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1 Theory

“Be praised, my Lord, through all your creatures, especially Sir
Brother Sun”

— Francis of Assisi

In this chapter, we introduce key words and theoretical concepts needed for any
meaningful discussion of physical reality.

1.1 Structure of the Sun

We start by mapping the definitions of the solar structure. As it is a main
sequence star of lower mass, its interior can be divided to the core, the radiative
zone and the convection zone. In this work, we will focus less on these internal
regions and more on the outer layers. Specifically, we turn our attention to the
solar atmosphere, which, despite being continuous, is traditionally segmented into
discrete layers:

1. Photospehere: This is the visible surface of the Sun, observable without
any specialized equipment. It is around 500 km thick. In the photosphere
the temperature is decreasing with an increasing distance from the Sun
core, with an average around 5700 K, reaching as low as 4100 K. This is
the temperature minimum. This layer is where sunspots and granulation
patterns form.

2. Chromosphere: It can be observed in [Extreme ultraviolet (EUV)|and strong
emission lines (hence the name). There is little agreement in the literature
on its thickness; different sources give vastly different numbers: 10 km [1],
15000 km [2], 1500 km [3], 1500 km [4], 2000 km [5]. However, the higher
estimates probably did not now about the existence of the layer above (tran-
sition region). However, the idea of layers is still a rough approximation, so
the thickness does not have to be exact. The chromosphere is usually defined
beginning in the temperature rise just above the temperature minimum
region [3].

3. Transition region: it is a thin region where the temperature rises from
20000 K to 10° K in 200 km. It should not be considered a geometrical
layer, rather a temperature regime; not only because of the extreme spatial
inhomogeneity of this region, but also because of the sharp transition in
temperature (and therefore the density as well for pressure must remain
continuous) [5].

4. Corona: It is the outermost layer of solar atmosphere. After the rapid rise
in transition region the temperature profile flattens and we come to an
extended region with the temperature around 10 K. The cause of this high
temperature is still unknown.

This section was based on Vanysek [1], Budéjicky [2], Stix [b], Shapiro [4],

Foukal [3] and Lang [6].
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Figure 1.1 Dependence of temperature and density on the height above the solar
surface [6].

1.2 Introduction to solar flare physics

The solar flare itself is a result of [Magnetohydrodynamic (MHD)| processes
occurring in the Sun. Let us now introduce a few key concepts.

1.2.1 Induction equation

Since the Sun is made of plasma, we will describe it using Maxwell equations
in slow variations approximation and with no free charge (Debye shielding) [7]

V-E=0, (1.1)
V-B=0, (1.2)
OB
E=_— 1.
V x 5 (1.3)
V x B = 1], (1.4)

where i is the permeability of the free space. Concurrently for current density
we have

nj=E+v xB, (1.5)

where 7). is the electrical resistivity and v is the velocity of plasma. For evolution
of the magnetic field we get

0B o
5 = VX (v x B =
:Vx(va)—EVx(VxB):

Ho
=Vx(vxB)—-n(V(V-B)-V-VB) =

=V x (v x B) —nAB,

(1.6)
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where n e is the magnetic diffusivity. This result is known as the induction

equation

%—]? =V x (v xB)—-nAB. (1.7)

It plays a crucial role in the solar flare phenomenon.
This subsection was based on Karlicky [7].

1.2.2 Alfvén theorem

On larger temporal scales 7 is of negligible size so we get the collisionless form
of the induction equation

OB
S = Vx(vxB). (1.8)

Let us now explore the temporal evolution of the magnetic flux [§]

Dby D
_ 2 [ B.as 1.9
Dt Dty O (1.9)

We use Reynolds transport theorem and the definition of material derivative

b B-ds:/ 2B—|—BV-V—B-VV -ds =
Dt s(t) s(t) Dt
(1.10)
:/ (8—B+V-VB+BV'V—B'VV)~dS.
(t) at
Now we have to realize the vector identity
Vx(vxB)=B:-Vv4+vV:-B—-v-VB-BV.v. (1.11)

If we substitute from the collisionless induction equation [1.8 and use Gauss’s law
[1.2) we get

Vx(vxB)+v-VB+BV-v—-B-Vv=
=B-Vv+vwW -B-v-VB-BV.v+v-VB+BV.-v—-B:-Vv=

1.12
=B-Vv-B:-Vv-v-VB+4+v-VB-BV.v+BV.v= ( )
=0.

Therefore, the magnetic flux is conserved.
Do
B:/Odwﬂ. (1.13)
Dt s(t)

This is the Alfvén theorem. It tells us that the magnetic field “freezes in” the
plasma.
This subsection was inspired by Karlicky [7] and Kulhének [§].
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1.2.3 The impulsive phase

Let us now investigate a simple example. We begin with a homogeneous
magnetic field, as shown in Figure[1.2] This can serve as a naive approximation
of either the quiet Sun atmosphere (facing the edge of the Sun). The magnetic
field is assumed to be in a region of plasma where the Alfvén theorem applies.
For some reason — such as convection — the plasma begins to move, but in a
spatially non-uniform way. In our example, the velocity field is very simple

Uy ~ eXp (—:rQ) exp (—yz) (1.14)

compare with Figure . Now we can rewrite the equation [1.8 using the material

Velocity field

> —_— =

Figure 1.3 Non-uniform plasma velocity vector field causing the stretch of the
magnetic field lines

derivative [§]

Db



where b = %. For our simple field we get

Db, 0v,

and if we let our field evolve[l we get something similar to what we see in Figure
This shape can already remind us of the magnetic arcades that can be observed

Figure 1.4 Magnetic field stretched by the motion of the plasma in the positive x-axis
direction. The magnetic flux is conserved due to Alfvén theorem [I.13]

on the solar surface. Let us now recall what is the result of such a configuration of
magnetic lines; because of Ampere’s law current arises in the region beneath
the arcades. The curl of the magnetic field is in Figure [1.5, This is called

Curl of the magnetic field

X

Figure 1.5 Intensity of a curl of the magnetic field in Figure corresponds directly
with current density via Amperes law

current sheet and its formation leads to the magnetic reconnection itself.
Let us now imagine a scenario where, for some reason, the magnetic diffusivity
increases drastically in the current sheet. Let the length of this diffusion region

IThe authors implementation of this is far from proper. However, since this is no important
result but only an illustration, he is not ashamed of it.
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be 2L and its width 2[. We further assume that the magnitude of the magnetic
field is B;. Since the current is perpendicular to the magnetic field lines, it begins
to exert a force on the plasma through the attractive Lorentz force.

F=jxB. (1.17)

This causes the plasma to move to the diffusion region, dragging the field lines
with it at velocity v;. The mass conservation implies that on the shorter sides 2/
there must be a plasma outflow of velocity vgsuch that

LUZ' = lU(). (118)

This plasma drags away reconnected field lines with magnitude By. This is
illustrated in Figure [1.6

] L,
¥ L4
| 77!
211‘ |7 f f AV”BO’
:l D
) viB )
cmmmmm - I P >

Figure 1.6 Scheme of the Sweet-Parker model [9]. The field lines are dragged into
the diffusion region when reconnection takes place pushing the plasma out of it.

We will now find these velocities.

1. The initial velocity of the plasma must be equal to the velocity of the
diffusion determined by the so called resistive timescale 75

L _n
TRZ

, (1.19)

where 7 is the magnetic diffusivity.

2. The outflow velocity results from the acceleration generated by the Lorentz
force acting on the matter at rest at the center of the current sheet (the
stagnation point). If we associate this with the magnetic pressure, we obtain

81}1 ’Ug BzBO
v =p— =
Pooe =P pul

, (1.20)

where p is the density of the plasma and p is its permeability. From Gauss’

law we get
By B,
—_—=— 1.21
l L Y ( )
so for the outflow velocity we find
B?
vy = —L. (1.22)
1P

11



The outcome of magnetic reconnection is illustrated in Figure [1.7] As we can
observe, the magnetic arcade from Figure becomes narrower at the current
sheet. The inflow and outflow dynamics give rise to post-flare loops and filament
matter. This process leads to the release of magnetic energy. But what is the
energy balance? Let us now illustrate this on a Sweet-Parker model. The magnetic

ﬂCDRONAL TRANSIENT

<+—— FIELD UNES
PROMINENCE

ERUPTING

STORM CONTINUUM
(TYPE V)

CORONA PLASMA OUTFLOW

PLASMA INFLOW

ELECTRON AND PROTON ACCELERATION
NEWLY FORMED POST FLARELOOP

FAST ELECTRONS A PLASMA QUTFLOW

CURRENT SHEET

u AND CM RADIO =7 R SOFT X-RAY POSTFLARE LOOP

HARD X-RAYS He POSTFLARE LOOP

A
J ‘\l / \ ot l CHROMOSPHERE

oL/
PHOTOSPHERE EVAPORATION
% % ™~ WHITE LIGHT FLARE

N\

FLARE RIBBONS

Figure 1.7 Field lines in a 2 dimensional model of a solar flare [10]. The reconnection
takes place at the current sheet.

energy density is

B?
Uy = — (1.23)
1
and the kinetic energy density is
Loy
Uk = 5 pU;- (1.24)

Again, due to Alfvén theorem, both the field lines and the plasma has the same
inflow velocity, therefore, we can define energy inflow quotient as

2 2
in PUi I Y
K/M = 5p7 = 202 (1.25)
but from equations and we know that
’UQBQ = UiBia (126)

but B, > By so Q%M < 1; in other words the energy flowing in the diffusion
region is mostly magnetic. Similarly, for the ratio of inflow of magnetic energy

12



and outflow of the kinetic we get

v2 1
QWi = =% = =, (1.27)
KM ™ 902 ™ 2

so half of the incoming magnetic energy is transformed to particle kinetic energy.
The other half is transformed into thermal energy with the typical released energy
flux around 10%° W ﬂ This is the simplest model available; a more accurate
approach would require incorporating shock waves, as done in models like the
Petschek model, which we will not explore further here. Until now we discussed
the equations, but how do they manifest physically?

