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ABSTRACT

Aims. We i h as Ellerman bombs, UV bursts
and small-scale flares. Our focus is to understand t the dynamics

of small-scale energetic phenomena.
Methods. We carried out a forward modeling study, combining simulations and detailed radiative transfer calculations. The 3D

radiative magnetohydrodynamic simulations were run_with the Bifrost code and included energetic phenomena. We employed a
Markovian framework to study the He multilevel source function, used relative contribution functions to identify its formation regions,
and correlated the properties of synthetic spectra with atmospheric parameters.

Results. Ellerman bombs are predominantly optically thick in He. appearing as well-defined structures. UV_bursts and small flares
are partially optically thin and give rise to diffuse structures. The He line serves as a good velocity diagnostic for small-scale heating
events in the lower chromosphere. However, its_emission strength is a poor indicator of temperature, and its line width offers limited

©ESO 2025

as Ellerman bombs, as
Conclusions.

estimates of velocities than those extracted from wing emission in Ha or HS.

utility due to the interplay of various broadening mechanisms. Compared to He, He exhibits

eater sensitivity to phenomena such

e. It provides more reliable

atmosphere.

rt. Our findings highlight He’s potential to advance our understanding of dynamic processes in the solar
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1. Introduction

Magnetic reconnection is widely regarded as a fundamental
driver of various solar energetic phenomena, including flares,

Ellerman bombs (Pariat et al.|[2007; Bello Gonzalez et al.| 2013}
ouppe van der Voort et al.| 2016), and UV bursts

2014; Young et al.| 2018). Flares represent the most dramatic
releases of magnetic energy in the solar atmosphere, with ob-
servable signatures across spectral lines originating from the
corona, chromosphere, and down to the photosphere. UV bursts

(Peter et al|2014) are chromospheric phenomena that were first

observed in the Sitv lines using the Interface Region Imaging
Spectrograph (IRIS; [De Pontieu et al.|[2014), and they are sev-
eral orders of magnitude less energetic than flares. The small-
est detectable transient reconnection events are commonly re-
ferred to as Ellerman bombs (Ellerman| (1917, [McMath et al.|
1960; [Severny| [1956), which are observed in the solar photo-
sphere. Ellerman bombs are traditionally detected in regions of
strong magnetic activity as intense brightenings of the extended
wings of the Ha line, while they remain undetectable in the Ha
line core.

[Rouppe van der Voort et al.] (2016) show that Ellerman-
bomb-like events seen in Ha are much more common than pre-
viously thought and not limited to active regions; they have
even been observed in the quiet Sun, and such events have
been termed quiet-Sun Ellerman bombs. [Nelson et al.| (2017)

and[Shetye et al.|(2018) further explored this phenomenon. More
recently, Joshi et al.| (2020) and [Joshi & Rouppe van der Voort|
revealed that quiet-Sun Ellerman bombs are more preva-
lent in HB than in Ha across the quiet Sun, which has sparked
growing interest in using higher-order Balmer series lines as di-
agnostic tools for these small-scale energetic events.

The Balmer series line He is one such candidate. In the
solar spectrum, this line is only a weak blend in the Cam H
wing. Its formation in the solar spectrum was first stud-

ied by |Ayres & Linsky| (1975), who used a 1D plane-parallel

static model atmosphere. In [Krikova et al.| (2023 hereafter
per I) we revisited the formation of He using state-of-the-art

3D radiative magnetohydrodynamic simulations
coupled with modern nonlocal thermodynamic equi-
librium (non-LTE) radiative transfer codes (Uitenbroek] 2001}
[Pereira & Uitenbroek| 2015). In [Paper I we find that most lo-
cations in the quiet Sun are optically thin to He radiation; the
exceptions are regions of enhanced temperature in the lower at-
mosphere, where He extinction increases.

Earlier studies of He in solar energetic phenomena (e.g.,
Rolli & Magunl[1995}; [Rolli et al.[1998alb) focused on its behav-
ior during flares. Advances in instrumentation, in particular the
CHROMIS instrument at the Swedish 1-
m Solar Telescope (SST; [Scharmer et al.|2003)), allow us to ob-
serve He at much higher spatial resolution and have re-sparked
interest in this line.[Rouppe van der Voort et al|(2024) made use
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of such novel observations to demonstrate that He is uniquely
suited for investigations of energetic phenomena such as Eller-
man bombs, even more than Ha or HB. Furthermore,|Anan et al.
(2024) emphasize that the polarization of He serves as a diag-
nostic for electric fields linked to magnetic diffusion, potentially
tied to the release of magnetic energy in small-scale energetic
phenomena.

Energetic events in He are often associated with emission,
either in the line core or in the wings. The He emission profiles
we studied in |Paper I| came from a relatively quiet 3D simula-
tion, which lacked reconnection-driven large events, and there-
fore were associated with shocks. However, given the vast ob-
servational evidence (Rouppe van der Voort et al.[[2024) that He
emission is associated with Ellerman bombs and other events, it
is worth revisiting the subject using models that actually simu-
late these phenomena.

In this work we investigated the fundamental formation
properties of He in small-scale energetic phenomena, such as
Ellerman bombs, UV bursts, and small-scale flares, using ac-
tive simulations (Hansteen et al.[2017},2019) run with the Bifrost
code (Gudiksen et al.|2011). We sought to identify what atmo-
spheric information can be derived from the He profiles for en-
ergetic events and determine where the He radiation originates.

We explored which transitions are responsible for the ob-
served line photons in energetic events, encoded within the mul-
tilevel source function, using the multilevel source function de-
scription we developed in [Krikova & Pereiral (2024, hereafter
Paper II). Finally, we aimed to quantify whether He is formed
under optically thin or optically thick conditions during small-
scale energetic events, which will provide insight into how these
structures appear in observations.

