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ABSTRACT
The_Lyman Continuum (LyC; < 911.12A) forms at the top of the chromosphere in the quiet-Sun,

making LyC a powerful tool for probing the chromospheric plasma during solar flares. To understand
the es
from a grid of field-aligned radiative hydrodynamic models generated using the RADYN code as part
of the F-CHROMA project. The spectral response of LyC, the temporal evolution of the departure
coefficient of hydrogen, by, and the color temperature, T,, in response to a range of non-thermal
electron distribution functions, were investigated. The LyC intensity was seen to increase by 4-5.5
orders of magnitude during solar flares, responding most strongly to the non-thermal electron flux of
the beam. Generally, b; decreased from 10%2-10° to closer to unity during solar flares, indicating a
stronger coupling to local conditions, while 7, increased from 8-9 kK to 10-16 kK. 7T, was found to
be approximately equal to the electron temperature of the plasma when b; was at a minimum. Both
optically thick and optically thin components of LyC were found in agreement with the interpretation of

vecent ohscrvations. |he optically thick layer forms deeper in the chromosphere during a flare compared
[T e e e—e

the context of current and future missions.

1. INTRODUCTION

Solar flares are the most energetic events to occur
in the solar system, releasing up to 1032 erg of energy
over the course of tens of minutes (Fletcher et al. 2011).
This energy is typically thought to be released via mag-
netic reconnection in the solar corona. Following release,
this energy manifests itself in several ways, including in
the acceleration of large quantities of charged particles
that propagate along magnetic field lines, deeper into
the Sun’s atmosphere. These charged particles undergo
Coulomb collisions with the ambient plasma depositing
energy in the solar chromosphere, where intense heat-
ing, ionization, and mass flows result. The subsequent
increase in radiation allows us to shed light on the physi-
cal mechanisms that release and transport energy. Mod-
elling by Allred et al. (2005) suggests that solar flare
emission is energetically dominated by the Balmer con-
tinuum. However, Balmer continuum observations have
been severely lacking. Lyman Continuum flare obser-
vations have been more readily available in recent years
from the Extreme Ultraviolet Experiment (EVE; Woods
et al. 2012) on board the Solar Dynamic Observatory
(SDO; Pesnell et al. 2012), with the potential of upcom-
ing flare observations from the Spectral Imaging of the

Coronal Environment (SPICE; Spice Consortium et al.
2020) instrument on board the Solar Orbiter (Miiller
et al. 2020), and the EUV High-Throughput Spectro-
scopic Telescope (EUVST; Shimizu et al. 2019) on board
Solar-C (Watanabe 2014).

The Lyman Continuum (LyC; <911.12A) results from
the free-bound transition of a free electron to the ground
state of an ambient hydrogen nuclei. In the quiet-Sun,
LyC forms at the top of the chromosphere/base of the
transition region where the temperature rises from the
cooler, denser chromosphere (7' < 10*K) to the corona,
(T > 10°K; Vernazza et al. 1973, 1976, 1981; Avrett
& Loeser 2008; Machado et al. 2018). Therefore, the
LyC is sensitive to energy perturbations in the chromo-
sphere induced during solar flares, and since thermaliza-
tion occurs very rapidly at the higher densities located
here, its spectrum may reflect the local plasma tempera-
ture (Noyes & Kalkofen 1970). The LyC is a potentially
powerful diagnostic tool of the chromospheric response
to flare energy injection, but this potential is presently
largely untapped.

One of the earliest investigations into LyC formation
during solar flares was performed by Machado & Noyes
(1978), who observed nine flares using the extreme-
ultraviolet (EUV) spectrograph on the Apollo Telescope
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Mount onboard Skylab (Ise & Cagle 1974). They found
that the non-local thermodynamic equilibrium (NLTE)
departure coefficient of the first level of hydrogen (b;)
tended towards unity during flares, more so than in ac-
tive regions or the quiet-Sun. The departure coefficient
is given by ny /n}, where n7 is the ground state LTE pop-
ulation and n; is the NLTE ground state populations,
meaning the LyC formation region was driven closer to
LTE conditions during the solar flares (Menzel & Cillié
1937). They also found that the color temperature (Tt)
derived from the head of the continuum was around
T. ~ 7.9-9 kK, comparable to that of the surrounding
quiet-Sun, but hotter than active regions. They con-
cluded that in flares LyC is optically thick and forms
close to LTE in a region of higher density deeper in the
chromosphere, whereas in active regions or the quiet-
Sun b; =~ 10? (Noyes & Kalkofen 1970). However, they
also showed that 7. measured at shorter wavelengths
(700-790 A) revealed higher temperatures (10-15 kK,
although with large uncertainties), suggesting the pres-
ence of an optically thin LyC layer that formed higher in
the atmosphere. One limitation of this study was that
several of the observations were carried out in spectral
scanning mode; spectra were obtained in a 5 arcsec?
area over 300-1335 A, over 3.8 minutes, meaning that
different parts of the spectrum may have been sampled
at different times and may not reflect true changes due
to the flare.

More recently, Machado et al. (2018) performed a
study using Sun-as-a-star observations from EVE on
board SDO which allowed the temporal evolution of LyC
emission during six major solar flares to be investigated.
After converting the EVE data from spectral irradiance
to specific intensity, by assuming flaring areas, they re-
ported that the LyC intensities at the head of the con-
tinuum were enhanced by 3—4 orders of magnitude rela-
tive to preflare values. Their results supported the ear-
lier conclusions of Machado & Noyes (1978). However,
Machado et al. (2018) found a larger color temperature,
noting that 7., determined between 870-912 A increased
from T, = 89 kK to T, ~ 9-12 kK, perhaps due to the
study of more energetic events.

Milligan et al. (2012) reported an enhancement in LyC
emission during an X-class flare that occurred on 2011
February 15 also using data from SDO/EVE. A follow-
up study showed that the total energy radiated by LyC
was a few percent of the total non-thermal electron en-
ergy, amounting to 1.8x102? erg over the course of the
flare, comparable to the radiated soft X-ray energy (Mil-
ligan et al. 2014). LyC irradiance increased by approxi-
mately a factor of 10 during the impulsive phase.

Lemaire et al. (2004) presented observations of an
X5.3 solar flare from the head of the LyC obtained
from scattered light detected by the Solar Ultravio-
let Measurements of Emitted Radiation spectrometer
(SUMER; Wilhelm et al. 1995) on board the Solar &
Heliospheric Observatory (SOHO; Domingo et al. 1995)

mission. They determined the local increase of LyC
radiance to be a factor of several thousand, in agree-
ment with Machado & Noyes (1978). Using the ratio of
the spectral radiance at 910A and 890A they estimated
T.=12.15 kK.

There have been several attempts at modelling LyC
during solar flares. Ding & Schleicher (1997) calculated
LyC intensities in response to a precipitating beam of
non-thermal particles using a non-LTE, radiative trans-
fer code. They found that LyC is very sensitive to
the incoming flux of electrons, and they predicted that
the temperature at the formation height of LyC will
increase in conjunction with a downward shift of the
transition region. In particular, they noted that non-
thermal collisions were responsible for driving down b;.
In their experiments, Ding & Schleicher (1997) manu-
ally modified semi-empirical model atmospheres to in-
vestigate the impact of the chromospheric temperature
gradients, and transition region depth on the LyC for-
mation, in a manner that was not self-consistent (i.e.
they did not simulate the time-dependent chromospheric
radiation-hydrodynamic response to energy injection by
a beam of non-thermal electrons). For the purposes
of including non-thermal collisional ionization of hy-
drogen, they assumed non-thermal electron fluxes of
F =[10'°,10',10'2] erg cm =2 s, with spectral indices
6 = [3,4,5], and a fixed low-energy cutoff E. = 20 keV.
They found that LyC intensities increased by 1-3 or-
ders of magnitude compared to quiet-Sun values, and
that the LyC intensities were highly sensitive to the
flux of the non-thermal electron beam. The LyC in-
tensities were less sensitive to the spectral index of the
non-thermal electron distribution.