As mentioned earlier, the matter aligned along the field lines of the arcade
beneath the current sheet forms what is known as the flare loop. In our simplified
model, the flare loop resembles a half-torus, with the other half submerged below
the photosphere. The locations where the loop intersects the photosphere are
referred to as footpoints or flare ribbons and have opposite magnetic polarity.
During magnetic reconnection, thermal energy is deposited near the top of the
flare loop, where the plasma is heated, producing [Soft X-ray (SXR)| and [EUV]
emissions. At the same time, kinetic energy (nonthermal) appears in the form of
accelerated charged particles, as illustrated in Figure [1.8] These charged particles

coronal FXRs| turbulence|

HXR albedo

thermal X-rays

A

‘ EUY line emission

HXR footpoints

Figure 1.8 Different kinds of electromagnetic emission caused by magnetic energy
release and its conversion into thermal and nonthermal energy

then spiral downward along magnetic field lines with energies as high as hundreds
of keV. Their gyration produces radio emission, and as they collide with the dense
layers of the photosphere, they lose energy primarily through bremsstrahlung

2This value can be found here: https://hesperia.gsfc.nasa.gov/sftheory//flare.htm?
utm_source=chatgpt . com
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(braking radiation). A portion of this radiation is reflected off the photosphere
and escapes into space. Thus, although the exact processes in the diffusion region
during the impulsive phase cannot be directly observed, the associated phenomena
provide us with a rich diagnostics.

This subsection was based on Karlicky [7] and Kulhének [§].

1.3 X-ray emission

Given the preceding discussion, it is clear that the impulsive phase involves
numerous high-energy phenomena. Keeping the Planck relation in mind, it is
not surprising that these would manifest at short wavelengths. The bulk of our
analysis is based on X-ray emission, which we will now delve into.

1.3.1 Thermal emission

Let us consider a volume V', containing a constant density n. of hot electrons.
We assume that their speed distribution f (v) follows a Maxwellian form

3 2
Me —Mev
f(v) =dr (27rk3 ) nv? exp < T ) , (1.28)

where m, is the mass of electron, kp is the Boltzmann constant, T is temperature
and v is the speed of electrons. For corresponding energy distribution we have

F(E)dE = f(v)do, (1.29)
for the differential we find (assuming non-relativistic energies)

1
dv = ——=dF, (1.30)
2m.E

thus

2n, FE
F(E)= TBT)?)\/EeXp (—]{:B—T) : (1.31)

These thermal electrons produce bremsstrahlung interacting with ambient protons
of the same density n, = n.. We will derive the resulting flux of photons I as a
function of the energy of the photons ¢ as

I(e) = n.V / T F(E) 0 (B)os (e, E) dE, (1.32)

where o is the Bethe-Heitler cross-section for bremsstrahlung. The flux of photons
I with the units of photons s J~! is the subject of the latter spectral analysis.

14



Substituting to the equation we get

E
—ne / Eexp(—k—T)
\/ 7 (kpT)? B
1+/1—-%
2E8ar2mecZ 1n< E)dE:

3% ¢E

8 8 272 0 144/1—-%
= ozgmc nV/ exp(— )hl _E
mm (kgT)® 3 € c kpT 1—/1-%
(1.33)
Where « is the fine structure constant, rq is the classical electron radius, m, is

the electron mass, ¢ is the speed of light, Z2 is the abundance-weighted value of
Z. For simplicity, let us put all the constants into one and introduce the emission
measure () = n?V. Let us now simplify the integral using substitution

e Q[T E 1+,/T-% r=E_1 /
](5) = KW j exXp _k‘B_T In ﬁ dFE dr — dE =

o0 1+4/1— =

1 z

:K% exp(—u>ln —H_
£

s 1 + 1+:17;1
= Ki exp __c / exp _ = In e dzx.
T3/2 ksT ) J kgT _ -

edx =

(1.34)
We solve this integral by parts
o ex 1+ /15
I (e) :/ exp (——) In [ —Y2=2 | dov =
0 kBT 1 — A/ 1+_J,‘
1+ /= >
|k exp (—i) In =2 de | +
kgT -/ .
+ /OO kT exp _ £t l Lt — 7 1” duz,
0o £ kT ) dz T
(1.35)

but the first term on the right hand-side vanishes at both limits. Let us solve the
derivative first

1+\/1+x - Vigl-Vig ity d e
_n — p—
dx 1—|—,/1er ( )2 dz\ 1+ 2

1
1
+

1+x

1

— (1.36)
_1+x2\/3:1+x T /o (1+2)

x(1+x)

15



So we get
Q € /OO kT Ex 1
I(e)= K—= - — — der =
C)=Kmreo\ 1) | = P\ "5T cta)
= K’

= @ exp = /ooexp _ = L dzx.
eT1/? kT ) Jo kgT ) \/x (1 +x)

But for ;55 > 1 the integrand behaves like Dirac delta function § (), therefore

we can write

Q -ty toamZ o[ 8 @ (e
eT1/? kpT 3 N wmky T2 kT )"

(1.38)

(1.37)

I(e)=K'

This type of emission we typically see on wavelengths.
This subsection was based on Tandberg-Hanssen [12].

1.3.2 Non-thermal emission

Let us derive the expression for [Hard X-ray (HXR)| flux I (¢) (photons s™!
J71). This flux is caused by accelerated electrons with energy distributed as
F (Ey) (electrons s~! keV ™) losing their energy in area S in solar atmosphere by
bremsstrahlung radiation and Coulomb collisions. This is approach is called the
thick target model as all the electrons are eventually stopped in the Bremsstrahlung
source. In thin target no significant modification to the injected spectrum occurs.
According to Tandberg-Hanssen we get

I(e) = / P (B, (e, Ep) dEo, (1.39)

where n, (¢, Ep)is the number of photons emitted by unit energy, centered on ¢,
by an electron of initial energy Ey. Number of photons emitted by single electron
is identical to number of its interactions. But the electron is losing its energy,
therefore we need to integrate

to(E=¢)
ny (g, Eo) = /t(E_E )np (t)op (e, E(t))v(E(t))dt. (1.40)

But for Coulomb collisions we have

dE
T —oc (E)nyv (E) E, (1.41)

where F is the energy of electron, o¢ is the cross-section for Coulomb collisions,
n, is the density of protons and v is the velocity of the electron. Now we may

substitute .
" oy (e, E) AE
Ey) = . 1.42
meB) = [ DS (142)
Now we can substitute into the general form [1.39)
> Eo 55 (e, E)dE
I(e) = / F (EO)/ %fdﬂ), (1.43)

16



and after considering that for the cross-sections we have

1+,/1—2%
2 £, (1.44)
3 ek 1-— —%

2re
oo (E) =

(1.45)

where « is the fine structure constant, rq is the classical electron radius, m, is the
7

electron mass, ¢ is the speed of light, Z2 is the abundance-weighted value of Z, e
is the elementary charge and In (A) is the Coulomb logarithm, we get

I(s):/:OF(EO)-

/Eo 8a 2meCQﬁl L+/1—%\ [2met
: n
. 3 "o el

-1 (1.46)
dE
In (A —dEy =
- i-< )\ E? n )> E ¢
2721 > Bo 14+ /1—%
_ % (Q)mec / F(Eo)/ In | —Y—E£ | dEdE, =
3 e 2metln(A) J. . 1—-/1-%
72 2 [0 Eo 14+ /1—-+
_ ome (ﬂ)/ F(Eo)/ —V_"F ) 4gdE,
3eln (A) \we?/ . . 1—/1—

Let us now assume that the energy distribution is in a form of a power-law

F(Ey) = K\E;°,

(1.47)
where K is some constant and

3eln(A)

me?

Ky = am. 72K, (cro )2

(1.48)
Now we want to solve the integral

i [Tt [ (¢—) 4B,

First we reverse the order of integration

K/ /E YWVITE) apag, -

2 1-1-2 0
o (14,/T-%

:KQ/ n< f)dE/ E;°dEy = (1.50)
€ _E

ooElfé 1_|_ 1_2
= K, 5_1111( % E)dE

(1.49)

- JI-=

17



Now we evaluate by parts

1
IELCHN O (VA - 51 B (1.51)
s—1lo—2 \1- /T2

K, [“E* d [1+T—%
SLEN Y [ Vo) Y}
5o ) 6—2dEn< =

But the first term is zero at both limits. Thus we solve
K2 0o E2—5
I(e) = / —EdE =
(0—-2)(0—-1) /). FE -5

_ Ky /oo B0 dE/ x:% /_
“Go0-n) ) ar=—gap/ =
—5

(1.52)
K2 0 x573 53 d
- (5—2)(5—1)/1 Ji—z ¢
Kye?™? ! 5—3 —1/2
- 1— .
Toao ), e
But this is known integral
1
B(ab) = / 2 (1 — 2) ! da, (153)
0
so we get
K2€2_5 ( 1>
I(e)= B(é—2-)=
&) =G=96-D 2 L)
_ame_m(@f B(E-23%) ., |
3In(A) \me2) (6-2)(6—1)"

We observe that the photon flux also follows a power-law distribution, which, as
we will show, aligns well with contemporary measurements.
This subsection was based on Tandberg-Hanssen [12].