The outline of the paper is as follows. Section [2] introduces
the Bifrost simulations, details the calculation of synthetic spec-
tra, and describes the methodologies used to analyze the He
spectral profiles. In Sect. [3| we provide an overview of the syn-
thetic spectra derived from the Bifrost simulations, determining
whether the line formation is optically thick or thin. Addition-
ally, we performed a detailed analysis of an Ellerman bomb, a
UV burst, and a small-scale flare. Section [4] investigates the re-
lationship between line parameters and atmospheric conditions,
examines the broadening mechanisms affecting He, and com-
pares synthetic He images with He. Our findings are discussed
in Sect.[5} which is followed by concluding remarks in Sect. [6]

2. Methods
2.1. Simulations

We made use of two different 3D radiative magnetohydrody-
namic simulations run with the Bifrost code (Gudiksen et al.
2011). They were solved on a Cartesian grid with 24 x 24 Mm?
in the horizontal direction and span the upper convection zone to
the lower corona.

The first simulation is described by Hansteen et al.| (2017),
and we refer to it as the cbh simulation. It has a horizontal grid
size of 48 km, and a vertical grid size of about 20 km in the pho-
tosphere and chromosphere. The simulation was evolved starting
with a weak and uniform magnetic field, and then a horizontal
magnetic flux sheet with 336 mT (3360 G) oriented in the y di-
rection was injected at the bottom boundary, which later emerges
to the photosphere. As they rise through the atmosphere, mag-
netic flux elements generate several heating events, several of
which resemble Ellerman bombs and UV bursts, and even some
small nano- or micro-flares (with temperatures of ~ 1 MK). We
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used a single snapshot of this simulation, at a simulated time of
8200 s, in which several energetic events are seen.

The second simulation is described by |Hansteen et al.
(2019), and we refer to it as the en simulation. Its spatial res-
olution is slightly higher. The horizontal grid size is 31.25 km,
and its vertical grid size is about 12 km in the photosphere
and chromosphere. It was started from the Bifrost simulation of
Carlsson et al.| (2016), which has two main magnetic polarities
at the surface. In a similar approach to the cbh simulation, a
horizontal magnetic flux sheet with 200 mT (2000 G) oriented
in the y direction was injected at the bottom boundary and al-
lowed to evolve. On rising and interacting with the photospheric
convection and upper atmospheres, the emerging magnetic flux
sheet leads to several reconnection events that resemble Eller-
man bombs and UV bursts. We used one snapshot, chosen at a
simulation time of 9100 s, in which several energetic events are
visible.

2.2. Synthetic spectra

To obtain synthetic spectra for He we followed the same proce-
dure as in [Paper I. The He spectral line is a weak blend in the
wing of the much stronger Cau H line, and therefore we needed
to perform radiative transfer calculations in non-LTE (outside
LTE, or local thermodynamical equilibrium) for both the hydro-
gen and calcium atoms.

For hydrogen, we used a model atom with eight levels plus
the Hur continuum and incorporated line blends in the Balmer
continuum radiation. All hydrogen lines were treated using com-
plete redistribution (CRD). We adopted the convention where the
hydrogen ground level is n = 1 and the continuum is n = 9.

For calcium, we used a model atom with five levels of Can
plus the Ca m continuum. To correctly reproduce the wing profile
around He, we treated the Can H line with partial redistribution
(PRD). All other lines Can were treated under CRD, to save
computing time, since their indirect effect in the Can H line was
negligible.

For the spectral synthesis, our main workhorse was the
RH 1.5D code (Pereira & Uitenbroek! 2015}, [Uitenbroek|[2001)).
This code uses the 1.5D approximation, treating each simulation
column as an independent 1D plane-parallel atmosphere. This is
areasonable assumption for the He line (see|Paper I, and allows
more tractable run times, since 3D non-LTE calculations with
PRD are extremely expensive (Sukhorukov & Leenaarts|2017).

We wanted to also compare radiation from He with that
from He, and for this line the 1.5D approximation works poorly
(Leenaarts et al.| [2012a)). We therefore also used the Multi3D
code (Leenaarts & Carlsson|[2009) to obtain Ha line profiles.
Here we used a simplified hydrogen model atom with a five-level
plus continuum. The Ly-a and Ly-g lines were modeled under
CRD, using Gaussian line profiles to approximate the effects of
PRD, as described by |Leenaarts et al.| (2012a).

Finallyy, we made wuse of the Muspel library
(Pereira & Harnes| 2024) to synthesize line profiles at ar-
bitrary inclinations. Muspel includes the same continuum
extinction, line profile physics, and formal solvers as RH 1.5D,
and enables a flexible framework to load populations from
RH 1.5D and compute radiation for different ray inclinations.

2.3. Relative contribution functions

To quantify the contribution of each layer in the simulation to
the He line intensity, we employed relative contribution func-
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tions instead of the traditional contribution functions for in-
tensity (Carlsson & Stein|[1997)). Contribution functions tell us
where in the atmosphere the line is being formed. Relative con-
tribution functions (introduced by Magain||1986, to study weak
blends in strong continua) can distinguish between contributions
to line emission and to line absorption. We defined the relative
contribution function as

dI S!
Cr(v,2) = d—f =y (1 - —V) e, (1

I
where x! is the line extinction, S! the line source function, °
the height-dependent background (continuum) emergent inten-
sity, and 7R the relative optical depth. I is computed by solving
the radiative transfer equation using the background source func-
tion and extinction for a ray starting at the lower boundary and
up to each height point. The relative optical depth can be calcu-
lated through cumulative integration of the relative extinction y®
expressed as

Sb
Ea

Xy =X+ X ©))
where y!, refers to the line extinction, y% to the background ex-
tinction, and S 'v’ to the background source function. In the case of
He the background extinction and source function include both
the Can H line and all continuum processes.

From Eq. (I) there are two cases when the line is absent
and the relative contribution function is zero: when x!, = 0 (no
absorbers), or when S! = I°. When there is a spectral line,
atmospheric layers contribute to either relative line depression
(S < I?) or emission (S! > I?) We give further details on the
application of relative contribution functions and He in |Paper 1.
For locations with He emission, using either relative contribu-
tion functions or traditional contribution functions yields similar
results.

