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ABSTRACT

Context. Much of a solar flare’s energy is thought to be released in the continuum. The optical continuum, white light (WL), is of
special interest since it can be observed from the ground.
Aims. We aim to investigate the prevalence of WL emissions in simulations of purely electron beam-driven solar flares, what deter-
mines the occurrence of these enhancements, and the underlying causes.
Methods. We utilized the F-CHROMA grid of flare simulations created using the radiative hydrodynamics code RADYN. We probed
the spectral index, total energy, and low-energy cutoff to draw conclusions about their relationships to the WL intensity. Furthermore,
we calculated the 6684 Å continuum intensities as well as the Balmer and the Paschen ratios. Finally, we analyzed two particular
cases, one with a high 6684 Å intensity and one with a large Balmer ratio, to determine the dominant mechanisms in these simula-
tions.
Results. Of the 84 flares included in the F-CHROMA grid, 33 show WL intensity enhancements that exceed 0.1% relative to the
pre-flare level. We conclude that with the parameters presented in the F-CHROMA grid, purely electron beam-driven simulations of
solar flares are not able to reproduce observed WL enhancements, as the maximum enhancements in the grid are below 4%, which is
significantly lower than observational values. The total energy (which is correlated with the maximum beam flux) is the main factor
for deciding whether excess WL emissions will be detectable or not. There is a linear relationship between the Balmer (and Paschen)
ratio and the relative continuum increase. Both case studies show that during the time of maximum WL excess, hydrogen ionization
and subsequent recombination in an optically thin medium is the dominant mechanism for WL continuum emission enhancements in
these electron beam-driven atmospheres. Increased H− emission in the photosphere, as a result of radiative backwarming, becomes
dominant during the declining phase of WL emissions in both case studies. We confirm the inability to reproduce the characteristics of
type II WL flares, namely, the appearance of photospheric continuum enhancements without prior chromospheric emission increases
and the lack of a clear Balmer jump, with the F-CHROMA grid.
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1. Introduction

Flares are sudden local brightenings that appear throughout the
electromagnetic spectrum over a timespan of minutes to hours
(Benz 2017). They can accelerate particles to high energies,
heat the ambient plasma, and be accompanied by coronal mass
ejections (Shibata & Magara 2011). To explain the observations,
the so-called CSHKP model (named after Carmichael 1964,
Sturrock 1966, Hirayama 1974, Kopp & Pneuman 1976, but also
referred to as the standard flare model) was developed. Accord-
ing to the model, a large magnetic loop rises up to coronal
heights due to an instability in the system and gets pinched at its
legs. Where the anti-parallel magnetic field lines meet, magnetic
reconnection sets in and releases the built-up energy. Charged
particles (electrons and ions) are then accelerated and move
along the magnetic loop toward the chromosphere. Once there,
the density is high enough that the energetic particles can lose
their energy through Coulomb collisions, thereby heating the
ambient plasma. Since the plasma pressure is dependent on tem-
perature, the heated plasma expands and fills the magnetic loop
in a process known as chromospheric evaporation (Fisher et al.
1985). Along the way, it emits radiation in the soft X-ray and
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extreme ultraviolet parts of the electromagnetic spectrum (Benz
2017).

The first observations of solar flares were conducted in the
optical part of the electromagnetic spectrum (Carrington 1859).
Within this spectral range, the Balmer and Ca II K lines have
especially become increasingly popular (Kretzschmar 2011).
However, spectral lines are not the only parts of the spectrum
that contribute to optical emissions. The continuum has arguably
received less attention due to the short duration and poor con-
trast of its intensities (Hudson et al. 2006; Fletcher et al. 2007a).
It has been postulated that emissions in the optical contin-
uum, known as white-light (WL) emissions, not only occur in
certain conditions but could also be general features of flares
(Jess et al. 2008). In a statistical analysis, Watanabe et al. (2017)
found WL emission in half of a sample of 100 M- and X-
class flares observed by Hinode/SOT. Another more recent study
by Cai et al. (2024) randomly selected a set of flares from the
flare list in Li et al. (2021) (and added six X-class flares on
their own). Using a revised method of identification applied
to SDO/HMI continuum observations, they found WL emis-
sion in 30% of the 30 C-class flares they studied, with an even
higher proportion for M- and X-class flares. Similar values have
been reported by Song et al. (2018) using observations taken
from space, by SDO/HMI, and the ground, by the Optical and
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Near-infrared Solar Eruption Tracer (ONSET), although the dif-
ferentiation between C- and M-class flares was not considered.
Castellanos Durán & Kleint (2020) report comparable percent-
ages for M- and X-class flares but lower values (≈10%) for
C-class events. Notably, their results match those for circular-
ribbon flares in Song & Tian (2018). A concise summary of
statistics on WL flare occurrences across several studies can be
found in Castellanos Durán & Kleint (2020).

In WL flares, the optical continuum contains a significant
portion of the total radiated energy and may even play the dom-
inant role overall. Neidig (1989) suggested that WL intensity
enhancements may account for up to 90% of the total energy
emitted from the flare region. This is supported by findings in
Sun-as-a-star observations by Kretzschmar (2011), who found
that about two-thirds of the radiated flare energy is contained
in WL. On the other hand, more recent statistical investigations
have found that the relative enhancement of the optical con-
tinuum at 360 nm during WL flares is less than 30% in most
cases (Jing et al. 2024), with a mean of approximately 19%. This
seems to be strongly dependent on the resolution of the instru-
ment, as Jess et al. (2008) found enhancements of up to 300% in
localized regions.

As for the origin of WL emissions, the mechanisms are still
poorly understood, and theories can be divided mainly into two
categories (Ding et al. 1994). In the first, the emission comes
from regions that emit at the same wavelengths in the quiet Sun,
i.e., the photosphere (Kerr & Fletcher 2014), and in the second,
the emission comes from higher up, i.e., the chromosphere. In
the former, the energy needs to be transported to the photosphere
by high-energy electron beams (Emslie 1978; Procházka et al.
2018), Alfvén waves (Russell & Fletcher 2013), or radiative
backwarming (Machado et al. 1989; Metcalf et al. 2003). In the
latter, WL emission is characterized by optically thin recombi-
nation radiation, mainly in hydrogen continua (Dominique et al.
2018). A more detailed discussion of possible WL emission
mechanisms can be found in Metcalf et al. (1990).