1.3.3 Albedo

We have established two primary sources of radiation that originate in a solar
flare. But this radiation does not travel solely to the observer; it is in fact quite
the contrary. What happens to the light that travels towards the Sun? Some part
is absorbed, but some is scattered back via Thomson and Compton scattering (see
Figure . The cross section of this interaction is described by Klein-Nishina

formula )
do. 1
g (g0,05,0) = =12 (i) (@ + 5 924 dcos? @) ) (1.55)

dQ 4 €0 € &0

18



where 0 is the scattering angle, © is the angle between the directions of polarization
of the initial photon and the final photon and ¢y and e are the initial and final
photon energies related by

14+ 2% (1 - cos,)’

mc?

£ (1.56)

But it would we very awkward to even try to use these formula to get an analytical
solution; we would have to calculate every interaction of photons with electrons
in space and time.

Let us take a step back and not think about individual interacting particles
but rather primary and secondary photon spectrum I, and I

LE= [ hE) 6w (157)

where G (u,e,&¢) is the probability that a photon of initial energy &y incident
on a plan-parallel atmosphere is re-emitted in direction u = cos# where 6 is the
heliocentric angle with energy e. We call it a Greens function (although it is not
solution to any differential equation) and we require

1 Emax
1= / / G (p, €, &0) degdpe. (1.58)
0 €

If we find such function, we can write for the measured spectrum

I()=1,() + / T L (e0) G (s 20) do, (1.59)

which we have yet to invert to get what we want, but we should see now why
we need the G. Again, there is no way to derive the equation for G analytically;
instead Monte Carlo simulations of the interactions have been done and then the
results have been fitted [13]. Examples for three different initial energies and of
such a function is in Figure . The idea is that it will be much faster to look
up the corrections from the database instead of calculating them over and over.
In reality, we measure on discrete scales, the integrals transforms to a sum

I(e:) = I (&) + I (£5) Gij (1) » (1.60)

where
€j+1

Gij (,u) = G(,U/,&,z’:‘(]) d€0 (161)

€5

is the Greens matrix. Now we invert the equation [1.60
Ip (5j> = (Ezg + OZGZ']‘)_l 1 (61) s (162)

where [;; is the identity matrix and « is additional anisotropy parameter. We
assumed that the radiation is isotropic, which means that o = 1 is a constant.
This subsection was based on Kontar et al. [14].

3These functions are available at https://hesperia.gsfc.nasa.gov/ssw/packages/xray/
dbase/albedo/
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Figure 1.9 Greens functions values for direction g = 0.7 and initial photon energies
go = 10,40, 150 keV.

1.4 Radio emission

The second most important emission is on the radio wavelengths.

1.4.1 Gyrosynchrotron radiation

This emission is generated by the electrons travelling down to the chromosphere
along the field lines. To understand this, let us explore what is going on on the
edge of the red and green regions in Figure [1.8|

First, we define our coordinate system. We will operate on such a spatial
scale that the field lines going from loop top to the footpoint can be considered
homogeneous (at some small region). We further assume that the z axis is parallel
to them and that the electron was somehow accelerated and injected into this field
with the velocity v. In this field, Lorentz force starts acting on the electron as

d
F = md—‘tf = qv x B, (1.63)

where m and ¢ are mass and charge of the electron. But our field is homoge-
neous

B = 0 (1.64)
therefore
Uy = —y (1.65)

by = —— v, (1.66)

Now if we multiply with imaginary unit ¢ and add both equations together
we get

B
by + 0y = = (0 + i) (1.67)
m
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and after substituting £ = 0, + 0, and w, = % we have

£ = —iwet (1.68)

with the solution
¢ = Rpexp (—iw.t) (1.69)

where R, is the Larmor radius and w, is the cyclotron frequency. So, in words: the
electron is gyrating along the z-axis (field line). This is the meaning of the spirals
on Figure And as we know, any acceleration of a charged particle results in
electromagnetic radiation, in this case with the frequency w.. But the problem
is that the electrons accelerated in solar flares are mildly relativistic. Although
the motion itself is in principle identical, the directivity of the radiation changes
from typical dipole radiation (~ sin®(6)) to something much more directional,
as illustrated in Figure [I.10] This changes the temporal evolution of the field

Figure 1.10 The radiation pattern of a relativistic gyrating particle |[15]. As this
figure was taken from an article describing this problematic in greater detail, there are
some symbols not used in our text. The only relevant symbol is the rz which is our Ry,
Larmor radius.

intensity from sin wave to periodical pulses, which is a superposition of more
frequencies. This is the difference between nonrelativistic cyclotron and mildly
relativistic gyrosynchrotron radiation. We observe emission not at the primary
frequency w,. but rather on higher harmonics.

This subsection was based on Kulhanek [§].

1.4.2 Plasma emission

Now, we will describe the last relevant emission mechanism. We will model
plasma as layers of protons and electrons. In rest these layers are perfectly aligned,
but it might happen that some external disturbance causes the electron layers to
shift infinitesimally by £ like in Figure For electric field we have

21



+++ ++ + + + +

+++ ++ + + + +

+++ ++ + + + +

+++ ++ + + + +

+++ ++ + + + +

Figure 1.11 Simple model of oscillating plasma with the properties of a harmonic
oscillator: the higher the displacement & of electrons is, the stronger force pulls them
back.

dE = %dg (1.70)

where n is the ion density, e is the elementary charge and ¢ is the permittivity.
The electric intensity acts on the electron with force

ne d?¢

where m is the mass of the electron. We can see that such a configuration results
in oscillatory motion of the layers with the frequency

ne?
— . — 1.72
“r meo ( )

This subsection was inspired by [1] and [§]

1.5 Wavelet transform

Another interesting aspect of solar flares are so called |Quasi Periodic Pulses|
[16]. Although the exact definition is a bit unclear, by this term we will
denote the observation of few periods of oscillation of flux often on different
wavelengths. How does one analyse such a behavior? The first instinct would be
to use the Fourier analysis but this would not suffice because it would provide
us only with information about periods that appeared in the light curve but not
about when did it happen. For this we use the wavelet transform.
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The general idea of Fourier transform is correct, we need to find out how
similar is the light curve with some periodic function at a given period (which we
measure with dot product), but we need to localise it not only in period space
but also in time. We do it simply by multiplying the complex exponential with a
Gaussian. Let us show it on some equations. First let us remind us of a definition
of cross-correlation

(F5 ) ( / FE=7)g () dt (1.73)

This simply tells us how similar are functions f and g when f is shifted in time
by 7. We want to know how similar is our light curve F' to exp (iwt) in time 7 for
different w. But the exponential has the same intensity in the whole domain, so
for localisation in time we damp it by a Gaussian

(0 * F) (7 / TA—F (1) dt = / exp (—#) exp (iw (¢ — 7)) F (£) .
- (1.74)
This is the essence of wavelet transform, the formal definition from Torrence [17]
for discrete sequence x,, (our light curve data) is

anw( _")&), (1.75)

where s is the wavelet scale (period), n is the time index, dt is the time step
and 1 is the mother wavelet. In our analysis we used the Morlet mother wavelet
exclusively, which is basically scaled Gaussian multiplied by complex exponential
as shown on Figure [1.12]

Morlet

Intensity, a.u.

Figure 1.12 Real (solid) and imaginary (dashed) parts of the Morlet mother wavelet

The scaling is very important because we need to be able to compare the
cross-correlations for different frequencies, but the change of frequency causes
a change of the norm of a simple mother wavelet we used in equation m (so
strictly speaking it is not a mother wavelet for it must be scaled to be called so).

Now we have the real and the imaginary part of W), (s). If there is a period in
our data, these two are periodical on some s (cross-correlation of two functions
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with the same period must be again periodic function with this period, with
extrema around 7 = k7 and zeroes around T = £ for some integer k) and with
phase shift of /2. Now we only have to add their second powers to get rid of the
periodicity and negativity

P(n,s) =W, (s)]. (1.76)

And just like that, we obtain the power spectrum, which is exactly what we were
looking for.

We have now some information about the quasi-periodicity of our data but
how do we tell if it is a true feature or just some noise? First tool to make the
result more exact is the cone of influence. It counters the problem with the signal
being finite series. So in the beginning and ending times, the mother wavelet
might already be partially out of the light curve. Therefore, we will consider only
the part of the wavelet spectrum where the most of the mother wavelet is already
in the signal time interval (e-folding time). But this value changes with periods,
as mother wavelet widens. Eventually, the part of wavelet that we are not using
creates a shape of a cone hence the name. For Morlet mother wavelet, the cone of
influence line is v/2s

The cone of influence treats problems introduced by the method itself but
what if our data contain some random periodicity? There are two main models of
a solar noise used in wavelet transform; the white noise and the red noise. They
are defined by their Fourier spectra, white noise having constant power on every
frequency whereas red noise having power-law power distribution in frequencies.
The idea is to compare the noise wavelet power with our data.