2.4. Multilevel source function

To quantify the physical process contributing the most to the
observed line photons, encoded in the line source function S {,
we used the multilevel source function approach (Jefferies| 1968
Canfield|1971]| Rutten|202 1} [Paper II). The source function is di-
vided into three different physical mechanisms responsible for
adding line photons: scattering, thermal, and interlocking:
Sl =0 Jy +€By(Te) + 1By (T). 3)
The terms 7y0, B,,(T.), and B, (T*) represent the sources of pho-
tons related to the mean radiation field, the Planck function, and
the interlocking source function, respectively. The coefficients
o, €, and i describe which of these three physical mechanisms
predominates in contributing to the line photons.

To compute the terms in Eq. (3), we used a Markovian de-
scription of the multilevel source function (Paper II). Addition-
ally, we simplified the source function by assuming CRD and
neglecting the stimulated emission term, which has a minimal ef-
fect in the shorter wavelength region of the solar spectrum. This
leads to the following expression:

;o 2hv(3) 1 ~ 2hV(3) giny

vo 2 Sulu ~ 2 ’
4 g 1 s 8ulu

“

where n; and g; are the populations and statistical weights of
level i (u for upper level and [ for lower level). Using a general

solution of the statistical equilibrium equation in terms of a level-
ratio solution, as expressed in [Paper II, we have

@ _ Plu +Zl _ Plu +Zi¢L¢Pliqm,l
mo Py+, Put X Puigi

P, and P, are the direct transition rates (radiative and colli-
sional) between the upper and lower levels, and vice versa. ),
and }; contain the indirect transitions per second between the
upper and lower levels through all intermediate levels. We re-
placed this population ratio in Eq. (4), obtaining

I_ 2hvy 81 (P + Xizu Pii Gina)
"0 c? gu (Pu + izt Pui Qil,u)’

with the indirect transition rates split into individual intermediate
levels, i, with P;; and P,; representing the transition rates from
the lower or upper levels to the intermediate level. The indirect
transition probabilities, g;;,, and g;,;, describe the likelihood that
a transition from the intermediate level i ends up in the lower
or upper level, respectively. The algebraic expressions for these
probabilities can be quite lengthy, but in [Paper II} we identify a
pattern in these expressions for the indirect transition probabili-
ties. We utilized these patterns, which resemble all nonrecurrent
paths from the intermediate level i to the lower or upper level
(corrected for closed loops), to identify the dominant path that
determines the level ratio and thus the line source function, as

given in Eq. (6).

&)

6)

2.5. Optical depth of He

We want to quantify whether the structures observed in He are
formed under optically thin or thick conditions and follow an
approach similar to that of [Rathore et al.| (2015)), who introduce
a mean formation depth 74, (Eq. 4), in terms of log,, 7o (the
optical depth at the line core), to quantify the significance of
optically thick or thin formation in the Cu 133.4 nm and Cu
133.5 nm lines.

We introduced an average formation optical depth 7., de-
fined as

fq_ flog10 7, |Cg,(log;o )l dlogo Ta

log,,7; = @)
1074 [ 1Cr,(logyo Tl dlog g 74
1 /lmax .
logg Tata = T — 1 f log,, T;d da, ®
max — ‘tmin J Ay,

where log;, 7™ quantifies the optical thickness or thinness at
each wavelength position across the spectral profile on a loga-
rithmic optical depth scale. The quantity 7,5 represents the av-
erage optical thickness or thinness of structures within a spectral
line, calculated over the wavelength range bounded by An.x and
Amin- The greater the deviation from zero (i.e., the more nega-
tive T,sq becomes), the more optically thin structures become in
a spectral line.

2.6. Line parameters and atmospheric conditions

During energetic events, He is often in emission. To quantify
the properties of these emission profiles, we employed a com-
posite fitting model comprising a Gaussian component and a
second-degree polynomial background for the synthetic He pro-
files. Such fitting is always approximate since the line shapes
vary considerably, but we find it a good approximation to ex-
tract the line shift, width, and peak intensity. The second-degree
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Fig. 1. Synthetic observables from the en simulation. The top three panels show images at the fixed wavelengths in the He wing, He core, and

Cam H core, respectively. The bottom two panels show

spectrograms normalized to the continuum taken from a horizontal slice in the simulation

aty = 13 Mm (edges denoted by the white lines in the top panels), in He and Can H (which also includes He, whose location is indicated by the

dashed gray line). The orange contours in the top panels indicate regions where He is strongly in emission, while the red contours indicate regions

where He shows the typical signature of Ellerman bombs. The UVB and EB labels indicate the location of a UV burst and an Ellerman bomb
selected for detailed study. The green vertical lines in the bottom panels indicate the approximate extent of the UV burst.

polynomial effectively accounts for the variability in the local
continuum of the Can H wing. The resulting He line profile is
then approximated as

() =

2
/l—/lo]’ ©

i |
————eXp—
VAl A

where A is the fitted line shift and A/l]ﬁ)t the line width.
For optically thin lines, the Doppler width is a combination
of thermal and nonthermal broadening:

2k T

Adp = + &2, (10)
where £ describes the nonthermal broadening. Following the ap-
proach of [Rathore et al| (2015)), we estimated the nonthermal
broadening from the root mean square of the line of sight veloc-

ities extracted from the simulation, in the line-forming region:

an

where v; is the line of sight velocity at height i, h.oy, is the height
where the background is formed (we assumed at A = 396.85 nm,
the symmetric blue wing position of He at the Can H wing) and
h, is relative contribution function weighted average height.
Why we used h,y, to estimate the nonthermal broadening and
how we identified the formation region of He warrants further
explanation. When a spectral line is optically thick, A(t; = 1),
the height where the optical depth reaches unity, is a good
proxy for the height of formation. Indeed, in several forward-
modeling studies, authors correlate atmospheric properties at
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h(t, = 1) with parameters of spectra (e.g.,[Leenaarts et al.[2013}
Pereira et al| [2013], 2015} [Rathore et al| 2015} [Leenaarts et al.|
[2012b;, [Lin et al.|2017). However, when a line is formed under
optically thin conditions, or if its source function varies non-
linearly over the line formation region, i(7, = 1) is not a reli-
able proxy. A more accurate approach to obtaining estimates of
height, temperature, velocity, or other atmospheric parameters at
the region where the line forms is to weigh the quantity X by the
relative contribution function (Eq.[I):