Following these two theories, WL flares can then be broadly
classified into two groups depending on their spectral proper-
ties as well as the relation between intensity enhancements of
the WL and that of hard X-rays or microwaves (Machado et al.
1986). Type I WL flare spectra show a Balmer jump and strong
Balmer line intensities. The WL emission of type I WL flares
generally coincides in time with hard X-rays or microwave
enhancements (Fang & Ding 1995; Kuhar et al. 2016) and is
believed to be caused by hydrogen recombination in the chro-
mosphere (Kleint et al. 2016). Type II WL flares, on the other
hand, lack a clear Balmer jump, show weak and narrow hydro-
gen lines, and precede or lag behind hard X-rays and microwave
increases (Fang & Ding 1995; Ding et al. 1999). The mechanism
behind type II WL flares is thought to be a higher H− continuum
emission from the photosphere (Kleint et al. 2016).

In this study, our aim is to investigate the mechanisms
responsible for WL enhancements in 1D purely electron beam-
driven simulations of solar flares. To accomplish this, we made
use of the F-CHROMA grid presented by Carlsson et al. (2023),
which includes a range of simulations with realistic electron
beam parameters for solar conditions.

2. Methodology

2.1. The radiative hydrodynamics code RADYN

To simulate flares and the response of the solar atmosphere,
we needed to combine the radiative transfer equation with

the hydrodynamic equations. This necessitated a model that
extends from below the photosphere through the chromosphere,
transition region, and finally the corona. The RADYN code,
developed by Carlsson & Stein (1992, 1995, 1997, 2002), and
Allred et al. (2015), employs a semi-implicit (multidimensional)
Newton–Raphson linearization and iterates the time-centered
spatial derivatives on an adaptive grid (see Dorfi & Drury 1987).
In extreme instances, the minimum distance between two grid
points may reach less than 1 m. To model transitions, RADYN
incorporates a five-level with continuum hydrogen atom, an
eight-level with continuum helium atom, and a five-level with
continuum calcium atom. The continua of other elements are
treated as background continua in local thermodynamic equilib-
rium (Carlsson & Stein 2002).

Carlsson et al. (2023) constructed a grid of flare simulations
(the F-CHROMA grid), which is freely available1,2 and includes
input files for the grid and a script to conduct the flare simu-
lation. The atmosphere consists of a loop with a half length of
10 Mm and a quarter-circle shape. The loop is assumed to be
vertical, with the bottom boundary being situated 90 km below
the τ500 nm = 1 height. Both the lower and upper boundaries are
closed (i.e., reflective). The electrons in the beam are assumed
to be non-thermal, having been accelerated in the corona, and
to follow a power-law distribution. The shape of the electron
beam flux in this model grid is triangular in time; it increases
linearly for the first half (t = 10 s) and decreases linearly back to
0 during the second half. The beam follows the Fokker–Planck
description (incorporated by Allred et al. 2015). The character-
istic properties of a given beam are the spectral index, d, the
cutoff energy (the minimum non-thermal electron energy), Ec,
and the total energy per area, Etot. In the present stage, return
currents (which provide additional heating) are not included in
these models. To capture the development of the atmosphere
after direct beam heating ceases, the simulations were extended
for a further 30 s until t = 50 s.

2.2. Parameters

Each simulation in the F-CHROMA grid can be uniquely iden-
tified via the spectral index, d, the total energy, Etot, and the
cutoff energy, Ec. We therefore specified simulations according
to the following nomenclature: dn_Etot_Ec, where n is a posi-
tive integer stating the spectral index. The units of Etot and Ec
are erg cm−2 and keV, respectively. For example, d4_1.0e12_25
describes a simulation with spectral index d = 4, total energy
Etot = 1 · 1012 erg cm−2, and cutoff energy Ec = 25 keV. In total,
the spectral index in the F-CHROMA grid ranges from d = 3
to d = 8, which are reasonably common values found for solar
flares (Lin & Hudson 1976; Chen & Ding 2006; Fletcher et al.
2007a; Milligan & Dennis 2009; Warmuth & Mann 2016;
Watanabe et al. 2017; Song & Tian 2018; Wu et al. 2023). The
values for the total energy of the beam are Etot = [3 · 1010, 1011,
3 · 1011, 1012] erg cm−2, with the higher end being larger than
the values found in Warmuth & Mann (2016), but still below the
highest values obtained from solar flares (Kowalski et al. 2024).
The cutoff energies in the grid are Ec = [10, 15, 20, 25, 38] keV,
which is consistent with typical values reported in the literature
(Chen & Ding 2006; Fletcher et al. 2007b; Milligan & Dennis
2009; Warmuth & Mann 2016). However, there is only one run

1 Models available at https://star.pst.qub.ac.uk/wiki/
public/solarmodels/start.html
2 RADYN source code available at https://folk.
universitetetioslo.no/matsc/radyn/
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with Ec = 38 keV. In theory, this assortment of parameters would
result in a total of 6 · 4 · 4 + 1 = 97 simulations. In practice, some
of the simulations with high d, high Etot, and low Ec are not
included in the grid due to the enormous computational effort
needed to simulate these events. At the time of writing, the F-
CHROMA grid contains a total of 84 flare simulations.

We used the continuum intensity, Ic, and its relative change
(in %), Ic,rel, compared to the t = 0 (pre-flare) value to ana-
lyze the change in the continuum intensity level. We denote the
maximum continuum intensity for each simulation as Ic,max

3.
The selected wavelength to represent the WL continuum is
6684 Å, which is the closest available wavelength to the
Fe I 6173 Å line used for the reconstruction of the SDO/HMI
continuum (Scherrer et al. 2012).