We assume that the noise is constant in time so we only need to find its local
wavelet spectrum - a cut in some time through the periods. We know how the
overall trend should look like (constant or power—law)ﬂ Torrence uses this fromula
for noise modelling

P 1-o (1.77)
" 14 a2 = 2acos2rk/N’ '
where N is the number of frequencies and k =0, ..., N/2 is the frequency index.

For a« =0 P, is a constant, for &« — 1 P is close to a power-law. Since the noise
is random variable with normal distribution, its power spectrum will have the
distribution of x2. The 95% confidence contour line is the contour where

1
W, (s)|” > 502ka§ (0.95) (1.78)

where ¢2 is the variance and |[W, (s)|* is the wavelet power spectrum of our
data.
This section was based on [17]

4This, however, is the trend in the frequency space, not the period
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2 Instruments

As we have already seen in the previous chapter, the impulsive phase can
be theoretically observed on many different wavelengths. We have not carried
out any observations ourselves, but rather used available data from instruments
discussed in this chapter.

2.1 SOLO

The [Solar Orbiter (SOLO)|is an ESA-led mission with strong NASA participa-
tion. It was designed to address questions such as "How does the Sun create and
control the heliosphere - and why does solar activity change in time?” The payload
consists of ten experiments. Four of them are sensors for in-situ measurements,
the remaining six are for remote imaging of the Sun and its atmosphere [18]. One
of them is the [Spectrometer/Telescope for Imaging X-rays (STIX)| which is the
instrument that provides the main body of data for our analysis.

2.1.1 STIX

The provides diagnostics of the hottest thermal plasmas in the solar
corona and information on nonthermal electrons that are accelerated above 10
keV during solar flares. Schematically, it consists of two main components; the
imager and the [Detector/Electronics Module (DEM)| see Figure The imager

Figure 2.1 Scheme of STIX with its two main components the imager and the

[PEM

consists of two arrays of 32 grids, follows with corresponding 32 CdTe X-ray
detectors, allowing spectral analysis in the interval between 4-150 keV . The
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triads of the corresponding grids and detector are called subcollimators and are
numbered in Figure Each detector is coarsely pixelated, with four top and

5-10 [11-16] [17-22 23-28 [29-32)

Figure 2.2 Numbered subcollimators [19]. In lower left can be seen [Coarse flare local
fion (CFL] and background (BKG)|subcollimators. The upper reddend subcollimators
are not used for image reconstruction because they are not properly calibrated

bottom pixels and four smaller central pixels (shown in green in Figure . The
subcollimators labeled as [BKG| and [CFL] are not used for spectral analysis. [CFL]
stands for coarse flare location; its rear window is open, while the front window
contains six small holes, allowing each potential flare location to cast a unique
illumination pattern onto the detector. From these the flare location is estimated.
These patterns are then used to estimate the flare’s location. In contrast, the BKG|
subcollimator has an open front window and an almost closed rear window. [BKG|
stands for background because this subcollimator measures the background noise.
Both of these subcollimators are illustrated in Figure Apart from a natural
background, all detectors are artificially illuminated by X-rays from radioactive
Ba source for energy calibration.

Image reconstruction

This subsection is extract from . Besides spectral analysis, is able
to approximate the spatial distribution of the X-ray source. To do this, the
instrument employs a Fourier transform imaging technique . As we said before,
all the windows (all but 9 and 10) have vertical grids. But the grids in the front
and rear windows are not the same, instead they are different in pitch (sum of the
widths of slit and slat) and/or orientation. This gives rise to Moiré patterns on
the detector surface. The period and orientation of such Moiré pattern are given
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Figure 2.3 m (left) and (right) subcollimators [18]. The green lines designate
the projection of the pixels. Since the is on the front part of the imager, the
projected pixels appear smaller.

by
vV = ikf — lkr7 (21)
Dy Dr
where v is perpendicular to Moiré fringes and its norm is inversely proportional to
the period of the pattern, p is the pitch of the grid, k is a unit vector perpendicular
to the slits. Subindeces f and r denote front and rear grid. The grids are designed
such that the resulting Moiré fringes are aligned parallel to the vertical edges of

the detector and the pitches and orientation angles are chosen to fulfill

( +1/W > _ lkf _ ikr. (2.2)
0 Dy Dr

where W is the width of the detector. Let us now quantify the relationship of
Moiré pattern and the observed source, i.e. ® (z,y) the function representing
the number of X-ray photons emitted in the energy range [e, e + de] per unit of
time , energy, and angular area from region centered on (x,y) on the solar disk,
which result in the number of detected counts per unit of detector area in the
same energy range. We can compute the transmitted photon flux as a function of
coordinates on the detector

M (w, h) = //CI)(x,y)T(w,h;x,y) dzdy, (2.3)

where T (w, h; x,y) is the probability that a photon emitted from (x,y) on solar
disk results in count on (w, k) on the detector. This function can be approximated
as )
T (w,h;x,y) ~ S 4 g cos (ﬂ + 27 (2u + yv) — Agp) : (2.4)
Prpr w

where s is the width of slit, ¢ is the window phase difference and

2 r
o= —;sin (W—Sf> sin (WS ) . (2.5)
™ Dy Dr
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Now we can calculate the photon flux

M (w,h) = FT // z,y) cos (27 (xu + yv) — ) dzdy, (2.6)
pfpr
where 5
Tw
=—-A 2.7
V= T A (2.7)

makes our life easier and

://¢@wmw (2.8)

is the total flux emitted. Let us now define visibility as a Fourier component and
Fourier transformation of ®

V(u,v) = A(u,v)exp (iw (u,v)) =
: (2.9)
= //q) (x,y) exp (2mi (zu + yv)) dady.

so the flux is

M (w,h) = F—=—— °I°" | Re <exp i) o // x,y) exp (27 (xu+yv))dxdy)
Prpr

= P20 4 oRe (exp (17) V (u,v)) =
Prpr
:Fﬁ—i-aflcos(w—i-*y).
PyDr
(2.10)
We can express the number of counts in each vertical stripe as
3
A=7P (F—i—é’Acos (f—i—w—Agp)) ,
B="P <F—|—5.Acos (Z —i—w—Agp)) ,
- (2.11)
c="P (F + EAcos <_Z +w— Agp))
3T
D=7P (F—i—EAcos (—Z —l—w—Agp)) ,
where
_ WHsss: o 2V2pspe (2.12)
4 pspr T Sfsy
Finally we can calculate
1 2
C—-A D—B 2.13
A=\ (0= 47+ (D - B) (2.13)
and -
w:ataHQ(D—B,C’—A)+Z+A<p, (2.14)

where atan2 (b, a) denotes the angle in polar coordinates corresponding to vector
(a,b); the angle a is measured counter-clockwise from the positive a axis. From
these equations we can compute the visibility

V (u,v) = Aexp (iw) , (2.15)

and execute the source reconstruction at last. Let us now explore the ways of
realization of this process.
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Back projection

We are able to compute the Fourier transform of the source , but this
equation does not give us complete transformed image, visibility is only one point
the frequency domain. We have 32 subcollimators, 2 of them are not used for this
measurement and because

V (—u,—v) =V (u,v), (2.16)

we get 60 point in the frequency domain. The first, simplest and perhaps most

0.08 I |

0.04f - I

..............

0.00

V (arcsec™)

0.04F % a

-0.08 |

-0.08 -0.04 0.00 0.04 0.08
U (arcsec™)

Figure 2.4 Frequencies sampled by the STIX sub-collimators. As a reference, the ten
circles on which the frequencies lie are plotted in black. [1§]

inaccurate method is straightforward inverse discrete Fourier transform of those
60 points.

CLEAN

The problem of back projection is that in reality, the inverse transform does
not result in the source image but rather in a convolution of it and the PSF of
[STIX] also known in radioastronomy as a dirty map [21]. The CLEAN algorithm
addresses this problem by iteratively subtracting the dirty beam (see Figure .
It finds the brightest pixel on the dirty map, places it in the clean map, and
subtracts the dirty beam from the dirty map. It repeats these steps until the dirty
map is only noise. This method is on one hand quite efficient, on the other it can
introduce artifacts to the reconstructed image.

We also used MEM GE method described in but only to check on CLEAN
and we do not present any results achieved by this method.