More recent modelling of LyC emission was performed
by Druett & Zharkova (2019) using the radiation trans-
port and hydrodynamic code, HYDRO2GEN. They in-
vestigated the spectral response of LyC to various elec-
tron beam fluxes during the impulsive and gradual
phases of solar flares. They found that the LyC intensi-
ties increased by 2 orders of magnitude from their F10
model to their F12 model, highlighting the sensitivity
of the LyC intensities to the flux of the non-thermal
electron beam. From continuum contribution functions,
they determined that LyC forms under optically thick
conditions at the top of the chromosphere. During the
impulsive phase, they noted a flattening of the LyC spec-
tra but found that the gradient steepened further from
the head of the continuum, in agreement with Machado
& Noyes (1978) and Machado et al. (2018). During the
gradual phase, however, they observed a flattening of the
LyC spectra at shorter wavelengths compared to the im-
pulsive phase spectra. They stated that the flattening
below 700A is due to emission from high-altitude regions
that cool sufficiently to allow recombinations to occur,
resulting in an enhanced intensity longward of ~ 700 A.

In this paper, we build upon these prior modelling ef-
forts, by investigating the plasma properties (namely T,
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and by) in the region of LyC formation, and the diagnos-
tic potential of the LyC in flares. We present a detailed
analysis of LyC emission from a large parameter space
of solar flare models using the Flare CHRomospheres:
Observations, Models and Archives (F-CHROMA') grid
of models generated by the 1D field-aligned radiative-
hydrodynamic code RADYN.

2. NUMERICAL SIMULATIONS

RADYN is a 1D field-aligned radiative hydrodynamic
code that solves the coupled time-dependent equa-
tions of hydrodynamics, NLTE radiative transfer, non-
equilibrium atomic level populations, and charge conser-
vation (Carlsson & Stein 1992, 1995, 1997; Allred et al.
2005; Allred et al. 2015). The code’s adaptive grid (Dorfi
& Drury 1987) allows RADYN to resolve steep gradients
or shocks that easily form in flares. RADYN solves the
NLTE radiation transfer for a 6-level hydrogen atom,
9-level helium atom, and a 6-level Ca II ion.

Important for modelling the LyC, RADYN models the
non-equilibrium populations, and for hydrogen and he-
lium includes non-thermal collisional rates between the
injected non-thermal electron distribution and ambient
plasma. For helium, we use the expressions from Arnaud
& Rothenflug (1985) to model non-thermal collisional
ionisation of He I—He II, and from He II—He III. For
hydrogen, we include non-thermal collisional ionisation
from the ground state, and excitation from the ground
state to n = [2,3,4], following the approach of Fang
et al. (1993). In this approach, we are able to include
the important effects of secondary collisions. As dis-
cussed in several prior studies (e.g. Ricchiazzi & Canfield
1983; Fang et al. 1993; Karlicky et al. 2004; Kasparova
et al. 2009), non-thermal collisional ionisation from the
excited states are of lesser importance, in part because
the population of the excited states are orders of magni-
tude smaller than the ground state. Thus the ionisation
stratification is unlikely to be drastically altered by the
omission of non-thermal collisions from the ground state.
Note, however, that some models have included non-
thermal effects from the excited states (see e.g. Zharkova
& Kobylinskii 1993; Druett & Zharkova 2018) though
it is unclear just how much of a role those collisions
played compared to those from the ground state. Fig-
ure 3 of Zharkova & Kobylinskii (1993) does show that
non-thermal collisions from n = 2 became important
relative to the thermal collisional rates, but only deep
in the atmosphere. For the reasons that we discussed
above, and since we are focused on the LyC which forms
in the upper chromosphere/lower transition region, we
believe that we are justified in using only ground state
non-thermal collisional rates including secondary effects.

RADYN is a well-established resource that has been
extensively used to model the response of the solar at-

L https://star.pst.qub.ac.uk/wiki/public/solarmodels/start.html

mosphere to flare energy injection (e.g. Abbett & Haw-
ley 1999; Allred et al. 2005; Allred et al. 2015; Kowal-
ski et al. 2015, 2017, 2022; Kowalski & Allred 2018;
Kennedy et al. 2015; Rubio da Costa et al. 2016; Kerr
et al. 2016, 2019, 2020, 2021; Simoes et al. 2017; Brown
et al. 2018; Graham et al. 2020). When simulating
flares driven by electron beams (the ‘standard model’)
the non-thermal electron distribution is modelled as a
power law characterised by the spectral index, §, the
low-energy cutoff, E., and energy flux density, F. The
transport and thermalization of these non-thermal elec-
trons are modelled by solving the Fokker-Planck equa-
tions, including various diffusion terms (Allred et al.
2015). Note that we solve the Coulomb operator using
general forms of the Rosenbluth potentials and so no as-
sumption is made as to the target temperature; that is,
there is no need to make a cold or warm target approx-
imation (see also Allred et al. 2020). Beam parameters
can be obtained through backward modelling of hard X-
ray observations taken with space-borne satellites such
as the Ramaty High Energy Solar Spectroscopic Im-
ager (RHESST; Lin et al. 2002) or the Fermi Gamma-ray
Space Telescope (Meegan et al. 2009), usually under the
assumption of thick target collisions (Brown 1971; Hol-
man et al. 2003; Krucker et al. 2007, 2008; Kontar et al.
2008). In our study, we do not model a specific flare,
but instead survey a large parameter space of §, F. &
F values, with the values of those parameters guided by
typical observed ranges (e.g. Kontar et al. 2011; Holman
et al. 2011).

The F-CHROMA grid of RADYN flare models, hosted
by Queen’s University Belfast, consists of 72 RADYN
simulations (Carlsson et al. 2022). This grid includes
0 = [3,4,5,6,7,8], and E. = [10,15,20,25] keV, and
models various magnitudes of injected non-thermal elec-
tron flux as a 20 s triangular profile in time, peaking at
t = 10 s. The time-integrated energy flux ranges Fi,; =
[3x1010,1x 10", 3x 10, 1x10'2] erg cm™2. It is typical
in the flare community to refer to the energy flux den-
sity, and so for the remainder of this paper we quote the
peak injected flux (at ¢ = 10 s in each simulation), which
are F' = [3x10°,1x10'°,3%x 109 1 x 10" erg cm=2 s~ 1.
For brevity, we refer to these simulations as, e.g., 1F'11,
equating to 1 x 10! erg cm=2 s71.

In this study, we have selected 25 of the 72 models
(Table 1). Not every combination of § and E. were
modelled for inclusion in this grid for the highest en-
ergy flares. The models omitted from our subset are
the 1F11, E.=20keV, § = [6, 7], models and the 1F11,
6 =5, E.=15keV model.