The Balmer jump ratio, RB, is the intensity blueward of the
Balmer jump divided by the intensity redward. This is a direct
result of the structure of the H-atom. Blueward of the Balmer
jump (i.e., toward higher energies), hydrogen can be ionized
directly from the second energy level due to bound-free absorp-
tion. The calculation of the Balmer ratio differs from that in
Kowalski et al. (2024), as we used the two wavelengths closest
to the Balmer jump in the RADYN simulations: 3646.9 Å and
3647.1 Å. In reality, the sharp edge that appears in simulations
does not exist due to the blending of higher-order Balmer lines
(e.g., Zarro & Zirin 1985). Nonetheless, we calculated the abso-
lute Balmer ratio as follows:

RB =
Ib,B

Ir,B
, (1)

with Ib,B the intensity blueward and Ir,B the intensity redward of
the Balmer jump. We denote RB at the time of Ic,max as RB,max.

The Paschen jump ratio, RP, originates from a similar con-
figuration as the Balmer jump. However, in this case, the elec-
tron in the neutral hydrogen is already in state n = 3, and there-
fore the needed energy to ionize H is less than for n = 2. This
results in the Paschen jump being situated at longer wavelengths.
The Paschen ratio was analyzed using the intensities immedi-
ately blueward (8205.7 Å) and redward (8206.0 Å) of the jump,
and the ratio was calculated similarly to the Balmer jump ratio:

RP =
Ib,P

Ir,P
, (2)

with Ib,P the intensity blueward and Ir,P the intensity redward of
the Paschen jump. We denote RP at the time of Ic,max as RP,max.

The temperature, density, velocity, and several other param-
eters related to the internal energy supplemented our analysis.
Finally, we investigated the contribution function to intensity,
which can be used to analyze where in the atmosphere the
excess WL emissions are coming from. This is a valuable ana-
lytical tool because it indicates the contributions from a certain
depth point in the model to the total intensity at a given wave-
length. Starting with the formal solution of the transfer equation
(Carlsson & Stein 1994),

Iν =

∫ ∞
0

S ντνe−τνdτν, (3)

we could identify the contribution function to the emergent
intensity as a combination of the source function, S ν, an expo-
nential attenuation factor, e−τν , and a term, dτν, that describes the

3 We call this the WL maximum from here on.

product of the cross-section and the column density of emitters.
This can be rewritten as

Iν =

∫ ∞
−∞

S ν(z)e−τνχν(z)dz, (4)

where χν is the monochromatic opacity per volume. The term
S ν(z)e−τνχν(z) in Eq. (4) is the contribution function in terms of
the geometrical height, z.

3. Results

3.1. Statistical behavior

Of the 84 cases, 45 show at least some enhancements of the con-
tinuum intensity at 6684 Å, leaving 39 cases that do not produce
any enhanced WL intensity. In fact, most of the cases (including
the ones showing an increase in WL intensity) show some kind
of decrease, in extreme cases down to over –2.0%, usually reach-
ing the peak decrease within the first 10 seconds, i.e., when the
beam flux is still increasing. Figure 1 displays Ic,rel (left panel)
as well as the Balmer jump light curves (blue- and redward;
right panel) for two cases. One can see that the initial contin-
uum decrease is steeper, but shorter in the case with WL inten-
sity enhancements. This is in line with the results presented by
Yang et al. (2021), who propose that higher electron beam fluxes
result in shorter initial dimming periods and that the severity of
the dimming is inversely correlated with its duration.

The events for Fig. 1 were chosen in order to demonstrate
how in a non-WL case, the intensities around the Balmer jump
generally stay approximately constant, except for small bumps
and/or decreases, whereas in a WL case, there is usually a highly
significant peak in the intensities blueward of the Balmer jump.

Of the 45 flares that show Ic,rel > 0 at some point in time,
only 33 have relative intensity enhancements that exceed 0.1%4.
Only 12 flares exceed 1% on this scale.

A calculation of the portion of energy radiated in the con-
tinuum compared to the lines shows that on average, 46.6% of
the total energy radiated across the simulations included in the
F-CHROMA grid is radiated in the continuum. For the non-WL
cases, the average amount is 42.9%, with values ranging between
21.2% and 61.0%. The respective values for WL cases range
from 38.5% to 73.8%, with a mean of 52.5%.

Figure 2 shows the maximum of Ic,rel as a function of d,
Etot, and Ec

5. The cases investigated in more detail in this work
(Sect. 3.2 and Sect. 3.3) are marked with numbers 1 and 2. The
most dominant factor in determining whether a flare will have
enhanced continuum intensities is the total energy (or maximum
beam flux) of the electron beam. As depicted, atmospheres react-
ing to a total beam energy of Etot ≤ 1 · 1011 erg cm−2 (i.e., a
maximum beam flux of 1·1010 erg cm−2 s−1 or lower) do not pro-
duce continuum intensity enhancements exceeding 0.1% above
the quiet-Sun level. From Fig. 2 it finally follows that WL emis-
sion enhancements are less likely for electron beam spectra with
a combination of low Ec and high d.

Figure 3 depicts the relationship between RB,max and Ic,max
(top panel) as well as between the latter and RP,max (middle
panel). We note here that RB,max and RP,max are given at the
time of Ic,max and therefore may not reflect the maxima of the

4 From now on, we use the term “WL case” for simulations showing a
WL intensity enhancement over 0.1% and “non-WL case” for the other
simulations.
5 The simulation with Ec = 38 keV is not included in the figure, but it
produced a WL enhancement of roughly 2.1%.
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Fig. 1. Light curves of Ic,rel as well as intensities left and right of the Balmer jump for a WL and a non-WL case. Left: Ic,rel as a function of time for
the WL case d3_1.0e12_20 and the non-WL case d3_1.0e11_10. Right: Intensities blueward (at 3646.9 Å; solid lines) and redward (at 3647.1 Å;
dashed lines) of the Balmer jump. In both panels, red indicates the WL case, whereas gray specifies the non-WL case.
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Fig. 2. Maximum continuum intensity, Ic,max, as a function of Ec, d, and
Etot for all simulations included in the F-CHROMA grid. The values
for d have been divided into four distinct locations to avoid overlap and
to show Etot corresponding to each simulation (indicated at the top).
Dashed vertical lines indicate the border between the different spectral
index values. The size corresponds to Ic,max, as indicated in the legend
below the x-axis. Red indicates WL cases, whereas gray specifies non-
WL cases. The cases used for the case studies are indicated with num-
bers 1 and 2.

