QS = 0.9 boundary
for sunspots with fully developed penumbrae.

the mean magnetic field strength 〈B〉 measured along the
Ic/Ic

QS = 0.9 for sunspots with fully developed penumbrae
(σB < 130 G). The probability density distribution of sunspot
area versus 〈B〉 (see Fig. 4) reveals a marginal trend: larger
sunspots tend to exhibit slightly stronger boundary fields. A
linear fit to the distribution yields a slope of ≈0.09 G Mm−2,
implying that the average boundary field increases from roughly
570 G for small sunspots to about 650 G for the largest ones in
our sample. We note that the sample of sunspots we studied
is mostly populated by sunspots with areas of about 500 Mm2,
while smaller and larger sunspots are observed, but there are
only a few of them. The Pearson correlation coefficient between
area and 〈B〉 is moderate, ≈0.73, indicating that the sunspot size
accounts for a part, but not for all, of the observed variability
in the boundary field strength. Overall, the boundary field is
remarkably stable across the full range of sunspot sizes, with
only a weak systematic dependence on area.

However, from a theoretical point of view, the value should
not depend on the sunspot size, as the kinetic energy density
of the granulation should be the same around both large and
small sunspots. To investigate the cause of the observed depen-
dence, we examined the mean magnetic field inclination at the
sunspot boundaries (not shown), and it shows no dependence on
the sunspot area.

A possible source of the dependence might be a difference
in stray-light contamination between large and small sunspots.
However, García-Rivas et al. (2024) showed that HMI data
appear to be affected by stray light only for relatively small struc-
tures that have already lost their penumbrae. Moreover, the con-
volutional neural network (CNN) code we applied to enhance
the analysed data further reduces the role of stray light.

The measured magnetic field corresponds to photospheric
heights at which the inverted line is most sensitive, well above
the continuum formation height. On the other hand, the kinetic
forces that disrupt the magnetic trunk of the sunspot and cause

the sharp outer edge of the penumbra act below the visible
solar surface. We can speculate that there might be a different
gradient of the magnetic field with height between large and
small sunspots that would result in the observed dependence.
However, measurements of the magnetic field gradient with
height are extremely complicated in the penumbra, and different
studies produced different results (see the review by Balthasar
2018). We are not aware of any study showing a dependence of
the magnetic field gradient on height for sunspots of different
sizes.

A possible way to assess the role of the vertical gradient of
the magnetic field is to repeat this analysis using spectral lines
that form deeper in the photosphere, such as the Fe i lines around
1.5 µm. These lines form closer to the depths where kinetic
forces disrupt the magnetic trunk of a sunspot. If the depen-
dence of B on sunspot size were found to be weaker in this
case, it would suggest that the observed trend is indeed caused
by differences in the magnetic field gradient with height among
sunspots of different sizes. However, we note that no space-based
observations are currently available for these spectral lines, and
ground-based measurements are difficult to exploit because the
seeing conditions vary (as shown by Lindner et al. 2020, umbra–
penumbra boundaries).

3.3. Case studies of the boundary field evolution

To complement the statistical analysis, we now examine the tem-
poral evolution of a small set of representative sunspots. These
case studies, selected to span different sizes, morphologies, and
evolutionary behaviours, serve to illustrate specific features of
the sunspot evolution that underlie the trends identified in the
statistical sample. By following each sunspot through its form-
ing, stable, and decaying phases, we highlight how variations in
the structure and completeness of the penumbra manifest in the
measured boundary field 〈B〉, and how the characteristic signa-
tures of each phase appear in individual examples.

Throughout this section, active regions are identified using
the numbering scheme assigned by the National Oceanic
and Atmospheric Administration (NOAA). They are hereafter
referred to as NOAA Active Regions (ARs).

3.3.1. NOAA Active Region 11250

We begin with sunspot NOAA AR 11250 (HARP 712 dataset),
which exhibits all evolutionary phases and displays the char-
acteristic behaviour identified in the statistical analysis. Our
tracking algorithm identified the coherent magnetic structure
after roughly 10 hours in which the small magnetic elements
coalesced. The penumbra became fully fledged about 15 hours
after the initial detection. This was followed by approximately
130 hours of stability, after which the sunspot entered a slow
decay that continued until its disappearance beyond the west
limb.