3. LYC RESPONSE TO FLARE ENERGY
INJECTION

3.1. Synthetic LyC spectra

Figure 1 shows continuum spectra at the time of the
peak LyC emission in each simulation, between 9.7 s
and 13.6 s. The He I edge at 503.98A is also visible.
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Figure 1. Synthetic RADYN continua spectra from 400-1000A showing the head of the He I continuum (<503.984), LyC
(<911.12A), and the tail of the Ca II continuum (<1044.00A). The top row shows spectra for a fixed E. = 20 keV, with peak
beam fluxes of 3F9, 1F'10, 3F10, and 1F11, all shown at the peak in the LyC spectrum (between 9.7 s-13.6 s for all models).
The black curve denotes the preflare spectra, while the colored curves show the spectra for spectral indices of §=3-7. The
bottom row shows the spectra but for a fixed §=5, varying E.=15, 20, and 25 keV. Note the 3F'10, =5, E. = 20 keV and the
1F10, 0=5, E. = 20 keV models have transient negative intensities in the tail of the LyC continuum at the time of the peak

LyC emission. This is due to numerical noise in the simulation at these times, which only lasts a very short amount of time.
Therefore, the spectra shown for these models have been shifted by 1 s.

’ F (erg cm™2 s71) ‘ 1) ‘ E.(kev) ‘
3 x 10° 3,4,5,6,7 | 15, 20, 25
1 x 1010 3,4,5,6, 7| 15, 20, 25
3 x 10%° 3,4,5,6,7 | 15, 20, 25
1 x 101! 3,4,5 20, 25

Table 1. Non-thermal electron beam parameters used for
generating the RADYN models analysed in this work.

The top row shows spectra generated for a fixed low-
energy cutoff of 20 keV, while increasing the beam flux
from 3F9 to 1F11 (left to right), and varying the spec-
tral indices from & = 3-7 (colored lines). The pre-flare
spectra are shown in black. There were some snapshots
(< 1 s) in a few simulations in which the EUV con-
tinua tails had negative intensities, likely due to numer-
ical noise. The simulations where the LyC was affected
are: the 3F10, =5, E. = 20 keV model and the 1F'10,
6=5, E. = 20 keV model. Therefore, the spectra shown
for these models have been shifted by 1 s. The spec-
tra for the models where only the Ca II continuum was
affected were not shifted. As the electron beam intensi-
fies, so too does the response of LyC, peaking roughly
co-temporally with the peak of the heating rate. The

1F11, 6 = 4, 20keV model is an exception, peaking at
a time of 13.6s as will be discussed in Section 3.2. For
the 3F'9 models, the head of the continuum is around
four orders of magnitude greater than the pre-flare value.
This increases to around 5.5 orders of magnitude for the
1F11 models. The magnitude of the LyC enhancement
during solar flares is strongly dependent on the flux of
non-thermal electrons. The dependence on the spec-
tral index of the beam is weaker; softer beams result in
slightly higher intensities. This is because softer beams
(larger ¢) deposit their energy over a narrower region
in the upper chromosphere since they thermalize more
easily, resulting in more localized heating and electron
density enhancements.

The bottom row of Figure 1 shows synthetic LyC
spectra for a fixed spectral index of § = 5 and E. =
[15,20,25] keV (colored lines). The LyC spectra are
weakly dependent on the low-energy cutoff, similar
to the behaviour seen with varying the spectral in-
dex; Beams with larger E. values are composed of a
greater proportion of high-energy electrons that pene-
trate deeper into the atmosphere, resulting in the beam
heating region shifting downwards, affecting the LyC re-
sponse. The increase in intensity from varying the spec-
tral index and low-energy cutoff is much weaker com-
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pared with that caused by the increasing flux of the
non-thermal electrons.

Like Ding & Schleicher (1997), we found a strong
dependence of the LyC spectral intensity upon the
flux of the non-thermal electron beam, as seen in Fig-
ures 1. However, RADYN predicts larger impulsive
phase LyC intensities than the modelling of Ding &
Schleicher (1997). Ding & Schleicher (1997) also pre-
dicted a stronger dependence on the spectral index than
RADYN. These differences may arise for a number of
reasons. Chiefly, Ding & Schleicher (1997) used a static
code with semi-empirical atmospheres and manually
varied the temperature and transition region location.
The electron beam was only used to add non-thermal
collisions, and did not drive the chromospheric response.
In our dynamic simulations, while these non-thermal
collisions certainly play an important role, their impact
on driving the overall dynamics is taken into account,
so that there is a feedback between the atmosphere and
the beam propagation/thermalisation.

Recent modelling of LyC emission during solar flares
was also performed by Druett & Zharkova (2019) using
the radiative hydrodynamic code, HYDRO2GEN. They
present LyC spectra for their 1F10, 1F11, and 1F12 solar
flare models with F, = 10 keV. The magnitude of our
impulsive phase LyC intensities are in agreement with
their spectra. However, the F-CHROMA grid does not
include any 1F12 simulations.

3.2. Synthetic LyC' lightcurves

The flare excess integrated LyC lightcurves are shown
in Figure 2 for the 3F9, 1F'10, 3F'10, and 1F'11 models,
with F, = 20 keV, and spectral indices ranging from
0 = 37 (colored lines). Note the saw-toothing seen for
some of the models is due to numerical noise in the spec-
tra between time steps. The synthetic lightcurves again
highlight that the magnitude of the LyC enhancement is
primarily driven by the magnitude of the non-thermal
electron flux, whereas variations in the spectral index
are less significant. Softer beams result in slightly higher
LyC fluxes. This is because softer beams (larger J) de-
posit their energy over a narrower region in the upper
chromosphere, resulting in more localized heating close
to the LyC formation region. There is a period of time
near the beam onset where the LyC emission is barely
enhanced (recall that the flux of the non-thermal elec-
tron distribution ramps up in a triangular profile). The
duration of this period is dependent upon the flux of the
non-thermal electron beam, with larger fluxes having a
shorter delay in the enhancement. All models consis-
tently showed that notable LyC enhancement occurred
after approximately 3 x 10°—4 x 10° erg cm~2 of energy
was deposited by the beam. Flares that inject larger
non-thermal electron fluxes more rapidly produce con-
ditions conducive to LyC ionizations.

Despite this variable onset time, each LyC flare
reaches a maximum around ¢ ~ 10 s and falls thereafter

when the energy flux of the electrons decreases. The
LyC response largely tracks the beam heating profile,
in agreement with Druett & Zharkova (2019). However,
the 1F'11, § =4, E. = 20 keV model shows a secondary
peak in the LyC lightcurve at ¢ = 13.6 s. This second
maximum occurs as a chromospheric ‘bubble’ (that is,
a region of dense, low-temperature material, appearing
at high altitude) dissipates at that time, resulting in
a decrease in the optical depth (Reid et al. 2020). At
the same time, a condensation front producing optically
thin LyC emission merges with the heated chromosphere
producing the optically thick LyC layer, resulting in a
sudden, secondary increase in the LyC intensity. The
optically thin LyC layers are discussed in more detail in
Section 3.3.

The 1F11, § = 3, E. = 20 keV and 3F10, E, =
20 keV, § = 6,7 models also show a secondary increase
in LyC emission after the peak beam heating. This
is caused by the merging of optically thin condensa-
tion fronts with the optically thick LyC layer. How-
ever, for these models, the chromospheric bubbles do
not dissipate before this merging. For the 1F'11, § = 5,
E. = 20 keV model the merging of the two layers occurs
before the peak beam heating, resulting in the peak seen
between 9-10 s in Figure 2 (the formation layers for this
model are discussed in further detail in Section 3.3).