ratios for a given simulation. Interestingly, a linear relationship
seems to exist between RB,max (and RP,max) and Ic,max. One of
the two simulations in the bottom right of the upper two pan-
els of Fig. 3 shows a peculiar behavior that is likely related to
numerical issues. The values of RB,max range from 0.80 to 0.98,
whereas RP,max extends from 0.995 to 1.013. For reference, the
value of RB at t = 0 is 0.80, and 0.995 for RP. This means that
all cases with RB,max = 0.80 and RP,max = 0.995 did not exhibit
an increase before Ic,rel reached its maximum. Generally, cases
with RB,max > 0.87 all show WL enhancements of 0.1% or more.
However, several WL cases also show RB,max < 0.87. RP,max

does not show the same spread in values as RB,max does, but still
a rough differentiation between non-WL and WL cases can be
made, as all cases with RP,max > 0.997 show Ic,max > 0.1%. The
bottom panel of Fig. 3 presents the relationship between RB,max
and RP,max. The two exhibit very similar behavior, with an almost
perfect linear correlation.

3.2. Case 1: High continuum intensity enhancement

The first case we discuss in detail in this work has Ic,max = 3.6%
(see Fig. 4, top panel, dashed blue line). It has a spectral index of
d = 4, a total beam energy of Etot = 1012 erg cm−2, and a lower-
energy cutoff of Ec = 20 keV. It only shows a very short drop
in continuum intensity (< 3 s). It reaches Ic,max after t = 13.9 s,
and decreases to an approximately constant level (which is still
slightly above the pre-flare level) within t ≈ 37 s after the start
of the simulation.

For this case, RB,max = 0.97 (Fig. 4, bottom panel, dashed
blue line), while RP,max = 1.01. Similar to Ic,rel, RB shows only
a short dip of < 2 s. The increase happens in two stages, reach-
ing the first (local) maximum around t = 10 s, and the second
(global) maximum after t = 14.1 s, almost coincidental with the
time of Ic,max. RB decreases rapidly thereafter and reaches pre-
flare values after t ≈ 21 s, i.e., shortly after the beam heating has
ceased.

3.2.1. General description of case 1

Most of the beam energy in the early stages of the flare is being
deposited between h ≈ 1.0 Mm and h ≈ 1.75 Mm (middle to
upper chromosphere; see Fig. 5, top panel). This beam heating
heats the plasma in that region to between T = 10 000 K (near
the upper and lower edges of these layers) and T = 17 000 K. At
the same time, it causes an increasing number of hydrogen atoms
to become ionized (see Fig. 6, top panel), leading to a delicate
balance of energy input and radiation that maintains the temper-
ature constant for a few timesteps. Once most of the hydrogen
has been ionized (at t = 1.1 s), it cannot effectively radiate away
the energy input anymore, and the layers around h = 1.3 Mm see
an increase in heating rate again. Helium now provides the main
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contribution to radiating away the energy input from the beam.
As the bulk of the available helium gets ionized (Fig. 6, bottom
panel), the temperature stays approximately constant again, with
the upper layers (up to h ≈ 1.75 Mm) showing temperatures up
to T ≈ 105 K. Meanwhile, hydrogen ionization continues in an
extended layer in the chromosphere (h ≈ 0.9 Mm to h ≈ 1.2 Mm,
falling off exponentially toward the lower boundary) for multiple
timesteps. The hydrogen ionization fraction decreases (i.e., the
number of recombinations exceeds the number of ionizations)
after the beam heating has reached its maximum and enters the
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Fig. 4. Relative continuum intensity, Ic,rel, (top) and RB (bottom) as a
function of time for the two cases d4_1.0e12_20 (“case 1,” dashed blue
line) and d3_1.0e12_25 (“case 2,” dashed-triple-dotted magenta line).

decreasing phase. As can be seen in Fig. 6 (top panel, red dotted
line), there is a small region within the transition region (now
situated much further down in the atmosphere) where the ion-
ization fraction drops rapidly. Late in the simulation, another
short-lived episode of hydrogen ionization appears due to plasma
that is moving down from the corona, hitting the layers around
h ≈ 1.0 Mm.

Chromospheric evaporation (upward movement of chromo-
spheric plasma along the magnetic loop) starts at t ≈ 1.1 s
(around the time when most of the helium has been ionized)
and at an initial height of h ≈ 1.8 Mm. This evaporation does
not create enough overpressure (see Fisher et al. 1985) to result
in chromospheric condensation, since oxygen, carbon, and neon
are still able to approximately balance the energy input from the
beam via radiative cooling (Kowalski & Allred 2018). However,
at t ≈ 3.0 s, a thermal runaway sets in, and the plasma gets heated
to T ≈ 106 K within 1 s. The resulting drastic increase in pres-
sure is now enough to induce explosive evaporation and drive a
chromospheric condensation downward. The downward move-
ment sets in at t ≈ 3.2 s, and about 200 km below the starting
point of the evaporation (h ≈ 1.6 Mm).