Figure 5 shows the temporal evolution of 〈B〉 and the bound-
ary field standard deviation, together with selected intensity
snapshots taken near the midpoint of each evolutionary phase.
We note that the beginning of the stable phase was slightly
misidentified by the algorithm; visual inspection indicates that
the penumbra formation continued for an additional ≈30 hours.
During the forming phase, 〈B〉 decreased steeply as the penum-
bra developed and an increasing portion of the intensity bound-
ary was co-spatial with the outer penumbral boundary, while
σB simultaneously dropped as irregular fragments merged into
a coherent boundary.
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Fig. 5. Temporal evolution of sunspot NOAA AR 11250 (HARP 712 dataset). Top: Snapshots of the continuum intensity selected near the
midpoint of each evolutionary phase with Ic/Ic

QS = 0.9 contours. Bottom: Time series of the mean magnetic field strength 〈B〉 (solid line) and the
field standard deviation (dotted line). The phase is indicated by the line colours. The sunspot exhibits a clear forming, stable, and decaying phases
with 〈B〉 approaching the invariant value (dashed black line) during the fully developed stable interval. The vertical dashed black lines mark the
times corresponding to the snapshots shown in the top row.

The stable phase exhibits an almost constant
〈B〉 = 622 ± 29 G. Over time, the standard deviation gradually
decreased as the penumbra completed its development; initially,
it was not fully developed around the ends of light bridges that
separated the umbral cores. A fully developed penumbra was
reached between approximately 91 and 135 hours after initial
detection. Within this interval, the boundary magnetic field,
〈B〉 = 602 ± 22 G, agreed very well with the estimated invariant
field 〈B〉inv.

In the decaying phase, the sunspot began to lose magnetic
fragments and the boundary became increasingly irregular, lead-
ing to a sharp rise in σB. As penumbral gaps appeared, the
Ic/Ic

QS = 0.9 boundary locally sampled stronger fields closer to
the umbra, which further increased both σB and 〈B〉 towards the
end of the time series.

To further illustrate the relation between the intensity-
defined boundary and the invariant field strength, Fig. 6 shows
additional snapshots with the B = 〈B〉inv ≈ 605 G contour
overplotted. These examples confirm that the magnetic con-
tour tracks the penumbral boundary accurately during the sta-
ble phase, whereas during formation and decay, it lies par-
tially outside the intensity boundary, especially in regions in
which the penumbra is not yet fully developed or becomes
fragmented.

3.3.2. NOAA Active Region 11381

Next, we considered sunspot NOAA AR 11381 (HARP 1210
dataset), which exhibits an irregular penumbra throughout its

lifetime. This example is a quasi-stable sunspot with all three
evolutionary phases present, each lasting roughly 50 hours. The
time evolutions of 〈B〉 and σB are shown in Fig. 7.

The forming phase followed a pattern broadly similar to the
representative stable sunspot: both 〈B〉 and σB declined gradu-
ally as penumbral segments merged and the boundary became
increasingly coherent. The formation is detected approximately
2 hours after the first small magnetic elements appeared in the
region.

The interval identified as the stable phase, however, is qualita-
tively different from that of a canonical stable sunspot. Although
the total magnetic flux remains approximately constant (the cri-
terion used for phase identification), the penumbra is highly non-
uniform. At various times, granulation intruded deeply into the
penumbral ring, producing large-scale intrusions, while in other
locations, penumbral filaments extended outward to form elon-
gated protrusions. The umbra was frequently split into multiple
fragments, and sizeable sections of the Ic/Ic

QS = 0.9 contour lie
close to the umbra boundary. Consequently, the boundary geome-
try remained highly dynamic despite the globally steady magnetic
flux. We therefore refer to this interval as a quasi-stable phase: the
total flux was stable, but the boundary geometry and the local field
sampled by the contour varied continuously.

The decaying phase is characterised by a progressive loss
of penumbral structure and increasingly frequent gaps along the
boundary. Both 〈B〉 and σB rose as the Ic/Ic

QS = 0.9 contour
began to sample stronger magnetic fields closer to the residual
umbra. In the final stage, the sunspot became pore-like, and 〈B〉
along the contour fluctuated strongly.
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t = 0 h t = 13 h t = 27 h t = 41 h t = 54 h

t = 68 h t = 82 h t = 96 h t = 109 h t = 123 h

t = 137 h t = 150 h t = 164 h t = 178 h t = 192 h

Fig. 6. Evolution of sunspot NOAA AR 11250 (HARP 712 dataset). Snapshots of the continuum intensity, selected at equidistant time intervals,
are shown spanning the sunspot evolutionary phases. The overplotted blue contours indicate the magnetic field strength B = 〈B〉inv

≈ 605 G. The
sunspot phases are colour-coded as in Fig. 5, and the time shown above each panel indicates the elapsed time since the first detection.