2.2 SDO

The [Solar Dynamics Observatory (SDO)|is a NASA Earth-orbiting satellite
launched in 2010. It is designed to provide the data and scientific understanding
necessary to predict solar activity. It is doing so using three scientific instruments:
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Figure 2.5 Dirty beam used by the CLEAN algorithm

[Atmospheric Imaging Assembly (ATA)| EVE and HMI [22]. We will only use the
data from [AIA|

2.2.1 AIA

is an array of four telescopes that observes the surface and atmosphere of
the Sun. These telescopes combined with narrow-band filters can observe in 10
different channels (wavelengths) [23]

Temperature Response
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Figure 2.6 The response functions of EUgl filters . Note that the response is
a function of log T similarly to Figure [I.1} this is why some physical region could be
assinged to the filters.

channels [25]:
« 94 A Fe XVIII line, flaring regions
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« 131 A, Fe VIII, XXI lines, flaring regions
« 171 A, Fe IX line, quiet corona, upper transition region
« 193 A, Fe XII, XXIV lines, corona and hot flare plasma
« 211 A, Fe XIV line, active region corona
« 304 A, He II line, chromosphere, transition region
« 335 A, Fe XVI line, active region corona
UV channels [23] [25]:
« 1600 A, C IV line, transition region, upper photosphere
« 1700 A, C IV nearby continuum, temperature minimum, photospehere
Visible channel [23] [25]:
« 4500 A, white light continuum, photosphere

The filter response as a function of temperature is shown in Figure [2.6] (only for 6

filters)

2.3 Radiotelescopes

2.3.1 Ondrejov

The Ondrejov solar radiotelescopes are located at the Astronomical Institute
of the Czech Academy of Sciences in Ondrejov. Our data were obtained from the
10-meter dish antenna RT5, which operates in the 800-2000 MHz range with a
temporal resolution of 0.1 s

2.3.2 Learmonth

We also used data from Learmonth solar observatory in Australia which is
a part of the [Radio Solar Telescope Network (RSTN)| with other observatories
at Massachusetts, Hawaii, New Mexico and Italy. Although our primary dataset
came from Learmonth, we verified its consistency with data from the San Vito
observatory in Italy. Learmonth is jointly operated by the Australian Bureau of
Meteorology — Australian Space Weather Forecasting Centre and the U.S. Air
Force. Three dish antennas monitor eight frequency bands: the 8.5 m dish observes
at 245, 410, and 610 MHz; the 2.4 m dish covers 1415, 2695, 4995, and 8800 MHz;
and a 1 m dish monitors 15400 MHzP} The data have 1 s temporal resolution and
are available here: https://www.sws.bom.gov.au/World Data_Centre/1/10

!More information: https://www.asu.cas.cz/~radio/
2More information about the observatory: https://www.sws.bom.gov.au/World_Data_
Centre/3/1/467utm_source=chatgpt.com
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3 Data analysis

The subject of our analysis will be the solar flare from 2021-10-09 that took
place in [Active Region (AR)|12882. This event marked the highest X-ray flux
recorded for this active region in its observational historyﬂ For quick assessment
of the magnitude of the flare, the GOES classification is widely used in the solar
flare physics community. For this classification, refer to Table .

Class | Peak Flux (Wm?), 1-8 A
Bk k10~7
Ck k1076
Mk k1075
Xk k10~4

Table 3.1 GOES X-ray flare classification based on peak flux in the 1-8 A band. For
classes A through M, the scaling factor k satisfies 0 < k& < 10. However, this constraint
does not necessarily apply to X-class flares.

The flare was classified as a GOES M1.6 event. At the time of the flare,
was relatively close to Earth, so both [STIX] and [ATA] observed the flare on the
solar disk from similar perspectives. However, since was slightly closer to
the Sun, we had to apply a time shift of 159 s to all observation times. This
time difference accounts for the varying light travel times between [SOLO] and
Earth, called the light correction. The spatial configuration of [SOLO] Sun, and
Earth is illustrated in Figure ?77?.

SOLO position

0.50 .

0.25 ]
) K-
N P S A
N U e

—0.25 7
-1.0 —-0.5 0.0 0.5
X (au)

Figure 3.1 Configuration of [SOLO| Earth and Sun during the flare projected to the
ecliptic plane. The angle SOLO}Sun-Earth was around 15 deg, distance of from
Sun was 0.68 AU.

This flare was chosen for the potential interesting interplay of [HXR] and radio
fluxes. In Figure the time profile of the X-ray emission can be seen, with the
growing (impulsive) phase at the beginning and later decaying phase. We wanted
to go deeper in studying the beginning of the impulsive phase where the radio

History of the AR available here http://helio.mssl.ucl.ac.uk/helio-vo/solar_
activity/arstats/arstats_page5.php?region=12882

2More information available at https://hdrl.gsfc.nasa.gov/LWS_Space_Weather/GOES_
Kray_descrip.html
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emission on 1 GHz is also prominent, i.e. around 06:28:30-06:32:30, rather than
covering the whole phase with less detail.

Detector and energy summed count rate
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Figure 3.2 Count rate summed for all energies (4-150 keV).

This specific event was previously studied. In the article The existence of
hot X-ray onsets in solar flares [26] this flare is one of four studied cases of the
onset phase, which refers to the early X-ray emission before the sudden increase in
nonthermal emission during the impulsive phase. Thus, a different time interval
was studied, with different objectives.

In the article Multiple injections of energetic electrons associated with the
flargCoronal Mass Ejection (CME) event on 9 October 2021 |27] the impulsive
phase was analysed in [HXR] and radio band. However, the aim of this study was
to identify the sources of |Solar Energetic Particles (SEP)s. Their analysis covers a
broader time range, extending from 06:19 to as late as 08:00, providing a broader
picture.

Another mention of this flare is in the article The observational evidence that
all microflares that accelerate electrons to high energies are rooted in sunspots |28].
In this work, few events from AR 12882 are compared, with the primary focus,
however on microflares.

A more thorough discussion of these works with our results will be presented
in section [3.4]

3.1 Spectral analysis

For our analysis, we used |[Object Spectral Executive (OSPEX)| an object-
oriented interface for X-ray spectral analysis of solar data in |[Interactive Data]
Language (IDL]}. However, before using we need to make some modifica-
tions to the input files. Fortunately, these modifications are known and designed
by the team.

We downloaded the data in FITS format from the Solar Orbiter STIX Data Cen-
ter} which included one file for background subtraction (unique ID: 2110090101)

3 Available here: https://datacenter.stix.i4ds.net/view/list/bsd
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and one for the analysis itself (unique ID: 2110090002). First, we needed to
extract the metadata. This involved finding the Energy Lookup Table (ELUT)
that was applied in-flight during the observation. We also had to store the values
for the distance to the Sun and the light-time correction. Once this was done, we
specified the spex file reader and the files were ready to be analyzed directly in
where background subtraction took place. There are two main methods
for accounting for background. First does not require any special file and works
simply by fitting the non-solar signal level from the beginning or the end of the
flare. The second one needs BKG]file containing quiet-Sun count rate from before
the flare as input. We used the second method. As we have shown in the section
[1.3] we expected that the spectrum will contain thermal part [I.38}

I(e) = /ﬁﬁ% exp (—@%) , (3.1)

where k; is according constant scaled, however, by the distance from the Sun.
Therefore the units of I are s~' J~! m~2. This part is fitted with a function called
[Variable Thermal (vth)| with following parameters

emission measure ()
vth plasma temperature T’

relative abundance Z2 (fixed)

The relative abundance was considered to be a constant throughout the flare,
therefore, it is the only fixed parameter. The spectrum should also contain

nonthermal part

Fo 0B (€7E)@

e e 62

1(5):k2/ F(E07N76L75H7EBaEL7EH)/
€ €
where ks is according constant scaled by the square of distance as well resulting
in the same units of s7* J™! m~2. We have shown more specific form for a
single power-law electron distribution in equation [I.54] but as we will see, we will
eventually fit the broken power-law more, thus the general form. This part is fitted

with a function called thick2 (named after the thick target model, see Subsection
1.3.2]), which is a time-optimized version of the standard fitting function.

( total integrated electron flux N

low delta d7,

break energy Ep

high delta 6y

low energy cutoft £,

high energy cutoff (fixed) Ey

thick2

\

The option to choose broken or simple power-law is implemented by simply fixing
the break energy at some very high number (1500 keV was used) and fixing the
high delta (i.e. for choosing simple power-law). One function is not mentioned
here; the albedo. The albedo will not be fitted but rather looked up from prepared
tables as we explained in Subsection [1.3.3]
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3.2 Image reconstruction

Second part of the analysis of the X-ray data is image reconstruction and
reprojection on images, connecting the observations. We use the methods
described in This can always be done only after proper spectrum analysis,
as it is essential to determine the appropriate energies to fit for each time interval.
The problem is that the shorter the subinterval, the fewer photons we capture.
Based on a recommendation of the team, we initially choose to strive to
reconstruct images only based on 5000 counts or more. For the thermal part, this
is not a problem as the emission is much stronger than nonthermal.

Although many scientists still use for image reprojection, we chose the
recently emerging python library stixpyﬂ This led to some confusion in the
beginning, for example about the orientation of the reprojected data, but eventually
we figured everything out.

In most cases we used the CLEAN algorithm, not only because it is faster
than MEM GE, but also does not come with the possible hyper resolution effects
and in our opinion is conceptually simpler, more straightforward and therefore
easier to grasp and use. However, we still double-checked our CLEAN results with
MEM GE.

For downloading and plotting images, we used the aiapy and SunPy
python libraries [29] [30]. Initially, we reprojected images onto data, as
we used only the 160 nm filter, which mainly shows the photosphere. Because
of that, we did not need to worry much about the geometry when aligning the
images. However, when we started using data from the 13.1 nm filter, things
became more complicated, as this filters response function (see Figure makes
it sensitive to plasma located higher in the corona (see Figure[1.1|for corresponding
heights above the limb), thus making reprojection potentially problematic. From
there on, we were reprojecting [STIX| data to [EUV] Not only is it faster, it also
does not affect the resolution of the images, as was the prior case. We can
do that because the thermal X-ray source should not be that high above the limb
and the nonthermal sources are directly in the photosphere. Even if the height of
the thermal source was high, the perspective difference of [SOLO] and [SDO] is not
so large (this is demonstrated in Figure and therefore the projection effects
are negligible.