Evaporation and condensation are visible as distinct peaks
in the temperature profile (not as much in the density profile
until t ≈ 3.5 s), as seen in Fig. 7 (top-left panel, dashed blue
line), separated initially by a lower-temperature region which
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Fig. 5. Beam heating term in the internal energy equation for case 1 (top
panel) and case 2 (bottom panel) as a function of height and time. The
scale is displayed as a color bar on the right side of each panel. The bin
size in the space domain is 10 km, and 0.1 s in the time domain.

gets heated to similar temperatures over time. The evaporation
shows an increased density by approximately one order of mag-
nitude compared to the coronal plasma (Fig. 7, top-right panel,
dashed-dotted green line). The upward velocity of the evaporat-
ing plasma increases toward the top of the simulation box (best
seen in Fig. 7, bottom-left panel, dashed-triple-dotted magenta
line), reaching v ≈ 800 km s−1. This is a result of the higher
sound speed in these regions of higher temperature. Meanwhile,
the condensation moves at lower velocities, reaching a maximum
of v ≈ 50 km s−1 (Fig. 7, bottom-left panel, dashed-triple-dotted
magenta line). As it moves downward in the atmosphere, it
accrues mass, increasing in density (compare the dashed-dotted
green and the dashed-triple-dotted magenta line in Fig. 7, top-
right panel). This increased density leads to more effective cool-
ing, and the temperature decreases drastically to T < 40, 000 K
at t = 6.3 s. As the beam heating further increases, the region
below the condensation reaches a point where the cooling via
radiation cannot compensate for the increase in beam heating. At
the local minimum in the cooling function, located between 50
and 100 km below the condensation, a local maximum of beam
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Fig. 6. Ionization fraction of hydrogen (top) and helium (bottom) as a
function of height above the τ500 nm = 1 photosphere at various times
(indicated in the bottom-right corner of each panel) for case 1.

heating is formed. As a response, this region begins to heat up
(from T ≈ 1.4 · 105 K to T ≈ 2 · 106 K in 4.1 s; see Fig. 7, top-
left panel, dashed-dotted green and dashed-triple-dotted magenta
line) and expand (decreasing in density by about one order of
magnitude within 3 s). This results in an increase in density
of the condensation above it, as well as the creation of a new
high-density, low-temperature condensation below the expand-
ing plasma (at height h ≈ 1.35 Mm, starting at t ≈ 7.3 s). The
expansion of the region causes the upper (primary) condensation
to reverse its direction of movement (now moving upward), and
the lower (secondary) condensation to move downward. Both
the upward-moving blob (since it cannot be called condensa-
tion anymore due to its upward movement) and the downward-
moving secondary condensation have an increased density by
about one order of magnitude compared to their surroundings,
and compress as they travel through the atmosphere. The cool
blob starts to diffuse at t ≈ 13.4 s, decreasing drastically in
density (and increasing in temperature). It reaches a density
(and temperature) comparable with its surroundings within 0.2 s.
Meanwhile, the secondary condensation dissipates much more
slowly, possibly owing to its lower velocity (v ≈ 60 km s−1).
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Fig. 7. Logarithmic temperature (top left), logarithmic density (top right), macroscopic velocity (bottom left), and logarithmic gas pressure (bottom
right) as a function of height above the τ500 nm = 1 photosphere at various times (indicated in the top-right corner of the top-right panel) for case 1.

After t ≈ 37.4 s, plasma coming from the corona at speeds of
v ≈ 150 km s−1 (either in the form of evaporation from the other
footpoint itself or a rebound wave resulting from evaporation of
the plasma in this footpoint hitting the evaporated plasma from
the other footpoint at the top of the loop) hits the chromosphere
at h ≈ 0.95 Mm. This causes a slight increase in density and
another minor episode of evaporation (and hydrogen ionization,
as discussed earlier). Some plasma also continues its downward
movement at speeds around v ≈ 10 km s−1.

3.2.2. White-light enhancements in case 1

In this simulation, the continuum contained 68.1% of the total
radiated energy. In Fig. 8, we show the change of the contribution
function to Ic (in logarithmic units) as a function of height (on the
x-axis) and time (on the y-axis). Not visible in this plot is the fact
that the main contribution overall comes from the photosphere.
We start to see intensity enhancements in the chromosphere after
t = 0.6 s, coinciding with the time when a significant portion of
the hydrogen in this region has been ionized. The upper limit
to these layers lies around h = 1.2 Mm, whereas the lower
limit moves to deeper layers over time (following the hydro-
gen ionization). Overall, the largest contributions to the inten-
sity excess come from the secondary condensation. A look at the
(electron) densities in both condensation features shows that the
contribution to Ic seems to depend on the electron density (see
Fig. 9). This dependence is linear on a log-log scale throughout
the condensations. Furthermore, the evolution of the contribution
to Ic as a function of electron density (available as movies upon
request) suggests an electron density of roughly log(ne) & 13 as

a necessary, but not sufficient, condition for enhancements of Ic
to become significant. This explains why there is another episode
of WL emission enhancement at a height of h ≈ 0.9 Mm starting
at t ≈ 38 s, which is precisely at the time and location where the
short-lived episode of hydrogen ionization due to the impact of
material coming from the corona happens (see Sect. 3.2.1).

The contribution to Ic from layers below the photosphere
decreases substantially during the simulation. This is due to the
increase in the opacity, exemplified in Fig. 8 with a solid magenta
line marking the τ = 1 layer. Although this layer does not vary
much in height throughout the simulation, this small change
is enough in order for a layer of a given opacity to be shifted
to heights with a considerably lower temperature and therefore
source function, which decreases the contribution to Ic.

There is a noticeable decrease of the contribution function
in photospheric layers up to the temperature minimum region
(TMR) between t ≈ 6 s and t ≈ 14 s. The cause of this can be
understood by looking at the dotted magenta line in Fig. 8, which
marks the height of the τ = 0.01 layer. It reveals an increase in
opacity in chromospheric regions (and down to the TMR and
below). This increase is mainly due to an elevated population
in the n = 2 states of hydrogen. Following the description in
Sect. 3.1, portions of the photospheric radiation are absorbed in
these layers of enhanced opacity (relative to the pre-flare level).
We discuss this in more detail in Sect. 4. The magenta curves
in Fig. 8 furthermore show that the excess emissions in chromo-
spheric layers stem from regions in the atmosphere that can be
characterized as optically thin. As mentioned before, the τ = 1.0
layer, marking the change to an optically thick regime, does not
change significantly in height throughout the simulation.
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In this simulation, the TMR and even the photosphere
(defined here as the layer where τ500 nm = 1) get heated. As
Fig. 10 indicates, at the time of maximum temperature differ-
ence (compared to t = 0 s), i.e., at t = 20.2 s, the TMR is 724 K
hotter and lies > 200 km deeper. The photosphere reaches its
maximum temperature a little earlier (at t = 17.1 s), with the
temperature enhancement being 94 K. At the end of the simu-
lation, the TMR and photosphere are still 363 and 27 K hotter,
respectively, than at t = 0. Note that beam heating at the height
of the TMR can only take place through very high-energy elec-
trons and is therefore very low. The main reason for the tem-
perature increase is as follows: Some of the (predominantly)
Balmer-continuum photons created in the chromosphere through
recombination are traveling downward in the atmosphere and are
absorbed in the regions around the TMR and below. This process
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DTphot = 92 K