The evolution of the B = 〈B〉inv ≈ 605 G contour is shown
in Fig. 8. During the forming phase, the contour of the invari-
ant field did not align with the Ic/Ic

QS = 0.9 boundary and lay
partly outside it, reflecting the incomplete and spatially frag-
mented nature of the developing penumbra. Throughout the
quasi-stable phase, the contour intersected the intensity bound-
ary in multiple locations: in regions in which the penumbra was
underdeveloped or temporarily disrupted, the 〈B〉inv ≈ 605 G
contour lay outside the Ic/Ic

QS = 0.9 boundary, while around
long extensions of penumbral filaments into quiet-Sun regions,
it lay inside it. In the decaying phase, as penumbral gaps appear
and the boundary became increasingly irregular, the magnetic
field contour was frequently located outside the Ic/Ic

QS = 0.9
boundary, as the latter samples stronger fields closer to the rem-
nant umbra. This behaviour is consistent with the strong spatial
variability of 〈B〉 and σB measured along the boundary in this
example.

3.3.3. NOAA Active Region 11084

Finally, we examined NOAA AR 11084 (HARP 71 dataset), an
exceptionally stable sunspot. The sunspot appeared to be already
fully developed near the east limb and maintained an essen-
tially unchanged structure until it disappeared behind the west
limb. Consequently, only a single, long-lived stable phase was
present.

The temporal evolutions of 〈B〉 and σB are shown in Fig. 9.
At the beginning of the observation, both quantities were slightly
above the invariant field, with 〈B〉 ≈ 650 G and a comparatively
large standard deviation σB ≈ 180 G. This slightly elevated scat-
ter results from minor boundary irregularities, as small-scale fac-

ulae locally perturb the Ic/Ic
QS = 0.9 contour during the first

hours of the time series.
Both quantities then quickly converged towards stable val-

ues: σB declined below 150 G, while 〈B〉 settled at 613 ± 16 G,
a value fully consistent with 〈B〉inv, and remained nearly con-
stant for the entire ≈200-hour interval. This sustained stabil-
ity highlights the robustness of the penumbral boundary in this
fully developed sunspot. Notably, the asymptotic value of 〈B〉 is
essentially equal to the estimated invariant field, reinforcing the
interpretation that mature, long-lived sunspots maintain a well-
defined and physically meaningful boundary field strength, in
agreement with Schmassmann et al. (2026).

Near the western limb, σB increased only very weakly. This
indicates that the applied foreshortening and point-density cor-
rections effectively minimise geometric effects related to projec-
tion and line-of-sight sampling. Residual variations can still be
attributed to the fact that at large heliocentric angles, the contour
is distorted and the line of sight samples slightly different atmo-
spheric heights with varying magnetic structure. However, these
effects introduce only a minor additional scatter in 〈B〉 and σB.

In this example, the Ic/Ic
QS = 0.9 boundary closely followed

the invariant magnetic field contour, B = 〈B〉inv ≈ 605 G (see
Fig. 10). For nearly the entire observation, the two contours
overlapped almost perfectly, reflecting the remarkable stability
of the magnetic and intensity boundaries. A significant devia-
tion occurred only at the very beginning of the sequence, where
small faculae temporarily interrupted the match between the
contours. This same region corresponds to the elevated values
of σB seen at the start of the temporal evolution in Fig. 9, as the
Ic/Ic

QS = 0.9 boundary locally samples stronger, umbra-adjacent
fields.
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Fig. 7. Same as Fig. 5, but for sunspot NOAA AR 11381 (HARP 1210 dataset). The sunspot displays a quasi-stable phase with highly irregular
penumbral structure despite an approximately constant total magnetic flux.

t = 0 h t = 13 h t = 24 h t = 36 h t = 48 h

t = 60 h t = 72 h t = 85 h t = 97 h t = 109 h

t = 121 h t = 133 h t = 145 h t = 157 h t = 170 h

Fig. 8. Same as Fig. 6, but for sunspot NOAA AR 11381 (HARP 1210 dataset).

4. Summary and conclusions

We have systematically analysed the evolution of the sunspot
outer boundary, defined by Ic/Ic

QS = 0.9, for 312 sunspots
across 43 190 individual SDO/HMI observations, processed with

our deconvolution and super-resolution pipeline (Korda et al.
2025). We used the time evolution of the magnetic flux
within individual sunspots to segment it into formation, sta-
ble, and decaying phases, and we characterised the tempo-
ral evolutions of the mean magnetic field strength, 〈B〉, and
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Fig. 9. Same as Fig. 5, but for sunspot NOAA AR 11084 (HARP 71 dataset). The sunspot remains stable over the full ≈200-hour interval, with
〈B〉 staying nearly constant at a value consistent with 〈B〉inv.

field spatial variability, σB, along the penumbral intensity
boundary.