All this is to say that features in the lightcurves, while
largely following the profiles of energy injection, are in-
fluenced by the complex dynamics of the flaring chro-
mosphere.

3.3. LyC Formation Properties
3.3.1. Formation Heights and Optical Depth

The contribution function to the emergent intensity ef-
fectively shows where in the solar atmosphere the emis-
sion originates (for brevity we refer to this simply as
the ‘contribution function’ going forward). The formal
solution of the emergent intensity can be expressed as:

L= % / Cy(2)dz = / hexp(n/mdz (1)

where the integrand is the contribution function, Cj(z)
(Magain 1986; Carlsson & Stein 1994).  Following
Kowalski et al. (2017) we express C(z) in terms of emis-
sivity, ja, attenuated by some optical depth 7). The
emissivity and opacities are the sum of various sources,
including hydrogen bound-free, hydrogen free-free, H™,
scattering by metals, Rayleigh scattering, and Thom-
son scattering. Of these, the bound-free transitions are
treated fully in NLTE, whereas the others are treated
in LTE, but using the NLTE, non-equilibrium electron
or proton densities as appropriate (See Kowalski et al.
(2017) for more details).

Generally, if the emission originates close to the 7, = 1
surface then the emission forms under optically thick
conditions, and if it originates in a region where 7, << 1
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Figure 2. Flare excess lightcurves of spectrally integrated LyC emission from RADYN (505.0A to 911.7A) for the 3F'9, 1F'10,

3F10, and 1F11 models with §=3-7 and E.=20keV.
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Figure 3. The log of the contribution function for the 3F9, § = 5, E. = 20 keV model at times ¢t = [0, 8,10, 14,18,20] s. The
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profile is shown in red at each time step.

then it can be considered to be optically thin. It is possi-
ble that some flares may exhibit both optically thick and
thin components with significant emission coming from
multiple layers, e.g. from an optically thin layer overly-
ing the chromosphere. Knowledge of the plasma proper-
ties in the LyC forming region(s), in response to differ-

ent heating conditions, will broaden our understanding
of energy transport processes during flares, and where
this energy is deposited.

To illustrate the general formation properties we dis-
cuss detailed examples from two simulations: the 3F9,
6 =5, B, =20 keV and the 1F11, § =5, E. = 20 keV
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Figure 4. Same as Figure 3, but for the 1F'11, § = 5, E. = 20 keV model. Note the color bar scale has changed.

models. These showcase a weaker and stronger flare,
respectively. Figure 3 shows the temporal evolution of
the log of the contribution function for the 3F'9, § = 5,
E. = 20 keV model during the heating phase. The tem-
perature stratification (solid red line) and the heights
at which 7, = [0.01,0.1,1] are also indicated (grey dot-
dashed, dashed, and solid lines, respectively). Initially,
at t = 0 s, there is a peak in the contribution function at
the base of the transition region (z ~ 1750 km), form-
ing between 0.1 < 7, < 1, corresponding to an optically
thick LyC formation, in agreement with the literature
(Machado & Noyes 1978; Machado et al. 2018; Druett
& Zharkova 2019). By t = 8 s, the formation region
has widened, and shifted deeper into the chromosphere
(z ~ 1200 — 1400 km) as the beam heating strength-
ens. The height difference between 7, = 1 for short
and long wavelengths has also narrowed. At this time,
opacity effects are still significant, with the bulk of the
emission forming between 0.1 < 7y < 1. A secondary
peak in the contribution function is present higher in
altitude (z = 1700 km), co-spatial with a chromospheric
‘bubble’, seen as a narrow dip in the temperature pro-
file forming at the base of the transition region at ¢ = 8,
10, 14, 18, and 20 s in Figure 3. Emission from this
very narrow layer forms under optically thin conditions

Ty < 0.01. Similar regions of cooler, yet dense plasma,
are present in most of our simulations (see also Allred
et al. 2005; Reid et al. 2020). Druett & Zharkova (2019)
also presented evidence for an overlying optically thin
layer in their 1F11, E.=10keV model. As time pro-
gresses, this chromospheric ‘bubble’ propagates upwards
towards the corona along a chromospheric ablation (also
referred to as ‘evaporation’) front. The bubble collapses
as it propagates, narrowing until all of the cool material
has been heated to coronal temperatures (or higher). In
the declining phase of the heating (¢ > 10 s) the 7, = 1
layer begins to gradually return to the pre-flare height
as the atmosphere cools and the number of recombina-
tions in low opacity regions increases whilst ionization
decreases, in agreement with (Druett & Zharkova 2019).
The 7y = 0.1 layer begins shifting to the location of the
bubble as the density there increases, raising the LyC
opacity at those altitudes.

Figure 4 shows the temporal evolution of the log of
the LyC contribution function for the 1F11, § = 5,
FE. = 20 keV model during the heating phase. In this
more energetic simulation, the LyC forms over much
more narrow regions (z ~ 1000-1100 km) due to the
more dramatic response of the chromosphere that be-
comes very compressed. By ¢ = 8 s, two optically thin
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layers have formed due to bubbles flanking a rapidly ex-
panding high-temperature region (one upflowing bubble
due to explosive evaporation at z =~ 1450 km, and one
downflowing bubble at z ~ 1250 km, commonly referred
to as a chromospheric condensation). When the very
dense downflowing bubble effectively merges with the
bulk of the chromosphere the density at temperatures
favorable to produce LyC can rapidly increase. Since
opacity is a strong function of wavelength there can be
times at which there is a marked optical depth strati-
fication, resulting in variations to the spectral shape of
the LyC (e.g. flattening at certain wavelengths). Ex-
amples are shown at t = [8.8,11] s, where the 7\ = 1
layer forms at a higher altitude for the head of the con-
tinuum compared to the tail. In this stronger flare, the
chromosphere becomes so compressed that the LyC ul-
timately forms from a vanishingly narrow downflowing
layer in the latter stages of the flare, shown at ¢t = 15 s
of Figure 4 at z =~ 1000 km.

These formation properties are generally true of the
other simulations. Most simulations contain some com-
bination of optically thick and overlying optically thin
contributions to the emergent spectra (though the bulk
of the emission does tend to originate between 0.1 <
7x S 1). Stronger flares produce more dramatic atmo-
spheric responses, leading to the bubbles and shocks,
and associated phenomenon. These dynamics also
emerge and develop faster with increasing flare strength,
and for softer non-thermal electron distributions. This
is because these electrons heat the uppermost chromo-
sphere very efficiently and do not penetrate as deeply,
driving flows more easily. Weaker flares and harder spec-
tra do not tend to produce as many shocks, do not signif-
icantly compress the chromosphere, and exhibit mainly
upflowing features.

3.3.2. Emissivity and Opacity

To understand some of the features described we can
briefly look at the components of opacity and emissivity
as functions of space, time, and wavelength. We illus-
trate the components of emissivity and opacity at two
times from one flare for a long (A = 900 A) and short
(700 A) wavelengths in Figures 5. The dominant source
of opacity at all wavelengths, throughout the chromo-
sphere and through the lower transition region was hy-
drogen free-bound opacity, xx, #,, (red dashed line). To-
wards the upper transition region and corona, where
hydrogen is ionized, Thomson scattering begins to dom-
inate but the overall effect on the emerging radiation is
small, compared to the free-bound opacity (pink dashed
line).