0.0 0.5 1.0 1.5 2.0Height (Mm)
3000
4000
5000
6000
7000
8000
9000

10000

Tem
pera

ture
 (K)

Fig. 10. Temperature around the TMR at t = 20.2 s (solid line), i.e., the
time of highest temperature in the TMR, and at t = 0 s (dashed line)
for case 1. The bottom right indicates the height difference between the
TMR at t = 0 s and at t = 20.2 s as well as the temperature differences
in the TMR and photosphere at these times.

is known as radiative backwarming. This decreases the overall
radiative losses in the photosphere, resulting in heating of the
TMR and photosphere. This heating is then also the reason for
the enhanced photospheric emissions that become apparent in
Fig. 8 after t ≈ 14 s. We note that the heating of the photo-
sphere via backwarming commences already early in the simu-
lation, once the majority of the hydrogen has been ionized and
recombination rates are high. The change of the contribution to
Ic from the photosphere, however, remains negative until t ≈ 14 s
due to the aforementioned increase in the opacity in the chromo-
sphere, and the change only becomes positive once the heating is
high enough, and subsequently when the opacity in the chromo-
sphere decreases again. In fact, as the contribution from hydro-
gen recombination in the chromosphere declines, the percentage
of photospheric contribution to the total change of the contri-
bution function (as depicted in Fig. 8) increases from <10% at
t ≈ 13 s to >80% at t ≈ 20 s.

3.3. Case 2: High Balmer ratio

Case 2 is the case with the highest RB,max (with RB,max = 1.06, see
Fig. 4, bottom panel, dashed-triple-dotted magenta line, while
RP,max = 1.02). It has a spectral index of d = 3, a total beam
energy of Etot = 1012 erg cm−2, and a lower-energy cutoff of
Ec = 25 keV. RB,max in this simulation is reached after t = 10.5 s,
which is 3.6 s earlier than in case 1. The decrease after the max-
imum is again roughly linear and very similar in shape to case 1.

As shown in Fig. 4 (top panel, dashed-triple-dotted magenta
line), Ic,max = 4.0% for this case. It is reached after t = 14.2 s,
almost coincident with case 1. Generally, the light curve of Ic,rel
is smoother than it is for case 1. The most obvious feature,
besides the main maximum, is a deep and long-lasting decrease
in intensity from the start of the simulation until t = 7.4 s, with
the peak decrease being over 2.1% at t = 3.5 s.

3.3.1. General description of case 2

The location of beam energy deposition is initially similar to
case 1 (see Fig. 5, lower panel), but the beam penetration depth
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Fig. 11. Same as Fig. 6, but for case 2.

is generally deeper. Within the first 1.3 s (after which most of the
hydrogen has been ionized, see Fig. 11, top panel, dashed-dotted
green line), the plasma between h ≈ 1.0 Mm and h ≈ 1.75 Mm
gets heated to between T = 11 000 K (near the lower edges) and
T = 15 000 K. After that, the layers between h = 1.2 Mm and
h = 1.7 Mm get heated further and faster, to T ≈ 25, 000 K
within 0.3 s. Thereafter, helium ionization balances the energy
input. Simultaneously, we see continuing hydrogen ionization
deeper down between h = 0.8 Mm and h = 1.15 Mm. Similarly
to case 1, the hydrogen ionization fraction decreases once the
beam heating starts to decrease. However, as shown in Fig. 11
(top panel, solid purple line), the region where the ionization
fraction rapidly drops is much more extended (in height) than in
case 1, where it showed an extent of < 100 km. In case 2, this
region is almost 500 km thick. Furthermore, the density in this
region is 1 − 2 orders of magnitude lower than in case 1. Late in
the simulation, similar to case 1, there is a short spike in hydro-
gen ionization at t ≈ 45.4 s, when plasma coming down from the
corona hits the chromospheric regions.

Chromospheric evaporation in this simulation starts later
than in case 1, around t ≈ 1.8 s (when all of the hydrogen
and most of the helium in the upper chromosphere have been
ionized). The location, however, is similar (h ≈ 1.8 Mm).
Furthermore, there are again two distinct phases of evapora-

tion, an initial, gentle one resulting in a lower plasma velocity
(v ≈ 70 km s−1 when first crossing h = 2.0 Mm) and tempera-
ture (T ≈ 105 K), and another delayed, explosive one, produc-
ing plasma velocities comparable to case 1 (v ≈ 100 km s−1

when first crossing h = 2.0 Mm) and temperatures reaching
T > 106 K. The later evaporation catches up with the earlier
one at a height of h ≈ 3.5 Mm. The maximum velocity of the
evaporation, however, is about 200 km s−1 lower than in case 1
(v ≈ 600 km s−1).

Chromospheric condensation takes about twice as long to
manifest itself compared to the previous simulation (t ≈ 6.2 s)
due to the longer time it takes until the second, explosive phase
of evaporation happens. The initial height of the condensation
is similar to case 1, as is the temperature. However, the con-
densation only reaches a velocity of v ≈ 30 km s−1. Contrary
to case 1, the density and temperature profiles of the conden-
sation broaden over time and develop spiky edges (with even
lower temperature and higher density; see Fig. 12, top-left and
top-right panels, dashed-triple-dotted magenta line). However,
the edges disappear over time, and the whole profile flattens out
as the condensation slowly dissipates (without the creation of an
expanding, low-density region below it, and without a secondary
condensation).