I Cr(v.2) X(2)dz
I Crna)dz

12)

™

We used this definition to obtain not only h,, and &, but also
temperature, line of sight velocity, and thermal broadening.

|[Rathore & Carlsson| (2015)) demonstrated that the optically
thick Cm 133.4 nm and Cu 133.5 nm lines can be signifi-
cantly affected by opacity broadening. Opacity broadening oc-
curs when the observed spectral line width exceeds what can be
explained solely by Doppler broadening (thermal and nonther-
mal contributions), with the excess width arising from opacity
effects in an optically thick medium. To quantify opacity broad-
ening effects in He, we studied how the fitted line width A/l]ﬁ)t
follows the theoretical Adp from Eq. (I0). We built Alp by us-
ing & from Eq. (T) and the thermal velocity

2kB Trw
Vih = T s

where T,y is the temperature in the line-forming region follow-
ing Eq. (I2). Therefore, Adp depends only on quantities from the
simulation, while A/Ig‘ comes from fitting a Gaussian to the syn-
thetic profile. In the absence of opacity broadening these should

(13)


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang



K. Krikova, T. M. D. Pereira: Small-scale energetic phenomena in He: Ellerman bombs, UV bursts, and small flares

be similar, and we defined an opacity broadening factor Opf as

opf=—2.

(14)

If Eq. (I0) holds for the synthetic profiles, we can use it
to measure the nonthermal broadening from the spectra (as op-
posed to &, which is obtained from the atmospheric velocities),
using vy, and A/lgt:

2
van = 4/ (AA8)" =12 (15)
In the absence of opacity broadening, and assuming a Gaussian
profile, vy, should closely follow &.

3. He in energetic events
3.1. Synthetic observables

We present an overview of the synthetic observations of He, He,
and Can H in Fig. [I] for the en simulation, and in Fig. [2| for the
cbh simulation. Both simulations contain Ellerman bombs and
UV bursts, and cbh further contains two small-scale flares.

In the figures, we show the He intensity at a wing posi-
tion, typically used to identify Ellerman bombs, which have a
mustache-like profile with raised wings. We define regions of
strong He emission as where the He core intensity exceeds 5%
of its background. The background is defined as the Can H
wing intensity at 396.85 nm, corresponding to the symmetric
blue wing position of He. As a result, not all Ellerman bombs
detected in Ha necessarily coincide with regions of strong He
emission.

The synthetic spectra from both simulations confirm the find-
ings of |Paper 1| in particular that He emission is an indicator of
lower atmospheric heating. From Figs. [T] and 2] we see that He
emission is more common than in the quiet-Sun simulation of
Paper I|and that it is often concentrated near intergranular lanes,
where the magnetic field is concentrated. He emission is often
colocated with or adjacent to He Ellerman bomb signatures, and
regions surrounding the small flares have widespread emission
in He. We examine a prominent Ellerman bomb, labeled in Fig.
[} in more detail in Sect. [3.2]to determine the origin of the He
emission.

Figure [I] also demonstrates that UV bursts can produce He
emission signatures. This is illustrated in the Can H plus He
spectro-heliograms, which show multiple strong He emission
locations throughout the UV burst structure. In Sect. [3.3| we ex-
plore the source of the He intensity in a UV bursts. Our syn-
thetic profiles of Ellerman bombs and UV bursts (e.g., lower
panels of Fig. [I] in between the green lines) show wing emis-
sion in Ha (with little to no signature in the core) and core
emission in He, a signature that is consistent with observations
(Rouppe van der Voort et al.|2024)).

We also investigated the formation properties of He in small-
scale flares, labeled F1 and F2 in Fig. @ F2 is the more intense
of the two. The spectrograms show a slice across F1, where both
He and He are in emission at the flaring location. In Sect.[3.4]we
discuss the formation mechanisms of He for these small-scale
flare events.

To complement the spectral information, we map Tuq in
Fig. 3 to identify where He is optically thin and optically thick
for both simulations. We find that He is optically thin in most
locations in both simulations, but that regions with He emission

tend to be optically thicker, as seen in the distributions in the
lower panel of Fig.[3]

The distribution for the en simulation peaks at log(t,s) =
—0.75, whereas the cbh distribution is skewed toward lower
log(tatq) values. The light blue and red distributions indicate that
He emission regions are optically thicker compared to their sur-
roundings (orange and blue distributions), although a significant
fraction of the locations still show optically thin structures in He.

To gain a more detailed perspective on the energetic events,
we inserted magnified views of an Ellerman bomb, a UV burst,
and small-scale flares into the corners of Fig.[3] The He emission
associated with the Ellerman bomb structure is predominantly
formed under optically thick conditions, with most of the con-
tribution originating near the 7, = 1 layers. In locations where
Hea and He simultaneously display Ellerman bomb signatures, it
is evident that part of the He contribution arises from below the
7, = | layers. However, as we approach the western edge of the
Ellerman bomb structure, the He-emitting regions increasingly
display optically thin characteristics, with contributions coming
from above the 7, = 1 layer.

The insets for more energetic events show a more dispersed
distribution of optically thin and thick structures. The UV burst
inset reveals that a large fraction of the He emission associated
with the UV burst structure is formed near the 7, = 1 height,
although some parts of the burst are optically thin. For the small-
scale flares (F1 and F2), a significant portion of the structures
seen in He are optically thin, indicating that layers above 7, = 1
contribute predominantly to the emergent line intensity.

3.2. Ellerman bomb

We next looked in detail at the Ellerman bomb structure labeled
in Fig. |3] We aimed to determine which parts of the Ellerman
bomb are observed in the He line and how this compares to other
chromospheric lines. Additionally, we identified the transitions
that govern the He source function within the Ellerman bomb,
using Eq. (6).