Once the flare starts in earnest, we saw that the for-
mation height of the LyC dropped in altitude. This is
because the upper chromosphere was strongly heated,
ionizing hydrogen and decreasing x m,,, meaning that
the 7, = 1 forms much deeper in the atmosphere, shown
in the top panels of Figure 5. Later, the merging of

the dense bubbles with the bulk of the chromosphere
means that x m,, increases, but since this is a function
of wavelength, this happens first for longer wavelengths
during this process.

The emissivity of the LyC is also dominated by hy-
drogen recombinations, jx m,, at longer wavelengths
(roughly speaking A > 700 A), but at shorter wave-
lengths Thomson scattering can be important. Thom-
son scattering can also compete with jx m,, at longer
wavelengths at certain times, but once the electron den-
sity is high (e.g. in the narrow chromospheric bubbles)
then j m,, once again dominates. The more extended
region of flaring LyC formation compared to the quiet
Sun can be understood from the stratification of emis-
sivity and opacity also. During a flare, a greater ex-
tent of the chromosphere is at an elevated temperature,
and hence electron density, so the free-bound emissivity
throughout the greater geometric height range is raised.
Integrating over height yields a higher emergent inten-
sity.

In Figures 5, note the initial decrease in opacity (top
row t=2s panels for 700A and 900A), pushing LyC for-
mation deeper, and then the influence of the bubbles.
The emissivity is largest at the optically thick layer (be-
tween 7 = 0.1-1 heights) as the density of emitting par-
ticles is greatest here. The optically thin bubbles also
have an increased emissivity compared to the ambient
plasma. At shorter wavelengths the emissivity of the
optically thicker layer is comparable to the emissivity of
the optically thin bubbles, meaning the optically thin
layers will reinforce the lower wavelength LyC intensi-
ties to a greater extent than the continuum head, in
agreement with the literature (Machado & Noyes 1978;
Machado et al. 2018; Druett & Zharkova 2019).

4. LYC COLOR TEMPERATURE AND
DEPARTURE FROM LTE

4.1. Fitting the LyC spectra

Following the method used by Machado & Noyes
(1978) and Machado et al. (2018), the synthetic LyC
spectra were fit using the Eddington-Barbier (EB) rela-
tion to determine values for b; and T,.. This approxima-
tion equates the emergent intensity to the source func-
tion at optical depth unity, and is given by:

_ B\(TY)
by

In(p) = Sx(1a = ) (2)

where By (T.) is the Planck function,
2hc? 1

A® exp (%BCTC) - 1'
I is the continuum intensity and S is the source func-
tion. The A subscripts indicate that these variables are

functions of wavelength. T, is the color temperature, by
is the non-local thermodynamic equilibrium departure

B\(T.) =

3)
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Figure 5. The components of A = [700,900] A opacity (top row) and emissivity (bottom row) for two snapshots in the 1F11,
8 =5, E. = 20 keV model. The left-hand panels show 700 A and the right-hand panels show 900 A. The light grey dot-dashed
line in each panel shows the total opacity or emissivity at ¢ = 0 s. The colored lines correspond to various contributions to the

total emissivity or opacity (the sums of these contributions are shown as thick black lines). The vertical lines correspond to the
heights at which 7 =1 (dashed), 7 = 0.1 (dotted), and 7 = 0.01 (dot-dashed).

coefficient of the first level of hydrogen, and all other
constants have their usual meanings.

An illustration of this spectral fitting is shown in the
left-hand panel of Figure 6, for various times during the
3F9, 6 =5, E. = 20 keV model. The right-hand panel
shows the temporal evolution of the log of the goodness-
of-fit () with vertical dashed lines denoting the time of
the spectra in the left panel. The goodness-of-fit values
are given by:

N
1 lyi — O;l
LI () 4

where 7 is the element index, IV is the number of data
points, y; is the data value and O; is the fitted value. As
the goodness-of-fit is weighted by the data for each wave-
length and time, smaller values correspond to a smaller
relative difference between the data and the fit, meaning
the fits are better.

In the right-hand panel of Figure 6, at ¢ ~ 5 s the
beam has mostly heated a region in the atmosphere be-
low the formation height of the LyC (i.e below 1) = 1,
where photons cannot readily escape). As discussed in
Section 3.3, the height at which 7, = 1 varies with wave-
length, typically forming lower in the atmosphere with
decreasing wavelength. The difference is a few tens of
km at t = 5 s. The flare does produce a small increase in
emissivity above the height at which 7, = 1 for shorter
wavelengths, increasing the emergent intensity towards
the tail of the LyC. At that height, however, 7, > 1
for the head of the continuum and so there is no mean-
ingful change in the emergent intensity for longer wave-
lengths. During these times, the LyC spectrum cannot
be approximated by the EB assumption, resulting in the
large spike in € seen between ¢t = 5-6 s in the right-hand
panel of Figure 6, indicating a poor fit. Further discus-
sion on this behaviour can be found in Section 5.2.
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Figure 6. Left-hand panel shows synthetic RADYN spectra from 400-911A for the 3F9, §=5, E.=20keV model, at times t=0s,
5.3s, 5.7s, 10s, and 20s (colored dots). Fits to LyC using Equation 2 are shown by solid colored lines. The right-hand panel

shows the log of the goodness-of-fit (¢) as a function of time for the fits shown in the left panel (solid black curve), while the
blue curve illustrates the e values when the data was fit between 800.0A and 911A. The dashed colored lines denote the times

of the spectra in the left panel.

In general, the tail of the continuum does not conform
to the EB assumption as well as longer wavelengths,
particularly in the decay phase following the flare peak.
This is due to the presence of the overlying optically
thin LyC layers discussed in Section 3.3. When Equa-
tion 2 is applied only between A = 800 —911A we obtain
better fits (the blue line on the goodness-of-fit panel in
Figure 6) compared to fitting the full range A = 505—
911A (black line). This suggests two distinct gradients
of the LyC, in agreement with the literature (Machado
& Noyes 1978; Machado et al. 2018; Druett & Zharkova
2019). For times in the simulation where the fit was
reasonable, we obtain T, values consistent with previ-
ous studies, increasing from T, ~ 9 kK to T, ~ 13.5 kK,
with b; decreasing, though not reaching unity. Where
we see a poor fit (e.g. t = 5.7 s) we obtain an exception-
ally large b; and T, > 34 kK.

Values of T, and b; were obtained from fitting the LyC
spectra by applying the EB assumption (Equations 2
and 3) at each time step from every flare in our study.
Figure 7 shows the temporal evolution of b; (top row)
and T, (bottom row) for the 3F'9, 1F10, 3F10, and 1F11
models, with § = [3-7] (colored lines), and E, = 20 keV
where we fit between A = 700-911 A. This range was

selected as Figure 6 shows that the Eddington-Barbier
approximation generally fits the data well at those wave-
lengths, but shorter wavelengths can deviate at certain
times.

During the beam onset, the initial response of b; and
T. is somewhat dependent on the spectral index. For
beams with § > 5, b; initially decreases steadily during
the beam onset followed by a rapid and sudden increase
whereas, beams with § < 4 show an initial gradual in-
crease in by, peaking around the time of the spikes in
the other models. We limit the range of the figures to
the scales shown, but the by and T, values at the time of
these spikes can be several orders of magnitude larger.