3.3 Work flow

Now that we have established the theory, instrumentation and implementation,
we can finally get to the analysis itself.

3.3.1 Fitting spectra and constructing images

After completing the analysis software, we were keen to apply it. Our method
of work was essentially trial and error. First we fitted only and thick2 but
the nonthermal part was not really working (large residuals with clear trend),
so we added an albedo correction. From a physical point of view, this is quite

4The Git repository is available at https://github.com/TCDSolar/stixpy
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Figure 3.3 Light curves on different wavelengths in imaging subintervals

reasonable since the flare is near the center of the disk. In the broader analysis of
Jebaraj et al. , this step was not carried out.

The new spectra gave us the first insight into the temporal evolution of the
flare in our time interval. With this knowledge, we determined the temporal and
energetical subintervals in which image reconstruction was carried out with only
two energetic subintervals (SXR]and [HXR)). From reconstructed and reprojected
images we got the spatial-temporal evolution. With these new informations and
the wavelet spectra, we decided to shift our interval of interest; there was not
much activity in the beginning and on the other hand, there was a interesting
peak at around in the end. The new interval was therefore decided to span from
06:29:30 to 06:34:00 containing two main peaks at 06:31:10 and 06:33:00. This is
the first and third interval in Figure |3.3]

We proceeded by determining new subintervals in 6:29:30-6:34:00 such that
there are at least 5000 counts in the nonthermal energy interval. This was very
laborious since we needed precise energy intervals from the spectra to calculate
counts and find time intervals yet for the spectra we needed the time intervals.
The energy subintervals were decided based on spectra; the upper
limit of was where the data were getting too noisy, the lower limit was
around the energy where fitted nonthermal function was at least ten times stronger
than the thermal. The limits of were 4 keV and 12 keV.

We generated new images for these intervals and observed that during the
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Figure 3.4 Radio spectrum from Ondrejov radiotelescope RT5. There are some spikes
at the beginning around 1300 MHz. This was the reason why we initially wanted to
do the analysis from 06:28:30. Eventually, we decided not to do that, shifting the
beginning to 06:29:30. The vertical lines designate the subintervals chosen for image
reconstruction.

second flux maximum (i.e. at 06:33:00 UT), the emission originated from a
different location than in the first (06:31:10). This led us to define new time and
energy subintervals. The second source appeared significantly harder (with
a lower 0, resulting in a flatter spectrum), so we divided the range into two
subintervals: 20-28 keV and 32-63 keV. For we defined the subintervals as
5-10 keV and 12-18 keV. The latter is likely a mix of thermal and nonthermal
emission. We raised the lower limit because the 4 keV energy bin is on the edge
of STIX] detection ability. Fixing energies like this made it easier to find new time
intervals, but they needed to be much longer, and it is still not optimal as could
be seen in Table (in terms of counts used for reconstruction; we settled for
around 3000 counts).

Time Range

12-18 keV, cts

20-28 keV, cts

32-63 keV, cts

29:32-30:24
30:24-31:52
31:52-32:40
32:40-33:36
33:36-34:40

5 806
30 000
31 000
45 000
70 000

1984
11 000
5 401
10 000
8 963

236
3 007
1 061
4 539
2 865

Table 3.2 Intervals accounting for temporal structure of the flare and their numbers
of counts in the harder energy subintervals. Higher numbers were rounded. The exact
value was not important, rather the fact that they are above 5000 counts.

These new intervals nicely correspond to the temporal evolution of the flare as

can be seen in Figures [3.3] and [3.4]
New images confirmed that the second source is indeed much harder (has
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Figure 3.5 Spectra of the first two subintervals. The lines denote (green), thick2
(yellow), albedo (pink), noise (purple) and the fitted spectrum (red). The measured
spectrum is black. The dashed line is at 63 keV wich is the edge of fitted energy interval.
The first subinterval is the only fitted with simple power-law rather than broken.

flatter electron distribution, lower delta) and explained why the nonthermal fit
was still not optimal. Now we fitted these subintervals with broken power-law
instead of a simple one, which is explained by merging two different electron
distributions. What is very interesting is that the high delta was actually lower
than low delta 0y < dr, i.e. the spectrum is harder on higher energies (see .
It is consistent with the images though, namely with the one from 06:33 (Figure
with the hard source near the sunspot. The final fits are in Figures

3.7, the final images are in Figures .9, B.10, B.11} B.12

3.3.2 Wavelet analysis

As the basis for our wavelet analysis software, we used the Python implemen-
tation provided by Torrence [17]. As mentioned earlier, one of the reasons for
choosing this particular flare was the radio spectrum in early times, namely 1000
MHz at around 29:50:00-32:00 UT. This emission can be seen in Figure and
was the first we tried the wavelet analysis on. For this and all subsequent cases,
we modeled the noise as a white noise — a choice discussed at the end of this
subsection. The wavelet analysis result is presented in Figure [3.13] Due to the
power spectrum intensity above the noise, there is probably some [QPP] with a
period slightly below 40 s and three main peaks around 06:30:00, 06:30:45, and
06:31:15 UT. Additionally, weaker periodicities, such as one near 10 s, appear to
fragment the second main peak. Apart from these features, the analysis shows
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Figure 3.6 Spectra of subintervals number 3 and 4. There is now clear trend in the
residua, at least in the thermal part.

no significant signal beyond the noise level during the selected time interval, as
illustrated in Figure |3.4]

Then we performed the wavelet transform on the bulk of our analysis, the
data, resulting in Figure [3.14] The nature of wavelet analysis as described
in Section requires the signal to have the same time step throughout the
time interval. This was fullfiled by the radio data however, the time step does
change in time for the [HXR] data. To address this, we created a Python script
to downsample the data to match the largest time step in the series. However,
the early portion of the [HXR] data featured time steps roughly three times longer
than the rest. Since this initial segment was not that important for our analysis,
we dumped the first 40 data points, improving the time resolution from 3 to 1.2 s.
Again, due to the wavelet power, there seems to be a on a similar frequency
but at a different time. Also, there are no shorter quasi-periods this time. This
overall discrepancy could be interpreted by identifying the 1000 MHz emission
with type III radio emission (for classification of solar radio bursts refer to [7]).
This would mean that there is some hot plasmoid drifting higher above the solar
surface, thus changing its density and plasma frequency. But analysing lower
frequencies was complicated. Ondrejov provided no data in the lower frequency
bands due to high interference, and the data were inconsistent as the light
curves from San Vito and Learmonth differed noticeably. Still, neither dataset
showed any evidence of a around 35 s.

Puzzled with uncompatible results, we tried analysing higher frequencies
instead. This is visualized in Figure [3.15] If we compare it to [3.14 we immediately
see similarities in the light curve and understandably in the wavelet power spectrum
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Figure 3.7 Spectrum of th last subinterval.

as well, namely the weaker peak around 06:31:10 followed by a strong peak at
around 06:33:00. There might be some periodicity, but this time, the power
is much stronger on longer periods near the 06:33:00. These similarities are
illustrated in Figure [3.16, which shows the rebinned and trimmed power spectra
used for the cross-wavelet analysis, along with the crosswavelet itself..

But if we stop for a moment and think about it, we discover one small detail;
the strongest period of 4995 MHz flux is longer than 60 s but only on the interval
of size of 100 s, meaning that there is maybe two but more likely one period. But
this is not anything new since from our spectral and imaging analysis we know
that there are two main peaks in the flux. It seems like this broader trend is
overshadowing what we are looking for in shorter periods.

An approach to address this is to analyze the data after removing the longer-
term trend, a process known as detrending. This method, however, lies at the
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Figure 3.8 Image reconstruction of the first subinterval. Contours are on 70 %, 80 %
and 90 % of 5-10 keV (red) and 12-18 keV (orange). The northern emission from the
onset of the flare is already being overshined by the western region. The emission
is still weak.

boundary of acceptable data analysis practices, and its use will be discussed later
on. Description of our implementation of the detrending method is in the appendix
A2

For the detrended light curves refer to Figure |3.17] For better orientation,
lines designating our five time intervals were added. This figure also justifies their
choice for in the first interval we do not see any prominent peak of a pertinent
(QPP| (but this might be caused by the trim required by the resampling), whereas
in the second interval there are three of them. In the third one, there is an overall
decline of the intensity followed by the total maximum in the fourth. There is
another peak in the fifth interval which does not seem to be a continuation of
the The corresponding wavelets and crosswavelet are shown on the Figure
3.18] This time it is clear that there is some with period below 40 s. What
is less clear is why is the power intensity shifted in time so much compared to 1
GHz wavelet (see . The explanation of this problem is quite prosaic; we only
need to recontemplate what wavelet transform actually is, namely that the first
idea was that we will measure correlation of our signal and the mother wavelet.
However, the strength of this correlation is caused not only by the signal shape
(period) but also its intensity (amplitude). Let us now illustrate this fact on a
signal modeled to the likeness of the detrended light curve in Figure [3.17 If we
use wavelet analysis on a signal with constant period but different amplitude of
the last pulse the wavelet power will be according so. Figure demonstrates
this clearly. Now we know, why the wavelet power is shifted in time and we can
declare it an artifact. Although the first peak of 1 GHz is shifted, the second
corresponds with 5 GHz and nicely. The quasi-period should be around 37
S.