In Fig. 4 we present the horizontal temperature profile of the
Ellerman bomb, along with the He relative contribution function,
to identify the layers where most line photons originate from.
The relative contribution function is shown for the wavelength
position where the maximum 7, = 1 height is reached within
He. In the top panel of Fig. ] we overplot the 7, = 1 heights
for He with those of Cam H, Can 854.2 nm, and the wing of
Ha (at 656.35 nm). Can H and Can 854.2 nm probe the upper
chromosphere above the Ellerman bomb structure, whereas the
Ellerman bomb itself is visible in the Ho wing. Between x = 4
and x = 4.5 Mm, we observe an increase in the 7, = 1 height of
the Ha wing associated with the Ellerman bomb structure.

The Ha wing captures the lower part of the Ellerman bomb,
where temperatures range between 7000 and 8000 K, as shown
in the inset of panel (a). The inset further reveals a temperature
front, with values around 7500 K, extending and tilting upward.
This temperature front is observed in He, as evidenced by the
7, = 1 height, which follows closely the front. This front rep-
resents the layer that predominantly contributes to the emergent
line intensity, as emphasized by the relative contribution func-
tion in panel (b). Panel (b) appears largely dark over the heights
where the temperature front is located because the contribution
to line emission (light blue color) is precisely situated beneath
the 7, = 1 line in the image. Consequently, this spatial alignment
between the relative contribution function and the 7, = 1 height
highlights optically thick line formation. An exception occurs at
the leftmost edge of the structure (3 < x (Mm) < 3.3), where
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Fig. 2. Synthetic observables from the cbh simulation. The caption is the same as for Fig. |I|with the difference that the labeled events are now F1
and F2, the locations of two small flares. The vertical green lines in the bottom panels indicate the approximate position of the F1 flare.

7, = 1 is reached much lower than the region from which He
photons originate (light blue area).

To quantify which transition pathways control the He source
function, responsible for the majority of the emitted line pho-
tons, we present the multilevel source function in Fig.[3] It high-
lights why Ellerman bombs appear brighter than their surround-
ings. The Ellerman bomb structure shows an increase in the line
source function that partly resembles the temperature structure
shown in Fig. {] In we explored the nature of indirect
transition probabilities g;;,, and g;,; and provide an analytical
framework to express them.

By analyzing the transition probabilities for this event, we
find that the He source function, as described by Eq. (6)), is pri-
marily determined by transition paths involving the ground level,
denoted by P»1q172 and P71q127. P2 is the total transition rate
from the lower level of the He transition to n = 1, and g7, the
probability of reaching the upper level of the He transition. The
total transition rate P7;, combined with the probability g7, de-
scribes the reverse transitions, originating from the upper level
of He.

Looking further, we find that the dominant pathways into the
transition probabilities g;7, and g7 are the first-order paths,
which connect directly the upper and lower levels of He with the
ground level. These first-order paths are described by the proba-
bilities p;7 and p,. This means that the He source function can
be approximated as

2hv; & (P21q172)

SML o
Y 2 gu (P11q127)

P17 (16)

In Fig. we show § VRH, the line source function calculated in
the RH 1.5D code, S IVVIL (both on a brightness temperature scale),
and py7 near the Ellerman bomb. We present the source func-
tions expressed in brightness temperatures, which correspond to
the temperature for which the Planck function reproduces the
observed intensity to facilitate direct comparison with the atmo-
spheric temperature. It is clear that in the Ellerman bomb region,
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they all show similar morphologies, strongly suggesting that the
approximation in Eq. (I6) is valid. The number of photons de-
tected from the Ellerman bomb structure closely correlates with
the transition probability pi7.

3.3. UV burst

We depict a detailed view of line formation for a UV burst in
Fig.[6] Similar to Fig.[d] it shows the temperature and He relative
contribution function with A(t, = 1) for different lines.

At this instant in the en simulation (z = 8 200 s), the UV burst
exhibits moderate temperatures above 10 000 K. In the tempera-
ture cut, it appears as a lozenge shape of enhanced temperature,
at heights between 1 and 3 Mm in the chromosphere.

He traces the deepest layers of the UV burst, as shown by
its h(t, = 1), where it becomes optically thick to He radia-
tion. This is confirmed by the overlap of the relative contribu-
tion function with A(t, = 1). The temperatures in this He for-
mation region range between 8 000 and 14 000 K. The Cam H
and Can 854.2 nm lines are sensitive to approximately the same
UV burst layers as He, and thus reveal comparable structures. In
contrast, the Ha wing intensity is formed above He.

Similar to the results for the Ellerman bomb, we find that
the He source function in the UV burst region is dominated by
a first-order transition path through the ground level, as revealed
by an analysis of the multilevel source function. We show this in
Fig.[7] where we compare the line source function with the mul-
tilevel approximation from Eq. (I6) and p;7. In these panels, the
UV burst structure is clearly visible in the transition probabil-
ity py7, with finer structures extending from the UV burst. These
finer structures, in turn, appear faintly in the temperature struc-
ture with significant contribution to relative emission, as shown
in panel (b) of Fig. [6] The most distinct of these structures is
located between x = 12 and x = 12.8 Mm, at an approximate
height of 2 Mm, and is responsible for He emission that is not
directly associated with the UV burst.
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Fig. 3. Average formation depth, 7., for the He spectral line. Top panels: T,;q maps for the en simulation (panel a) and chb simulation (panel
b). The orange contours indicate regions where He is strongly in emission, while the red contours indicate regions where Ha shows the typical
signature of Ellerman bombs. For each panel, two inserts show a zoomed-in view covering the energetic events labeled earlier: an Ellerman
bomb (EB), a UV burst (UVB), and two small flares (F1 and F2). The dashed white lines in the insets indicate the horizontal slices taken for the
spectrograms of Figs.Eland Panel c: Distributions of log,, T,. The emission distribution is amplified by a factor of six.