Our results demonstrate a clear and consistent pattern across
the sunspot sample. During the formation phase, the mean
magnetic field along the boundary decreases, reaching a min-
imum that is maintained during the stable phase. For mature
sunspots with fully fledged penumbra, statistically defined as
σB < 130 G, this minimum corresponds to an invariant field
strength 〈B〉inv = 605 ± 27 G, representing the typical boundary
field across the full range of sunspot sizes. The mean boundary
field slightly increases systematically with sunspot area, approx-
imately 0.09 G Mm−2, rising from ≈570 G for small sunspots to
≈650 G for the largest in our sample, confirming that the bound-
ary field is largely invariant. In the decaying phase, 〈B〉 increases
again as penumbral structures gradually disappear. The stan-
dard deviation of the magnetic field along the boundary, σB,
exhibits a similar temporal evolution, with its minimum coincid-
ing with the presence of a fully developed penumbra. We note
that the inverse evolution of 〈B〉 during the formation and decay-
ing phases suggests a mirrored magnetic field evolution at the
sunspot boundary.

The statistical trends were further supported by detailed case
studies of representative sunspots. These examples illustrate the
full temporal evolution of 〈B〉 and σB along individual penum-
bral boundaries, confirming that the patterns observed in the
large dataset are representative of real sunspot behaviour. In par-
ticular, the cases highlight the characteristic decrease of 〈B〉 and
σB during formation, their sustained low values during the sta-
ble phase, and the increase of both quantities during decay. For
quasi-stable sunspots, the minimum 〈B〉 is 100–200 G higher
than the invariant field strength found in fully developed and
morphologically stable sunspots.

Additionally, we compared the Ic/Ic
QS = 0.9 intensity bound-

ary with the contour corresponding to the invariant magnetic
field, B = 〈B〉inv. For fully developed sunspots, the two contours
closely coincide for most of the stable phase, with only minor
deviations in regions of not yet fully developed penumbra. Dur-
ing the forming and decaying phases, the contours also align well
in regions where the penumbra is already developed. This agree-
ment confirms that the intensity-defined boundary reliably traces
the physically relevant invariant field at the penumbral edge.

Together, these results provide strong statistical evidence that
fully developed sunspots systematically attain an invariant mag-
netic field strength at their outer penumbral boundary. In agree-
ment with earlier case studies (Schmassmann et al. 2026) and
radiative MHD simulations (Jurčák et al. 2020), we identify this
invariant value with the equipartition magnetic field strength.
Our analysis further supports the interpretation proposed by
Schmassmann et al. (2026), who associated the equipartition
field with the surface manifestation of the underlying sunspot
magnetopause, marking the transition where magnetic fields
cease to dominate convective motions.

The statistical behaviour observed during the formation and
decay phases in which areas are found where the intensity and
the equipartition boundaries detach from each other is consis-
tent with the existence of a distinct magneto-convective regime
that differs from the penumbra and from regular quiet-Sun gran-
ulation and is characterised by granular convection coexisting
with super-equipartition magnetic fields. In this regime, the mag-
netic field remains sufficiently strong to dominate convection,
but it lacks the horizontal component required to sustain fila-
mented penumbral magneto-convection. This naturally explains
the observed decoupling between intensity-defined and magnet-
ically defined boundaries in forming and decaying sunspots.
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t = 0 h t = 16 h t = 32 h t = 48 h t = 65 h

t = 81 h t = 97 h t = 114 h t = 130 h t = 146 h

t = 162 h t = 179 h t = 195 h t = 211 h t = 228 h

Fig. 10. Same as Fig. 6, but for sunspot NOAA AR 11084 (HARP 71 dataset).

The statistical analysis further demonstrated that the ten-
dency of the outer penumbral boundary to converge towards the
equipartition field strength is a local property of the boundary
itself and not a consequence of global sunspot or solar condi-
tions. The boundary field reaches equipartition independently
of sunspot size, total magnetic flux, or evolutionary stage, indi-
cating that the outer penumbral edge is governed by a local
magneto-convective balance. This establishes the outer bound-
ary as a physically defined interface that limits the lateral extent
of penumbral magneto-convection and acts as the primary con-
trol surface for penumbral stability and evolution.

Taken together, the radiative MHD simulations and the sta-
tistical evidence presented here suggest that sunspot evolution
involves transitions between four distinct magneto-convective
regimes. These include suppressed umbral convection (umbrae),
penumbral magneto-convection (penumbrae), normal granular
convection in sub-equipartition fields (quiet-Sun granulation),
and a super-equipartition granular regime that occurs predom-
inantly during sunspot formation and decay.

In summary, the invariant magnetic field strength at the
sunspot boundary emerges as a fundamental physical property of
mature sunspots, governed by the balance between magnetic and
convective energy densities. The evolution of the mean boundary
field strength and its spatial variability provides a quantitative
framework for characterising sunspot formation, stability, and
decay, and it places the concept of an equipartition-defined outer
boundary within a broader classification of magneto-convective
regimes.
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Jurčák, J. 2021, A&A, 656, A92
Schmassmann, M., Bello González, N., Jurčák, J., & Schlichenmaier, R. 2026,
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