The spikes in b; and T, are caused by the flattening in
the continuum head, at which times the EB approxima-
tion is no longer a valid assumption; the by and T, values
at these times are unreliable. However, there are three
key times when the behaviour of by is consistent across
all models. At ¢t = 0 s, by ~ 10%2-103, decreasing to a
minimum around ¢ ~ 10 s (flare peak), then increasing
again during the decay phase. The magnitude of the
b1 minima depends upon the flux of the non-thermal
electron beam: by values for the 3F9 models decrease
from by ~ 102 to by ~ 102, whereas the 3F10 and 1F11
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Figure 7. The temporal evolution of b; and T, for the 3F9, 1F'10, 3F10, 1F11 models with F.=20keV and 6=3-7.

models decrease closer 107! < by < 10!. The infer-
ence there being that more energetic simulations drive
LyC formation closer to LTE due to the increased elec-
tron densities. Both thermal and non-thermal collisions
will significantly increase in those simulations. Ding &
Schleicher (1997) presented a similar finding whereby
beams with larger non-thermal electron fluxes caused by
to decrease to a greater extent.

As discussed earlier, Machado et al. (2018) determined
by and T, values from pre-flare and flaring spectra for
the six solar flares they analysed. The pre-flare fit re-
sults from our modelling are consistent with their qui-
escent T, and by results. Further, the range of T, values
we measured in our flare simulations are also generally
consistent with the observations. During the observed
flares, Machado et al. (2018) reported b; ~ 1, whereas
our model results show a wide range of values (between
0.1-10%) depending upon the flux of the non-thermal
electron beam. One possible reason for this discrepancy
may be due to the dependency of the observed by values
scaling with the assumed flaring area. Further details
can be found in Machado et al. (2018).

To visualise the spread of 7. and b; values we
produced a 2D histogram that collates the informa-
tion from all simulations for all times with parame-
ters: 0 = [3,4,5], E. = [15,20,25] keV, Fper =
[3F9,1F10,3F10,1F11] erg s~! cm™2 (recall that the
Fpear, = 1F11 simulations did not include the E. =
15 keV scenario). This is shown in Figure 8, where it is
clear that T, increases from quiet Sun values, T, ~ 8-
9 kK, to values roughly in the range T, ~ 10 — 16 kK,
in agreement with the literature (Machado & Noyes

25 L Fit: A =[700.00 — 911.00]A
102
20
v
= 0
g 3
= 7103
101 ]
i TYY
o ....‘.‘.
5k
1 1 1 U100
A& A A
b1t

Figure 8. Histogram of 7. and b; obtained from fitting the
EB approximation to our simulation grid, weighted by the
number of counts.

1978; Ding & Schleicher 1997; Lemaire et al. 2004;
Machado et al. 2018). There are two distinct clusters
within the histogram; the cooler cluster (T ~ 6-11 kK,
by ~ 10! — 105) and the hotter cluster (T, ~ 10-20 kK,
by ~ 10* —103). The cooler cluster corresponds to times
before the brief breakdown in the EB approximation,
whilst the hotter cluster corresponds to times after this.

4.2. Comparing Spectral Fitting to Derived Plasma
Properties
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We can assess how consistent the properties derived
from fitting the spectra are with the actual plasma con-
ditions in the models by comparing the b; values directly
from RADYN, that we refer to as b; yqq. The atomic
level populations are functions of height and wavelength,
and so to obtain b; .4 averaged over the LyC formation
region we calculate the normalised cumulative distribu-
tion function (NCDF) of the contribution function, Ceqf
(see also e.g. Kowalski et al. 2017). The heights corre-
sponding to where the bulk of the emission originates
are selected. The weighted average of by ,qq in that for-
mation region was then obtained, weighted by the con-
tribution function:

2(Cedf =upp)
fz(CC;f:ZOw) C1(2) b1,raa dz

2(Cear=u
fz((Ccdjf:loff;) Ci(2) dz

< bl,rad >= (5)

where z2(Ceqr = low) refers to the height at which the
Ceqr reaches the lower bound, and z(Ceqr = upp) the
height of the upper bound. For example, the heights
corresponding to 10% & 90% of the C.qy, respectively.

10 1
b‘ from Eddington-Barbier

b, from GDF 10-90%
8 b, from CDF 50-90%
b‘ from CDF 10-40%

log b

0o 5 10 15 20
Time (s)

Figure 9. Temporal evolution of < by rqq > values for the
3F10, 6 =6, E. = 20 keV model. The < b1 rqq > values are
shown for where A = 900.3 A emission originates, considering
Ceqr = [10-90%, 50-90%, 10-40%)] (red, blue, and purple,
respectively). Also shown is the result of fitting the spectra
between A = 700-911 A using the EB approximation (solid
black line). The by=1 line is shown by the dashed black line
for reference

Figure 9 shows < by ,qq¢ > compared with b; obtained
from our spectral fitting (solid black line). Formation
height ranges corresponding to [10-90%, 50-90%, 10—
40%)] (red, blue, and purple lines, respectively) were con-
sidered. These ranges were selected by integrating the
contribution function as a function of height and deter-
mining the ranges where the emission became optically
thick or thin. The emission range 10-90% considers both
optically thick and thin components, 50-90% considers

emission between 1) &~ 0.1-1 (optically thick), and 10—
40% considers emission above the 7, < 0.1 layer (opti-
cally thin) at 900.3A. The < by ,4q > values from the
optically thick layer are more consistent with those ob-
tained from the spectra but deviate during the declining
phase of the beam heating.

The < by rqq > values determined over 10-90% and
10-40% of the NCDF are significantly larger than the
values determined from the spectra. The former rep-
resents an assessment of what the < by ,qq¢ > value
when including both thick and thin LyC emitting re-
gions. This suggests that the thin components (originat-
ing from the bubbles) have such large < by ,qq > values
that they drag the overall average up considerably from
the values in the chromosphere. The fact that < by yqq >
derived from the optically thick region is more consis-
tent with b, derived from spectral fitting could be due
to the optically thick emission dominating the emergent
intensity.
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Figure 10. The ratio of T, to the electron temperature
(Te), determined when b; is at a minimum, for the 3F9,
1F10, 3F10, and 1F11 models, with §=3-7, and E.=20 keV
where available. T, was determined from RADYN for emis-
sion between 50-90% of the normalised contribution function
at 900.3 A. 7. and b; values were determined from fitting the
spectra between 700.0-911.0 A.

In a similar manner, the average electron temperature,
< T, > from the LyC forming regions was calculated (re-
placing by ,qq for T, in Equation 5).As by tends towards
unity, T, is expected to tend towards the electron tem-
perature, T, (Machado et al. 2018). Figure 10 shows
the ratio of T, to < T, >, determined when b; is at a
minimum for the 3F9, 1F10, 3F10, and 1F11 models,
with § = 5-7, and E. = 20 keV outside of the times of
the anomalous b; values. < T, > was determined over
the optically thick layer (50-90% of the C.q4r) as the
< by rad > values over this emission range are in general
agreement with the b; values obtained from the fits at
these times. From Figure 10, the ratio of T, to < T, >
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is clustered around 1 when b; reaches a minimum. The
minimum b; has a rather large range, extending from
b1 < 1 to by ~ 100. That is, the ratio T, :< T, > ap-
proaches unity at the minimum value of b; but by itself
does not necessarily have a value of unity, somewhat con-
trary to our expectations. Machado et al. (2018) present
a similar finding where the 6 different X-class flares they
observed had varying b; values (b; < 1 to by ~ 68).
However, as they used EVE Sun-as-a-star observations,
they converted EVE spectral irradiances to specific in-
tensities by assuming the flaring area. Machado et al.
(2018) assumed a fixed flaring area of 10*® ¢cm~=2, rep-
resenting the middle of a rather large range of reported
areas of X-class flares (see Section 4 of Machado et al.
2018). Varying this area would in effect shift the LyC
specific intensity up or down, while keeping the spectral
slope fixed. This would vary the b; value but not 7.