3.4. Small-scale flares

We next turned our attention to the small-scale flares in the cbh
simulation. We focused on two events, F1 and F2. F1 is the less
energetic of the two. It reaches temperatures of 10000 K, which
is not high enough to fully ionize the chromosphere. F2, on the
other hand, reaches temperatures in excess of 1 MK.

We show in Fig. [8] the detailed temperature and He relative
contribution function with Ai(r, = 1) for different lines. This is
similar to Figs. @ and[6] but a difference here is that we also show
h(t, = 1) for the Ha core.

For the F1 flare, Fig. [§] confirms that the chromosphere is
not fully ionized, since A(7, = 1) for Ha core is formed above
the flare. He, the He wing, Can H, and Can 854.2 nm observe

distinct parts of the event. The temperature structure of the flare
is best traced at the Ha wing. He, Cam H, and Can 854.2 nm
are sensitive to the lower part of the flare’s temperature en-
hancement, observing similar regions. The He contribution to
relative line emission comes from layers between 1 and 2 Mm,
where temperatures reach close to 7000 K. This contribution lies
slightly above h(t, = 1), particularly at x = 13.5 Mm, indicating
that parts of the flare are optically thin to He radiation.

The much hotter F2 flare leads to a significant degree of
hydrogen ionization, which results in negligible Ha extinction
and an optically thin chromosphere, as observed in Ha. Thus,
both Ha and He observe the lower part of the flare, where tem-
peratures remain low enough to avoid full hydrogen ionization.
While He traces a higher layer of the flare due to its higher line
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Fig. 4. Line formation through an Ellerman bomb. Panel a: Temperature
slice across the atmosphere with i(7, = 1) overplotted for the different
line cores of He, Can H, and Can 854.2 nm and the wing of He at
656.35 nm. The inset shows a zoomed-in view around the Ellerman
bomb, excluding h(t, = 1) of He; there is a different temperature scale
on top. Panel b: Relative contribution function at the maximum h(t, =
1) over the He profile.
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Fig. 5. Source function through an Ellerman bomb. Panel a: He source
function as computed by RH 1.5D. Panel b: Approximate He source
function from Eq. (T6). Both source functions are shown on a brightness
temperature scale. Panel c: Transition probability pi; from n = 1 to the
upper level of He.
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Fig. 7. Source function through a UV burst. The caption is the same as
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extinction per particle (about 50 times that of He), i(t, = 1) of
He lies just below the region where most of the contribution to
relative line emission originates, emphasizing that parts of the
flare are optically thin to He radiation.

In Fig. 0] we examine which term in the multilevel source
function (Eq. [§) dominates the He source function for the hot-
ter F2 flare. Our analysis of the multilevel source function re-
veals that the proportionality given in Eq. (T6) holds true also
for the flare structure. The transition probability p,; accurately
represents the variation in the He source function throughout the
flare, particularly in the fine structures around 2 Mm and below.
These fine structures also highlight where the relative contribu-
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an additional line for the () = 1 of Ha line core.
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Fig. 9. Source function through small-scale flare F2. The caption is the
same as for Fig.[3]

tion to line emission originates from at x = 6.15 Mm from ap-
proximately z = 1 Mm and beyond. An increase in p;; leads
to an enhanced source function and, consequently, increased He
emission.

4. General properties of He in emission
4.1. Line properties

The shapes of spectral lines encode essential information about
the atmospheric conditions under which the lines form. We stud-
ied the shapes of He profiles in the regions from both simula-
tions where they are in emission and performed Gaussian fit-
ting to extract three key parameters: line core intensity, width,
and Doppler shift. From these, we computed additional quan-
tities such as thermal and nonthermal broadening, and an esti-
mate of opacity broadening (Sect. [2.6). We then compared the
parameters derived from the spectra with atmospheric quantities
(weighted by the relative contribution function of He).

We started with the line core intensity, which we show in
Fig.[I0] In general, the core intensity of an optically thick line
is set by its source function in the line formation region. From
Fig. [I0] we see that indeed the He line core intensity exhibits
a reasonable correlation with the relative contribution function
weighted He source function, as demonstrated in panel (a). The
He core intensity is a reliable indicator of the source function,
but to which parameter is the source function related? We ex-
plore this in the other two panels of Fig.[TI0] A natural assump-
tion would be temperature, displayed in panel (b). However, no
significant correlation exists between temperature and the source
function, except in the most optically thick regions, where the
coupling to temperature is stronger. In many of the cases, the
source function (and therefore line intensity) is decoupled and
often below the temperature due to scattering and interlock-
ing, similar to other chromospheric lines (e.g., Mg h & k; see
Leenaarts et al.|[2013). The parameter that shows a very good
correlation with the source function is the transition probability
P17, shown in panel (c) (The correlation is a curved line because
we are plotting the source function in a brightness temperature
scale). Therefore, the He line core intensity serves as a proxy for
the strength of the transition probability p;7, which is consistent
with what we found for the individual energetic events in Sects.
3.2-B4

Another key property of He is its width. The widths of
Balmer lines are primarily determined by Doppler broadening
or linear Stark broadening (from electrons and ions). RH 1.5D
includes linear Stark broadening by electrons, following [Sutton
(1978), with a dependence on electron density, proportional to
n,”. However, we find no correlation between electron density
and the width of He (not shown in the figures), which indicates
that the dominant broadening mechanisms are thermal, nonther-
mal, and opacity broadening.

In Fig. [_1:1; we explore the relations between the measured
He width, A/lDt, the thermal and nonthermal broadening, and the
opacity broadening factor. In panel (a), we compare the ther-
mal broadening vy, computed using the temperature weighted
by the relative contribution function, with the line width. We find
that the thermal broadening alone cannot explain the measured
widths, which can be much larger. Most points fall to the right
of the red line, which represents the width expected from ther-
mal broadening alone. Notably, many regions with larger optical
depth show widths many times larger than the thermal broaden-
ing.