Since the evaporation is slower, it also takes longer until the
evaporation from the other footpoint reaches this footpoint (or,
in a different interpretation, until the rebound wave hits these
regions). This happens at t ≈ 45.4 s, compared to t ≈ 37.4 s for
case 1. The site of this impact is much higher up in this simu-
lation (h ≈ 1.5 Mm, compared to h < 1.0 Mm for case 1), at a
location with lower (electron) density. Nevertheless, we do see
the same rebound effect and the same creation of a cool blob
moving downward as a result of the impact.

3.3.2. White-light enhancements in case 2

The continuum harbored 54.3% of the total radiated energy, sig-
nificantly less than for case 1. The most apparent difference in
the Ic,rel light curve between case 1 and case 2 is the signifi-
cantly more pronounced initial decrease in intensity for the lat-
ter. Since the duration between the start of the simulation and
the re-brightening of the continuum is determined by the ratio
of recombinations to photoionizations (Allred et al. 2006), this
means that the number of free electrons available for recombina-
tions reaches levels high enough for the continuum to re-brighten
earlier in case 1 than case 2. This suggests weak heating rates
(see Sect. 3.1) in this simulation compared to case 1, which we
comment on in Sect. 4.

The time until there appear contributions from somewhere
other than the photosphere is comparable to case 1. These con-
tributions (between h ≈ 0.2 Mm and h ≈ 1.2 Mm) are more
extended than in case 1, more uniform, and have a higher
contribution overall (except for the condensations discussed in
case 1). Chromospheric condensation does not produce signif-
icantly higher contributions to the continuum intensity, owing
to the lower electron density compared to the condensations
in case 1. The contribution from below the photosphere is
decreased throughout the whole simulation time, as in case 1
(again due to the higher opacity). The increase in opacity, how-
ever, is larger than in case 1, which is the reason why the con-
tinuum light curve shows a more pronounced decrease. Similar
to case 1, the height of the τ = 1 layer (Fig. 13, solid magenta
line) does not change much throughout the simulation, and the
overwhelming part of the excess WL emissions can therefore
comfortably be characterized as optically thin.
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Fig. 12. Same as Fig. 7, but for case 2.
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Fig. 13. Same as Fig. 8, but for case 2.

As in case 1, both the TMR and the photosphere experi-
ence heating. As displayed in Fig. 14, the maximum temperature
enhancement of the TMR is 1107 K (at t = 17.0 s, so about 4 s
earlier than in case 1) and it lies > 300 km deeper, exceeding
the respective values in case 1. The photosphere also reaches its
maximum temperature earlier (at t = 16.3 s), with the tempera-
ture enhancement being 150 K. At the end of the simulation, the
TMR is still 458 K hotter than at t = 0, whereas the photosphere
is 18 K cooler. Beam heating at the TMR height again is low.

Backwarming once more serves as the main heating mechanism
in these layers. The higher temperatures in case 2 follow from a
beam energy deposition that is more spread-out (see Fig. 5; for a
discussion, see below) than in case 1. This results in a larger area
where hydrogen recombination can happen, and the resulting
chromospheric contribution to the total WL emission enhance-
ment is bigger. More photons can participate in backwarming,
which subsequently increases heating in the photosphere and,
therefore, the resulting temperatures.

Similar to case 1, the photospheric contribution to the total
change of the contribution function increases over time. At
t = 10 s, the photosphere contributes about 22% to the total
enhancements. At the time of Ic,max, roughly 46% of the intensity
enhancement stems from the photosphere. During the declining
phase of Ic,rel, this share rises to >80%.

4. Discussion

Electron beams with a higher low-energy cutoff and a lower
spectral index contain more high-energy electrons that can pen-
etrate deeper into the solar atmosphere. Assuming that the
excess WL emissions come from deeper layers, it would then
be straightforward to presume that electron beams with these
specifications would be more likely to create an atmospheric
response favorable for the creation of WL enhancements. The
results presented in Fig. 2 agree with this notion to some degree,
as the simulations with the lowest cutoff energy and high spectral
indices do not show WL enhancements. We note, however, that
the highest (= 25 keV) cutoff energies do not lead to an increase
in excess WL probability. Comparing the different beam param-
eters and how the beam heating is distributed across the domain,
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Fig. 14. Same as Fig. 10, but for case 2 at t = 17.0 s (the time of highest
temperature in the TMR in this simulation).

we conclude the following: (i) A higher total beam energy nat-
urally results in more energy being deposited throughout the
atmosphere, (ii) a higher cutoff energy results in a deeper pen-
etration of the beam electrons, and (iii) a higher spectral index
results in a beam penetrating less deeply. We note that there is a
particularly significant jump from spectral index d = 3 to d = 4.
These conclusions, together with Fig. 2, are in line with the pic-
ture where the WL enhancements do not necessarily stem from
the deepest regions in the solar atmosphere, but rather from chro-
mospheric layers. However, many of the simulations with high
total beam energies and high spectral indices and/or low cutoff
energies are not (yet) included in the F-CHROMA grid. This is
due to the fact that the timesteps within these simulations reach
values on the order of 10−6 s, making them very time-consuming
and computationally expensive. Nonetheless, more finished sim-
ulations with a total beam energy of 1012 erg cm−2 are essential
to confirm the above conclusions.