We also tried to perform the wavelet transform on mean pixel values of
different regions in different time. Figure illustrates this, namely the mean
value in a region near the sunspot in the whole time interval (06:29:30-06:34:40).
There are hints of similarities, for example the great dimming before 06:33, or
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Figure 3.9 Image reconstruction of the second subinterval. Contours are on 70 %, 80
% and 90 % of 5-10 keV (red), 12-18 keV (orange), 20-28 keV (blue) and 32-63 (violet).
The northehrn emission from the onset of the flare is already being overshined by the
western region. The [HXR] emission is still weak.

potential periodicity in the second interval, but the time resolution is too low (12
s) for any meaningful results. This is interesting because if we take the mean pixel
values off of the whole and not only the close surrounding of the sunspot, the
light curve is much more similar to as could be seen in Figure [3.20

For the confidence contour, we need to model the background noise. We
assumed that the background during the flare is the same as on the quiet Sun, which
should be white noise. This was recommended to us in private communication
but there are some published works that use this method . The problem is
that according to Inglis , the noise during a solar flare is actually red, i.e. it
has a power-law spectrum. This would not only make our confidence interval
smaller but the detrending method would be principally wrong since by filtering
out lower frequencies of the red noise, false periodicities arise in the global wavelet
. However, we do not really need to be sure with the detrended light curve
confidence contour. Those were tools that led us to undeniable and self-consistent
observation of a in different wavelengths. Although the methods might be
wrong, the result should not.

3.3.3 Flare energy estimation

One of the important results of a analysis of the solar flare should be the
estimate of the energy released. We will now proceed to estimate the energy
released by accelerated particles and plasma heating.

Thermal energy

For thermal energy we have

3 3
U= SksN,T + SksN.T = 3ksNT, (3.3)

42



AIA 1600 A 06:32:14 AIA 131 A 06:32:18

240" 240"

220"

220"

200" 200"

Helioprojective Latitude (Solar-Y)
Helioprojective Latitude (Solar-Y)

180" 180"

160” 160”

—180" —160" —140" —120" —100" —80" —180" —160" —140” —120" —100" —80"
Helioprojective Longitude (Solar-X) Helioprojective Longitude (Solar-X)

Figure 3.10 Image reconstruciton of the third subinterval. This is the subinterval
with lower flux at 32-63 keV, hence no source was reconstructed.

and number of particles can be computed from emission measure

N2
=n?V = — 3.4
Q=n T (3.4)
SO
U=3kgy/QVT. (3.5)

As we can see, to estimate the thermal energy, we need to estimate the volume of
the thermal plasma first. But this is no simple deed, for we do not know which
part of the plasma radiates. Thermal emission usually comes from a hot plasma
at the top of the flare loop (the red region in Figure . We assume that this is
our case and model its shape as a rotational ellipsoid. Now we only need to fit
our 2d data with an ellipse. We do this using the principle component analysis.
We fit the 2d intensity map with 2d normal distribution and use its axes as axes
of our ellipse. But we still need to define the edge of the volume; we have the
directions of the axes but not sizes. The sizes correspond to the variance of the
Gaussian, so the question now is how do we choose the data for the fit. There are
now three ways to proceed.

1. We only fit intensities above a constant multiplied by the square root of
the integration time because of the Poisson noise. We choose the constant
so that the ellipse corresponds to a 0.9 intensity contour in the first image.
This would provide us with some absolute value so that we could easily
compare our volumes. However, the data are already background subtracted
and the noise is related to CLEAN algorithm, so the assumption of Poisson
noise is not valid here.

2. We choose the threshold as a fraction of maximal intensity. However, we do
this for every image separately, thus the comparison is dubious.

3. We combine those two methods. The mathematics behind this stays unclear,
but it gives reasonable results.
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Figure 3.11 Image reconstruction of the fourth subinterval. This corresponds to
the second and highest peak (see Figure , S0 it was surprising to find no source at
32-63 keV near the western region. The image shows that the two distinct electron
distributions described by the broken power-law correspond to spatially separate sources.

For a deeper discussion of this topic, see [A.I] After estimating the volume, we
can now calculate not only the thermal energy but also the density. That we can
compare to plasma density from 1 GHz oscillation using the equation [1.72] As the
plasma oscillation is only in the second subinterval we compare only one number.
Plugging in w, = 1000 MHz yeilds n = 1.2 x 10’ cm™3. We get the value that
we wanted to compare after substituting into the equation the values from
second subinterval. We get n = 7.1 x 10° em ™2, which is a bit more than half of
the radio derived density. This calculation demonstrates that our estimation is
not worthless.

Nonthermal energy flux

Our work with thermal energy was made easier thanks to known results of
thermodynamics; we knew the relation for energy. Now we have to calculate the
energy from the electron distribution; from we get

EH EH
N = F(Ey) dE, = K, E;°dE,, (3.6)
EL EL
but for broken power-law we can write
F(Ey) = AE;’* (0 (Ey — E1) — © (Ey — Ep)) + (37
+ BE;" (© (Ey — Ep) — © (Ey — Eg)), '

where © (Ep) is the Heaviside function and A, B are some constants such that
AEZ" = BEZ™", (3.8)

therefore

EH EB EH
N = / F (Ey) dEy = / AE; " dE, + / BE, " dE, (3.9)

Er Ep Ep
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Figure 3.12 Image reconstruction of the fifth time subinterval. Aside from usual
sources there is a 70 % contour near the western region. This is probably an artifact
due to low count statistic.

and from Equation [3.8 we get

N
A= . 3.10
T BB, B B B4, 10

This is how we can find the exact electron distribution, Figure [3.22] is an example
from the third time subinterval. After getting all the electron distributions, we
just need to integrate them as in equation (3.6

En

f= EoF (Ey) dE, (3.11)

Er

and then once more to get the actual nonthermal energy released.

E(T) = /t " (3.12)

Both flux and energy are in Figure [3.23]

3.4 Results

Let us now step back and summarize our results to construct some consistent
interpretation.

On light curves of (Figure and radio on 5 GHz (Figure we
discovered two distinct main peaks, first at 06:31:10 and second at 06:33:00. These
are the first two peaks that Jebaraj et al. report. The light curves at and
13.1 nm evolve much more smoother and monotonously (see Figure , pointing
to increase in emission from thermalised plasma. Both of these light curves are
typical for the impulsive phase the prior corresponding to the energy release
itself and latter to the atmospheric response.
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Wavelet transform of a flux at 1 GHz
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Figure 3.13 Wavelet transform of Ondfejov data from 06:28:30-06:33:30 with 0.2s
time step. Every step in contours is 10 % of the maximal value. We see three main

peaks with period around 40 s. Second peak has two more lower quasi-periods thus
becoming more fragmented

In chosen subintervals and after background subtraction we fitted the flux as a
function of energy with a thermal, a nonthermal and an albedo component. Again,
compared to Jebaraj et al. [27] our approach is focused more on the details as they
did not use the albedo component, focusing on the broader picture (and ultimately
different phenomena). From the residuals in Figures and , we see that the
thermal fit is problematic. This is not that surprising since we introduced strong
assumptions such as fitting with single thermal component itself - there might be
more than one thermalised particle population. Every subinterval besides the first
one, we eventually fitted with broken power-law. This could generally mean many
different things, such as the subintervals being too wide to catch the temporal
changes in the flux or higher efficiency of accelerating electrons on lower energies.
But our power-law is broken in the opposite direction than is typical; low delta is
larger than high delta 6y < d;. Normally, this might mean that something went
wrong with the background subtraction. But that is probably not the case here
as we tried different methods and kept getting the same result. It also lines up
with the two peaks we saw and is backed up by the reconstructed images.

It is worth mentioning that it is clear from the images that the flare
has no simple topology, definitely not of the classical model of one loop with two
footpoints from Figure

We reconstructed images in the five subintervals corresponding to initial growth,
first peak, middle pause, second peak, and decay. After reprojection on the [EUV]
images we found that there is one |[HXR|source in a close proximity to the sunspot
in the southern part of the and second in the western part. There is also a
source near the western source. As we used more energy subintervals,
we were able to find that the southern source is much harder (i.e. has lower delta,
thus is more efficient at accelerating electrons to higher energies), namely during
the second flux peak. This is surprising because the stronger the magnetic field,
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Wavelet transform of a flux at 32-63 keV
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Figure 3.14 Wavelet transform of data from

the higher the mirror point; the [IXR] flux from the southern source should be
lower. This result is similar to what Battaglia et al. published in [2§]. They
propose two possible interpretations:

1. The reconnection point was closer to the sunspot

2. The plasma has higher density near the weaker source, thus hindering the
electrons in the corona so they lose energy before they can emit in the
photosphere

The second reason would be supported by the fact that we found thermal X-ray
emission in a proximity of the weaker [HXR]| source. Nevertheless, this explains
the unusual broken power-law; there are probably two different populations on
different energies with different power-law index.