Since thermal broadening fails to explain the observed
widths, we look into how the remaining nonthermal broadening
vnn from the measured widths can be explained by &, the non-
thermal broadening estimated from velocities in the simulation.
We do this in panel (b) of Fig. [TT] The red line in the panel is
vath = &; it delineates excessive (left side) and insufficient (right
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Fig. 10. Correlations between the properties of He emission profiles and atmospheric quantities. The atmospheric properties have been weighted
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side) contributions of nonthermal velocity to the line width. The
values of £ are clustered around 5 km/s, while v, estimated from
the spectral widths is typically larger. This suggests that a con-
siderable portion of these widths cannot be explained by either
thermal or nonthermal mechanisms alone. This is especially true
for locations that are optically thicker, where opacity broadening
is likely important.

To quantify the contribution of opacity broadening, we plot
in panel (c) the opacity broadening factor (Eq. [T4) against the
theoretical line width (Eq. [I0). This relation emphasizes that
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opacity broadening is significant, particularly for the most op-
tically thick regions. Points above 1 (the red line) indicate cases
where opacity broadening enhances the line width, while points
below 1 suggest that the theoretical line width overestimates the
observed width.

The next line property we looked into was the Doppler shift
of He, which we expect can be used to diagnose velocities in
the line-forming region. In Fig. [I2] we plot the Doppler shift es-
timated from the spectra against the simulation’s line-of-sight
(vertical) velocity weighted by the relative contribution func-
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tion of He. The figure illustrates a strong correlation between
atmospheric velocities and the Doppler shifts of He. Optically
thin points (light blue) exhibit a clearer velocity-Doppler shift
relationship due to their nearly ideal Gaussian profiles. In con-
trast, line profiles from optically thick regions often exhibit non-
Gaussian shapes (e.g., central reversals), which will affect the
quality of the Gaussian fit and therefore the correlation. Outliers
around Doppler shifts of 50 km/s and 70 km/s likely result from
profiles with central reversals, where the fitting routine misiden-
tifies the line centroid, favoring the shorter wavelength (upflow)
emission peak, creating two distinct clusters.

4.2. He and Ha

The spatial extent and the flame-like structure of Eller-
man bombs are best observed at off-vertical inclinations
(Rouppe van der Voort et al.|2016), with a u = cos 6 = 0.5 being
a good compromise between an inclined view but away from the
limb proper, where too much superposition occurs. We gener-
ated Ha and He synthetic spectra for different y using the Mus-
pel package, using the hydrogen populations from Multi3D for
Ha and RH 1.5D for He.

For the inclined profiles of He we assumed no contribution
from Can H, only He. This is a strong simplification, but a good
approximation for the He line core intensity, which is our main
goal. Using results from RH 1.5D we find that neglecting Canm H
has only a minor impact on the He line core, and therefore use
the Muspel He-only synthesis as a good proxy.

We show an inclined view from the simulations at 4 = 0.5 in
Fig. The cbh simulation shows multiple brightenings in the
Hea wing image, colocated with He line core brightenings. These
brightenings are more intense in He, due to its higher extinction
compared to the Ho wing. The higher extinction of He allows
us to observe finer details of these structures, revealing those
that could be optically thin in the Ha wing. Structures that are
otherwise faint in Ho wing become prominent in He. This is

exemplified by the flare structures F1 and F2, labeled in panel
(c), where F1 appears as a tower-like structure with a blurry, veil-
like appearance in He, but shows little to no signature in the wing
of Ha. The blurry appearance of F1 in He results from parts of
the flare being optically thin to He radiation, an effect even more
pronounced for the more energetic flare F2.

The cbh and en simulations contain multiple Ellerman
bombs, visible as flame-like structures in the He wing. For in-
stance, the Ellerman bomb examined in Sect. [3.2] appears as a
dome-like structure (labeled EB in panel (d)) in both Ha and
He, although the structure is more pronounced and extended in
He. Another notable example is the inverted Y-shaped structure,
located around x = 1.5 and y = 16 Mm. This structure is clearly
visible in the He line, whereas Ha only shows a faint indication
of it. In general, wherever Ellerman bombs are detected in He, a
co-spatial signature is present in He. However, He reveals more
flame-like structures that are not visible in Ha. This difference
comes from the larger line extinction in He compared to the Ha
wing, which enhances the visibility of small-scale structures.

5. Discussion

We investigated the formation and observational properties of
He for small-scale energetic events, including Ellerman bombs,
UV bursts, and small-scale flares. Our focus lies on understand-
ing how He behaves under varying atmospheric conditions con-
nected to energetic events and to what degree these events can
be diagnosed with He spectra. Ellerman bombs, UV bursts, and
flares each display distinct characteristics in the He line. Due to
high temperatures at lower column masses (chromospheric re-
gions), UV bursts and flares appear partially optically thin in He,
resulting in enhanced but diffuse structural features. In contrast,
Ellerman bombs form in optically thick conditions with temper-
ature increases occurring at higher column masses, which yields
sharper, better-defined structures than those of UV bursts and
flares.

However, it is not easy to quantify the temperature increases
from He spectra. Its core intensity is primarily determined by the
transition probability p;7, and not by the temperature directly,
which one might expect given that small-scale energetic events
typically cause temperature enhancements. The temperature en-
hancements increase p;7, producing more photons emitted from
small-scale energetic events.

The mechanism of photon creation in He differs from the
traditional view that the Balmer continuum primarily generates
the photons for Balmer line transitions (Gebbie & Steinitz[1974;
Ayres & Linsky||1975). The reason is the following. The Balmer
continuum drives the radiative rates in the hydrogen atom, which
leads the atomic transitions to adjust (Carlsson & Stein|[2002).
The changes in transition rates, particularly within the Lyman
series, influence p;7, which results in more photons being emit-
ted through the ground state of hydrogen rather than through
transitions into the continuum. This approach contrasts a view
where the Balmer continuum is thought to ionize hydrogen, lead-
ing to recombination and cascading downward to the upper lev-
els of the Balmer series transitions, which will eventually emit
photons. However, this ionization-recombination model is un-
supported by the multilevel source function, which defines the
probabilities of transition paths through the atom leading to the
population of the upper level of a transition eventually emitting
photons (Paper II). This highlights that the emission of photons
follows primarily from transitions connected to the Lyman se-
ries rather than the ionization-recombination view. They are con-
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Fig. 13. Synthetic He and He images at an heliocentric angle of u = 0.5. Panels a and b show an Ha wing image for the cbh and en simulations.
Panels c and d show an He line core image for the cbh and en simulations. The wavelength position of each image is indicated by a red vertical
line on top of the averaged spectral profile at the top-right corner. The He images are a proxy for the line core emission and were calculated by

neglecting the contribution of Cau H.

nected to temperature in a nonlinear way, and therefore it is dif-
ficult to convert from He line intensity into temperature.