The continuum light curve at 6684 Å shows a deeper and
more extended (in time) dip at the beginning of the simulation
for case 2 compared to case 1. This is counterintuitive since
case 2 has a lower spectral index and higher cutoff energy and,
following the reasoning above, should therefore provide a higher
flux of high-energy electrons reaching the lower layers. How-
ever, following Fig. 5, we can understand this in the following
way: As discussed above, a lower spectral index together with
a higher cutoff energy results in a beam that penetrates deeper
into the atmosphere. Therefore, the beam in case 2 raises the
n = 2, 3, . . . populations of hydrogen down to lower layers than
in case 1. The result is a stronger increase in opacity deeper
down (at heights of the pre-flare TMR and below) in case 2,
combined with an opacity increase at chromospheric layers that
is comparable to that in case 1. At the same time, the deeper
penetration leaves less energy to be deposited at the higher lay-
ers, which therefore ionize more slowly. This means that (i) they
remain opaque to photospheric radiation for longer, and (ii) the
increase in contributions from chromospheric layers within the
first approximately 7 seconds is not high enough to outweigh
the decrease in contributions from the photosphere and below,
resulting in a decrease in overall intensity. In a similar interpre-
tation, the increased opacity increases the formation height of
layers with a given τ. At these higher altitudes, the temperature

is lower, resulting in a lower source function and, consequently,
an intensity decrease. In case 1, the (sub-) photospheric emission
decreases seen early in the simulation are not as pronounced, and
the overall dimming is shallower and shorter.

Dimmings in the continuum light curve as portrayed in this
paper have so far been elusive in observations. We speculate that
the reason could be the viewing angle. In simulations such as
those produced by the RADYN code, the magnetic loop is ori-
ented along the line of sight. As discussed, there is an increase
in opacity above the photosphere within the loop, which absorbs
photons coming from below and therefore decreases the pho-
tospheric contribution to the intensity. At the same time, if the
emission enhancements from optically thin hydrogen recom-
bination early on are not big enough to compensate for these
absorbed photons, the result is an overall dimming in the contin-
uum light curve. In observations, however, flaring loops are not
oriented exclusively along the line of sight. Additional projec-
tion effects may then result in (at least parts of) the photospheric
emission bypassing the cloud of higher opacity above it in the
loop, allowing the photospheric contribution to still be observed.
The increase in chromospheric contributions then leads to an
increase in continuum intensity without a prior dimming.

The strong correlation between the Balmer and Paschen
ratios suggests that they are created by the same mechanism.
The relationship between the Balmer (and Paschen) ratio and the
continuum intensity at 6684 Å can be explained as follows: The
Paschen continuum is the main contributor to the optically thin
continuum radiation at 6684 Å. Therefore, a higher Paschen ratio
(i.e., a higher intensity of the continuum blueward of the Paschen
jump relative to the redward continuum) naturally results in a
higher continuum intensity at 6684 Å. Consequently, since the
Balmer and Paschen continua are created by the same mecha-
nism (only differing in the final energy state in which the elec-
tron in the neutral hydrogen atom finds itself), a higher Balmer
ratio also implies a higher continuum intensity at 6684 Å.

The contribution function to intensity for the continuum at
6684 Å shows that for both cases studied in detail in this work,
the majority of the intensity increase during the maximum of
the WL enhancement stems from optically thin layers. In case 1,
the largest contribution to the continuum increase comes from
the primary and secondary chromospheric condensations. The
linear relationship between the logarithmic contribution function
to intensity and the logarithmic electron density in these features
supports the notion that optically thin H-recombination radiation
is responsible for the continuum excess (Kowalski et al. 2017).
This also explains the lower contribution to intensity that stems
from the condensation in case 2, as it has a lower electron density
than both condensations in case 1.

The role of increased H− emission is similar in both cases, as
the photosphere provides the major contribution to the increase
in continuum intensity in the declining phase of the intensity
enhancement (when the additional chromospheric contribution
from hydrogen recombination starts to fade away). The higher
temperatures around the TMR and in the photosphere in both
case studies are due to backwarming, predominantly in the
Balmer continuum. In this scenario, the elevated temperature
increases the Planck function and, by extension, the source func-
tion. This increase causes excess H− emission.

We stress the fact that even the simulations with the most
energetic electron beams are not able to reproduce observation-
ally measured WL enhancements. Moreover, we have shown that
on average, about half of the total radiated energy in WL cases
is contained within the continuum, which is significantly below
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the calculations of Kretzschmar (2011), who found the contin-
uum to make up two-thirds of the radiated energy in solar flares.
In only six WL cases in the F-CHROMA grid did the continuum
harbor more than 60% of the total radiated energy. This leads
us to conclude that other energy input mechanisms (like proton
beams or Alfvén waves) are needed to explain observations.

5. Summary and conclusion

The F-CHROMA grid contains (as of the time of writing)
84 flare simulations, of which 45 show at least some enhance-
ments in the 6684 Å continuum. When applying a threshold of
0.1% for the relative continuum intensity increase (compared to
the pre-flare level), 33 flare simulations can be classified as WL
cases, and 12 cases even exceed a relative intensity increase of
1%.

The total energy (or maximum beam flux) of the electron
beam impacting the lower atmosphere is the most decisive fac-
tor in determining whether WL intensity enhancements will be
present or not. Both a higher low-energy cutoff and a lower
spectral index result in a beam spectrum containing a higher
fraction of high-energy electrons, which can penetrate further
into the atmosphere. Our results show that these parameters
influence WL enhancements, but they also suggest that pene-
tration depth alone is not the main moderator of excess WL
emission.

We find a linear relationship between the Balmer (and
Paschen) ratio and the 6684 Å continuum enhancements. We
note, however, that there are a few cases that do not follow
this trend. There is also a very close correlation between the
Balmer and Paschen ratios themselves, suggesting a similar for-
mation mechanism. We identify this formation mechanism as
(predominantly) hydrogen recombination in optically thin lay-
ers, with additional contributions from increased H− emission
as a result of a photosphere heated through radiative backwarm-
ing. The extent to which excess H− emission plays a role varies
from case to case. It becomes significant during the declining
phase of hydrogen recombination radiation in both of our case
studies.

There is a large discrepancy between computed values in
this work and observed values in the literature. We conclude
that purely electron beam-driven situations with the parameters
explored in the grid are not realistic for explaining WL enhance-
ments in solar flares. Special emphasis is put on our inability
to explain type II WL flares since even in cases where elec-
tron beam heating creates the right conditions for radiative back-
warming, we still observed a contribution from optically thin
hydrogen recombination that is not observed in real type II WL
flares. We conclude that one or more additional energy input
mechanisms are needed in order to close the gap between simu-
lations and observations.
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