Fit: A=[750.00 — 911.00]A

2.0 B Plasma Props: [0.50-0.90] of Arer = 850.00A
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Figure 11. The ratio of T, to electron temperature (7¢)
as a function of b; for all models, weighted by time. T,
was determined from RADYN for emission between 50-90%
of the normalised contribution function at 850.0A. 7. and
by values were determined from fitting the spectra between
750.0-911.0A.

Outside of the times when b; is at a minimum, the
ratio of T, to T, was found to have a large range of val-
ues. Figure 11 shows the ratio of T, to T, as a function
of by for all models, weighted by time. As seen in Fig-
ure 11, even as by approaches unity, the range of T,/T.
extends from 0.1-1.5. This may be because < T, > is
determined using the NCDF of the contribution func-
tion. As < T, > is determined over a given emission
range, the heights considered will vary from model to
model, particularly for the more energetic beams where
the dynamics of the formation layers occur on shorter
time scales (see Figures 3 and 4). Therefore, the value
of < T, > is dependent on the height range considered.

13
[ Plasma Props: [0.05-0.95] of Aer=850.00A 107
¥ | ;
= 3 10
>
g
3 10 §
= =
20 10°
L 102
vl Lol MR Lol
N 2 &) m
SN N

Nelrapyn [cmM™3]

Figure 12. Histogram of < 7. > and < n. > in the forma-
tion region of A = 850 A, weighted by the average intensity
of the emission.

Finally, we determined < T, > and < n, > for
A = 850 A to illustrate the general range of plasma
properties where LyC forms. Those are presented
as a 2D histogram in Figure 12 in which properties
from § = [3,4,5], E. = [15,20,25] keV, Fpeqr =
[3F9,1F10,3F10,1F11] erg s~! cm™2 were collated.
Figure 12 shows that while there is some spread to high
temperatures (due mostly to contributions from dense,
optically thin bubbles) the bulk of the flare emission
forms in the range < T, >= 10-30 kK, with electron
densities spanning < n. >= 10~ cm~3. The data
has been weighted by the average intensity of emission,
and indicates that higher intensity is generally associ-
ated with higher < n. >, though temperature also plays
a role.

5. DISCUSSION
5.1. Percentage of energy radiated away by the LyC

To determine the percentage of energy radiated by
the LyC compared to the total energy injected via
non-thermal electrons, the LyC lightcurves in Figure 2
were integrated over time and divided by the total
non-thermal electron energy. We found the LyC radi-
ated away between 1-3% of the total non-thermal elec-
tron energy injected. The 3F9 models radiated away
around 1% of the total injected energy through the
LyC, whereas the 3F10 models radiated around 3%.
The overall distribution from a number of simualtions
is shown in Figure 13

Milligan et al. (2014) provided a study of the global
energy budget in a strong flare, comparing the energy
radiated in the lower solar atmosphere at optical, UV,
and EUV wavelengths to the energy injected via non-
thermal electrons. They found the LyC radiated away

[ergs ™l cm™2 sr 1 A1)
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Figure 13. The ratio of energy radiated by LyC to the
energy injected by non-thermal electrons (NTE), as a func-
tion of the non-thermal electron energy. Circles represent
6 = 3, plus symbol é = 4, and diamonds é = 5. The symbols
increase in size with increasing F..

approximately 1% of the total non-thermal electron en-
ergy. This is in agreement with our findings that predict
LyC to radiate away a few percent of the total non-
thermal electron energy.

5.2. Spikes in the Departure Coefficient and color
Temperature values

We mentioned several times previously the appearance
of strong spikes in b; and T, caused by a flattening
towards the head of the LyC, as seen, for example, at t =
5.7 s in the left-hand panel of Figure 6. The Eddington-
Barbier approximation is clearly no longer valid during
these times.

This phenomenon can be understood from Figure 14,
which shows the temporal evolution of the ground state
of hydrogen level population for the 3F'9 models, with
E. = 20 keV, and 6 = [3,5]. The height of the peak
of the LyC contribution function is shown by the ver-
tical dashed lines at each time step. At ¢t = 0 s, ny
is large in the chromosphere and decreases across the
transition region for both models. As the beam heat-
ing begins, ny decreases within the chromosphere due
to excitation and ionization following the temperature
increase and non-thermal collisions. However, there is a
small region of plasma between the beam heating region
and the transition region that is only minimally heated
by the non-thermal electrons, resulting in n; remaining
large compared to the adjacent plasma. At later times,
the optically thick layer shifts much deeper into the chro-
mosphere. The photons emitted from the optically thick
layer subsequently get absorbed by this region of plasma,

3F9, 6=5, E =20keV

Y

S

1

logn (em™)

6L . 1 .

L L L L L L L L
3F9, =3, Ec=20keV
14— ey

12

10

1

logn (cm’3)

8H — =35

— =758
F| V=85

L | L L L | L L L | L
1000 1200 1400
Height (Km)

1600 1800

Figure 14. The temporal evolution of the ground state of
hydrogen level population for the 3F'9 models, with E. =
20 keV, and § = [3,5]. The height of the peak of the LyC
contribution function is shown by the vertical dashed lines
at each time step.

resulting in the flattening of the head of the LyC, and
the delayed enhancement of the LyC lightcurves. For the
6 = 3 model, the optically thick layer of the LyC forms
below the region of minimal heating for a few seconds
until the region dissipates, resulting in the extended in-
crease in by and T, observed for harder beams (see §=3—
4 curves in Figure 7). Whereas for softer beams (see
0 >5 curves in Figure 7), the optically thick layer only
forms below the region of minimal heating for a shorter
duration, resulting in the sudden steep spikes in b; and
T..

In Figure 14, the n; values for the harder beam (§=3)
are reduced more uniformly and at higher altitudes
within the chromosphere despite harder beams being
composed of a greater number of high energy, deeply
penetrating, electrons. This can be understood from
Figure 15, which shows the temperature and beam heat-
ing profile for the 3F9 models, with Ec=20keV, and
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0=3 (harder beam; blue lines) and 5 (softer beam; red
lines). The region of minimal heating is thicker for softer
beams (z ~1720-1770 km). The 0=3 beam is harder
and therefore has a greater number of high-energy elec-
trons, which results in a faster atmospheric response and
evaporation of chromospheric plasma. As the evapo-
ration front propagates the mass density of the upper
atmosphere is increased by approximately a few orders
of magnitude. The increased column depth means that
the higher energy electrons in the =3 beam are ther-
malised higher up in the atmosphere at later times in
the simulation despite the §=5 beam being composed of
more low energy electrons, as can be seen by the blue
and red dashed lines in Figure 15. This results in the
narrower region of minimal heating (z ~1790 km) seen
for the harder §=3 case. The thickness of this region
also contributes to the varying profiles during the sud-
den increases (spikes) in by and T.

r 0.10
5.0n 3F9,8=3, E 20keV @75 i
L 3F9,8=5, E20keV @7s |
| et Beam heating 3F9, 8=3, 20keV @7s —0.08
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C 46 / H0.06
o L ‘ 1
= . |
£ 44 . |
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Figure 15. Temperature profiles for the 3F'9 models, with
E. =20 keV, and § = 3 and 5 at t=7 s. The normalised
beam heating is shown by the dashed lines for both models.