To date, no high-resolution observations of flares in He have
been published. The most comprehensive results available are
low-resolution observations of flares by [Rolli & Magun| (1995))
and [Rolli et al| (1998alb), which used the He line width to esti-
mate the electron density evolution in the chromosphere during
flare events. These studies assumed optically thin He formation,
no nonthermal broadening, thermal broadening at 7 = 10* K,
and linear Stark broadening to approximate electron density.
However, our analysis of the He widths suggests that nonthermal
and opacity broadening can substantially impact the line width.
They must be taken into account to obtain accurate estimates
of electron density during flares. Generally, drawing definitive
conclusions regarding which broadening mechanisms and atmo-
spheric parameters primarily set the He width is challenging,
as the full extent of the He profile remains “concealed” from
observers. The atmosphere is optically thick to He wing pho-
tons, with Canm H extinction dominating and preventing these
wing photons from escaping. As a result, He photons can escape
only near the line core, which is the visible part in observations.
The more dominant He extinction becomes over Can H extinc-
tion, which is strongly temperature-dependent (due to Ly-«), the
more of the He profile is revealed. This explains why certain
data points in Fig. [[T] exhibit stronger broadening than theoreti-
cal predictions (e.g., points to the left of the red line), complicat-
ing efforts to find the dominant broadening mechanism.

The Doppler shift of He is a good estimate of atmospheric
velocities, as shown by its correlation with line-of-sight veloci-
ties. He can be used to measure outflows in Ellerman bombs —
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a measurement that is difficult to perform in Ha or HB. Addi-
tionally, He could enable detailed observations of atmospheric
velocity responses to UV bursts and flares in high-resolution ob-
servations, at the atmospheric layers where the He line core is
formed. This allows measurements of chromospheric velocities
throughout the flare’s progression and across different regions of
flares. The velocity estimate works better for Gaussian-shaped
He profiles, which usually come from optically thin regions. For
optically thicker regions, as seen in Fig.[I2] there is more scatter
in the correlation because it is difficult to reliably extract shifts
from non-Gaussian profiles with central reversals and/or strong
asymmetries.

Figure [T3] shows more Ellerman bomb structures in He
than in Hea. This is consistent with the observations of
[Rouppe van der Voort et al.| (2024) and underscores the value
of higher-order Balmer series lines to capture details of small-
scale energetic events. For example, the Ellerman bomb struc-
ture highlighted in Fig. [I3] and the inverted Y-shaped structure
around x ~ 1.5 and y ~ 16 Mm are clearly visible in He but ab-
sent from He. These differences arise because the He line core
has more extinction than the Ha wing, where such structures are
fainter. If the extinction in small-scale energetic events is ampli-
fied due to a temperature or density increase, they can become
more visible in the Ha wing. A critical assumption in synthesiz-
ing the inclined view of He was neglecting Cam H, but we find
it a reasonable approximation close to the line core because both
the He extinction and source function dominate over Can H.
As a result, our maps show granulation in the He core (similar
to the Ha wing) instead of reversed granulation, except in re-
gions of small-scale energetic events. The bright, diffuse struc-
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tures in panel (d) reflect contributions from optically thin areas
within He. Furthermore, we are limited by the assumption of
1.5D, but our findings in [Paper I indicate that 3D effects are not
pronounced for He.

6. Conclusions

We studied the formation of He in small-scale energetic phe-
nomena from two active-Sun Bifrost simulations. We find dis-
tinct He signatures of Ellerman bombs, UV bursts, and flares
that can offer additional diagnostics compared to other spectral
lines. Key findings from our study include:

Flares and UV bursts exhibit partial optical thinness to He

radiation due to strong temperature increases in the chromo-

sphere and should appear as blurred structures in observa-
tions.

— Ellerman bombs remain largely optically thick in He and
appear as sharply defined structures, tracing temperature in-
creases in the lower atmosphere.

— Ellerman bombs are easier to see in He than in Ha because
the line core of He has more extinction than the wing of Ha.

— He provides good velocity diagnostics for small-scale heat-
ing events in the lower chromosphere.

— The amount of He emission is a poor tracer of temperature
since it is mostly set by the p; transition probability, which
depends on Lyman transitions and nonlinearly on tempera-
ture.

— The width of He is poorly correlated with atmospheric prop-

erties because it is influenced by various broadening mecha-

nisms: thermal, nonthermal, and opacity broadening.

In [Paper Il we demonstrate that interlocking strongly influ-
ences the line source function and, consequently, the amount of
emitted He photons. Here, we pinpoint the p;; transition as re-
sponsible for setting He emission in energetic events. We show
that He serves as a valuable diagnostic tool for detecting and an-
alyzing small-scale energetic events, such as Ellerman bombs,
UV bursts, and small-scale flares, and demonstrate how these
phenomena can be observed in He.

Compared to other hydrogen lines, He is weaker but has
the advantage of not being opaque enough to the fibril canopy.
Therefore, it can be used to image lower chromospheric heat-
ing in its line core, not just in the wings like He and HpB. This
makes it more reliable for extracting velocities as the line core
is easier to trace than wing emission. Its position in the Can H
wing is both a curse and a blessing. The dominating background
obscures nearly the whole He profile except for a small region
around the core. Other lines such as Hé and Hy could be promis-
ing alternatives, particularly for quiet-Sun Ellerman bombs, if
the chromosphere is optically thin in these lines — a possibility
that merits further investigation.
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