5.3. Wavelength dependency of by and T,

Machado & Noyes (1978) hypothesised from observa-
tional evidence that a higher-lying region contributes
optically thin component to the LyC during flares along-
side the bulk of the chromospheric emission. Evidence
for this optically thin layer comes from a steepening
in the LyC spectrum’s gradient away from the contin-
uum head, resulting in increased T, values determined at
shorter wavelengths. In the right-hand panel of Figure 6,
there is a local peak in € at t=10s. Shorter wavelengths,
between A ~ 505.0 — 700.0A, are poorly fit compared to
longer wavelengths. This spectrum has two distinct gra-
dients, one at shorter wavelengths, A < 700 A, and the
other at longer wavelengths, A > 700 A, in agreement
with Machado & Noyes (1978), Machado et al. (2018),
and Druett & Zharkova (2019).

Normalised Beam heating

5()5.(]*7()(),().{%
700.0-911.3A

8 10 12 14 16 18 20
Time (s)

Figure 16. Evolution of b and 7. for the 3F9, § = 5,
E. = 20 keV model. Equations 2 and 3 have been applied
between A = [505—700] A and A = [700—911] A. The values
are only shown between ¢t = [7 — 30] s to omit times where
we know that spectral fitting produced poor results.

Figure 16 shows the b; and T, values for the 3F9,
6 =5, B, = 20 keV model, where the EB approxima-
tion has been applied between A\ = 505 — 700 A and
A =700—911 A. Generally, the T, values determined at
shorter wavelengths were a few thousand Kelvin hotter
than at longer wavelengths, in agreement with the litera-
ture (Machado & Noyes 1978; Machado et al. 2018). The
b1 values are also generally larger at shorter wavelengths.
This is due to the optically thin components of the LyC
that enhance the spectrum at shorter wavelengths. The
number of optically thin components that form depends
on the type of evaporation observed. Gentle evapora-
tion resulted in one upwardly propagating optically thin
layer forming. Whereas, explosive evaporation resulted
in two or three optically thin components correspond-
ing to evaporation and condensation fronts. The up-
ward propagating optically thin components of the LyC
in Figure 4 are due to bubbles of chromospheric material
travelling immediately ahead of the evaporation front.

Reid et al. (2020) state that these bubbles are a source
of optically thin Ca II 8542A line emission and do not
always emit strongly in the Ha line, while Brown et al.
(2018) found solar bubbles to be among the dominant
sources of Lyman alpha line emission. Such propagating
high-density features could be indirectly detected via
LyC observations due to the effect they have on the
spectral shape, manifesting as an increase in both T
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and by at shorter wavelengths. Machado et al. (2018)
only observed an increase in T, at shorter wavelengths
for one of the six events that they analysed. This may be
due to the fact that the other five flares did not provide
the correct conditions for a solar bubble to form, or at
the time of observation the bubbles had dissipated.

6. CONCLUSIONS

Using the F-CHROMA grid of RADYN models, we
have shown that the LyC is greatly enhanced during
solar flares. The LyC spectral response is highly sensi-
tive to the flux of the non-thermal electron beam, but
is less dependent upon the spectral index or low-energy
cutoff. LyC was found to radiate away between 1-3%
of the total non-thermal electron energy injected. In-
creases in solar irradiance associated with solar flares
are known to drive dynamic and compositional changes
in Earth’s ionosphere, which can have adverse implica-
tions for modern technology on which society has be-
come dependent. The 850-1027A range, in particular,
is absorbed at an altitude of around 105-120km in the
ionosphere (E-layer), where it drives the partial dissoci-
ation of molecular oxygen (Robinson 1959). This part of
the spectrum is dominated by LyC, along with higher-
order Lyman emission lines.

Both optically thin and thick layers of the LyC were
found to form during solar flares, in agreement with the
literature (Machado & Noyes 1978; Machado et al. 2018;
Druett & Zharkova 2019). The optically thick layer is
formed in NLTE in the QS and forms at the top of
the chromosphere. During solar flares, this layer shifts
deeper into the solar chromosphere due to the evapora-
tion of the upper chromosphere, forming near the peak
beam heating region, with < T, >~ 10-40 kK. It also
forms closer to LTE conditions. The optically thin com-
ponents of the LyC formed due to chromospheric evap-
oration, with the number of optically thin components
forming being dependent on the type of evaporation ob-
served, gentle or explosive. These optically thin com-
ponents cause an enhancement in intensities away from
the LyC head, resulting in increased b; and T, values
determined at shorter wavelengths. Fitting with the EB
relation we find that 7. ~ 10-16 kK, with b; at times
dropping to b; = few x 10, but which have a large scat-
ter.

Our results suggest that the LyC spectral response is
indicative of a chromospheric temperature and density
enhancement largely probing the chromosphere. Gra-
dients in the derived T, as a function of wavelength
can also indicate the presence of regions of propagat-
ing dense, cool material in the upper atmosphere. The
number of optically thin layers formed was found to be
greater for stronger solar flares, and the LyC contribu-
tion functions presented show that the optically thin lay-
ers form and dissipate over a shorter period for stronger
flares. Model-data discrepancies (e.g. the large scatter
of by values that don’t always approach unity, contrary

to Machado et al. 2018), could result from an exagger-
ated optically thin component to the LyC forming in
the dense bubbles, if those bubbles are denser than in
actual flares. For example, Graham et al. (2020) mod-
elled the ratio of the intensity of redshifted ‘satellite’
components of the Fe II line to the intensity of the sta-
tionary component, noting that it was larger than the
observed flare they were simulating. This could be due
to the density in the modelled condensation (from which
the satellite component originated) being larger than the
condensation produced during the observed flare. Our
chromospheric bubbles may be similarly over-dense.

EVE currently provides LyC observations with the
greatest coverage.However, these are Sun-as-a-star ob-
servations with a cadence of 60 s (observations prior to
2014 had a 10 s cadence, but instrument degradation
has forced a longer exposure time). Therefore, EVE
LyC flare observations will observe a range of flaring
loops at various heating or cooling stages. Thus, some
of the dynamic features may become smeared tempo-
rally, especially for stronger flares. As the breakdown in
the EB approximation and delayed enhancement in the
LyC lightcurves also occur over second to sub-second
timescales, it is unlikely that EVE can observe these
phenomena. Additionally, as EVE provides Sun-as-a-
star observations, EVE spectral irradiances can be con-
verted to specific intensities by assuming the flaring area
as discussed in Section 4.2. Varying this area shifts the
LyC specific intensity up or down, while keeping the
spectral slope fixed. This would vary the b; value but
not 1.

SPICE on board the Solar Orbiter mission that was
launched in 2020, provides EUV coverage in the wave-
length ranges of A = 704-790 A and X\ = 973-1049 A.
This provides partial coverage of LyC. It remains to be
seen to what extent it is possible to extract continuum
intensities, which will depend in part on how well we can
resolve spectral lines with that passband, but SPICE
observations may be used to determine b; and T, val-
ues below the head the LyC. Unlike SDO/EVE, these
observations would have spatial resolution and obtain
higher cadences. However, as SPICE only provides par-
tial coverage of LyC, the derived b; and T, values may be
elevated due to the presence of the optically thin LyC
layers, enhancing the LyC spectrum at shorter wave-
lengths. To determine if this is the case, by and T, val-
ues should be derived and compared from SPICE and
EVE spectra over multiple wavelength ranges for any
flares both instruments capture. Our analysis paves the
way for an interpretation of solar flare LyC observations
taken by current and future missions.
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