Majority of the fitted parameters in Figure have no clear trend and are
quite noisy. What we can see clearly is the rising emission measure which leads
us to conclusion that due to low variation of the volumes, the density must be the
cause of that rise of emission measure. However, it seems that our estimation was
truly only for orientation, the physical reality is probably more complicated. One
of the key problems of our analysis is the assumption of isothermal plasma. Not in
the sense of uniform temperature but of one distribution. It is not unprobable that
there are actually more thermalised populations. What we see in the images
is that the whole area was covered with hot plasma and two additional saturated
blops can be seen near the western source. Also on our fits there is a clear trend
in the residua in the thermal part of the spectrum (see Figures and . This
could be caused by a systematic error in the calibration of the instrument; there
is a calibration line in the most problematic energy bin. However, we see that
in the first fit where the background should be relatively strongest, the trend in
residua is the weakest.

What is also a bit surprising is the constant temperature. This could be
caused by the motion of the hot plasma; there is more and more plasma being
heated to the same temperature rather than one reion of hot plasma being heated
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Wavelet transform of a flux at 4995 MHz
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Figure 3.15 Wavelet transform of radio data from Learmonth at 4995 MHz.

consistently. This would also point to the interpretation with more thermalised
regions.

There is a faint increase in the electron flux during the two peaks in the
Figure [3.23] They are definitely more articulated in the nonthermal energy flux,
which shows in the nonthermal energy released as well. It seems like the thermal
energy flux would be anticorrelated with the nonthermal one. This could be
because of plasma heating after absorbing the fast electron energy. But the more
probable explanation is that it is an artifact from how we determined the volumes;
there was stronger nonthermal signal during the peaks, therefore higher residua
and threshold and smaller volume. We see that the energy flux is around 10%°
W which is the usual value as discussed at the end of the subsection [[.2.3] In
that section we also derived that the energy partition %‘}T between kinetic and
thermal energy should be 1. However, from Figure we can see that Q‘;(“;T ~
Even though according to Jebaraj et al.|27] event took place at the time so
the kinetic energy should be even higher, the model itself is quite simplified ant
the partition is often much more unbalanced [34]. Warmuth[34] summarizes the
results of energy estimations of different flares from some set of observations. In
their Figure 7 they show that the nonthermal energy of these observations was
between 10%* and 10%° J for M1-2 flare. In Figure 1 we can see the peak thermal
energy being in the interval of 10?2 and 10%* J. These values are higher than ours
but they should be (namely the peak thermal energy) as we analysed only first
few minutes of the event. What is maybe more relevant are the volume estimates
of these observations ranging from 10?°¢ and 10?® cm=3 for M1-2 flares which is
exactly what we got with our simple method.

From wavelet analysis we found a quasi-period between 30-40 s. We found 3
pulses at 1 GHz at 06:30:05, 06:30:45, 06:31:17 UT whereas 5 peaks at 5 GHz
at 06:30:41, 06:31:11, 06:31:40, 06:32:12 UT. The average period is 36 for 1 GHz
and 35 s for 5 GHz. The [HXR] corresponds with 5 GHz. It is not surprising
to find such a correspondence between and microwave[35] but the plasma
oscillation correspondence is not as usual. There are two main interpretations
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Figure 3.16 Top: Wavelet power of Mid: wavelet power at 4995 MHz. Both of
the wavelet powers are a bit different as they had to be trimmed to a common time
interval and resampled to the highest time step. Bottom: crosswavelet of the two signals.
The elongation near 35 seconds suggests a shared quasi-periodic feature in both light
curves.

of [QPP} it might be a loop oscillation where the oscillations of [HXR] are
caused by sausage instability changing the effect of the magnetic mirror in time,
or a quasi-periodic electron injection|16]. Due to the fact that the magnetic mirror
mechanism is not working as it should according to our analysis we prefer the
second option. As we have shown the radio source at 1 GHz is probably at the
loop top for two reasons: it has similar density as the source based only on
our rough estimation of the volume and plasma frequency and it has the same
quasi-period as electrons traveling down the loop. This could mean that the
periodically injected electrons disturb the thermal plasma causing the plasma
oscillation. But there are temporal discrepancies: the times of 1 GHz peaks are
around 5 s delayed (it should be the other way round) and the first 1 GHz peak
is missing on the 5 GHz light curve. This could be explained by the first peak
at 1 GHz being actually the first at 5 GHz (this is also supported by the fact
that the first two periods have almost the same length 43-42 s and 32-30 s) which
would, however, mean that it took around 35 s for the electrons to get down to
photosphere which is far too much, or that the plasma oscillation is not caused by
the injection but precedes it. But again, the electron beam that causes the thermal
plasma to oscillate and thus loses its energy could at least partially explain the

asymmetry of the spectra.

Future work

In our analysis we have found out what is going on and when. If we want to try
to understand the event as a whole, it might be helpful to gather the information
about where did those things happen.

We linked the plasma oscillation on 1 Ghz with the thermal emission
which we can localise but it is more of a speculation. Wavelet analysis of SXR]
imaging spectroscopy might serve as more evidence in case of high correlation
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Detrended light curves
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Figure 3.17 Detrended light curves. The last 2 peaks at 1 GHz correspond to first
two peaks here.

with the 1 GHz data. Unfortunately, we did not find any interferometers that
gathered data of this event on this frequency, so the spatial information about
the radio emission could not be retrieved.

There is another method that would inform us on the geometry of the event;
using neural network for coronal magnetic field extrapolation. Jebaraj et al.
did this but include their results in the appendix and discusse them quite briefly.
This could help us understand which magnetic field lines actually reconnected and
whether there was some kind of asymetry in the field configuration itself (rather
than in density etc.).
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Figure 3.18 Crosswavelet of detrended light curves

Wayvelet transform of a simulated flux
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Figure 3.19 Wavelet of a simulated signal with the last period having three times
greater amplitude. We observe the shift of wavelet power in time although the period is
the same throughout the interval.
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Figure 3.20 The light curves from 13.1 nm and 5-10 keV are shown with
marked imaging intervals. Even though the plot includes times before our main focus
(which starts at 06:29:30 UT'), the first subinterval only starts after that. The two curves
look very similar overall, and even within each subinterval—like how both rise more
slowly in the third subinterval between the two nonthermal peaks.

52



Wavelet transform of a mean AIA 131 A intensity
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Figure 3.21 Wavelet transform of the average pixel values from 13.1 nm images,
taken from a square region with corners at (-160”, 170”) and (-140”, 190”) in heliopro-
jective coordinates (compare with Figure [3.11]). The wavelet power is fairly weak and

stays below the noise level, so no confidence contours appear. The time resolution is 12
seconds.
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Figure 3.22 Distributions of electrons losing their energy in the Sun atmosphere. By
the full line we denote the spatially integrated measured distribution, the dashed lines
show th two components of this spectrum. The softer one (steeper) we associate with
the western source whereas the flatter (harder) with the southern source in Figure
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Conclusion

Let us now review our results in the context of the aims of the work.

We have compiled a brief introduction to the physics of solar flares based on
available literature, covering the fundamental equations, the Sweet-Parker
model of solar flares, and various mechanisms responsible for electromagnetic
emission.

We adapted existing software tools for the analysis of X-ray data from
data from [ATA] and radio observations from Ondfejov and Learmonth to
suit the specific requirements of our study. This was done in python and

We applied this software on the event from 2021-10-09 in order to better
understand the course of the impulsive phase. We analysed X-ray spectra, recon-
structed X-ray sources, reprojected them on images. At the same time we
investigated multiple light curves using wavelet analysis.

We found that the spatial distribution of the X-ray emission was notably
asymmetric in terms of spectral hardness. During the peak X-ray flux, the two
main regions appeared in different spectral bands, consistent with the spa-
tially integrated spectrum exhibiting a broken power-law, suggesting two distinct
electron populations. In addition, we identified a quasi-periodic signal across
fluxes in different wavelengths, which may serve as a basis for further investigation.
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A Appendix

A.1 Choosing threshold for PCA data input

First we inspect how the data look in 3 dimensions. In Figure the

Figure A.1 The data plotted in 3 dimensions. On top is the first subinterval, in
the bottom is the fourth one.

data are plotted in 3 dimensions. The figure on the left is from data roughly from
the first time subinterval, the figure on the right is from the fourth. From this
figure it it very likely that the volume does not change, only the intensity of the
signal. We considered three methods for choosing the threshold for PCA input
data:

1. Constant multiplied by the square root of the integration time because of
the Poisson noise. We choose the constant so that the ellipse corresponds to
a 0.9 intensity contour in the first image. This gives us volumes plotted on
Figure This estimate fails because, although the shape of the emission

Volume of the thermal plasma
%1030

1.5 1

e
ot
T
1

00 [ 1 1 1 ]
06:30:00 06:31:00 06:32:00 06:33:00
Time (utc)

Figure A.2 Volume of thermal plasma in time using the first method. The volumes
are too high and the trend does not correspond to what we see in Figure

in Figure remains unchanged, its intensity increases significantly — to
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the extent that the peak intensity in the first subinterval is comparable to
the noise level in the fourth.

2. Fraction of maximal intensity. This gives us the volumes shown in Figure
However, if we compare with the lengths of time subinterval, there is a
clear correlation. This leads to the final method.

Volume of the thermal plasma
x10%8

T T T

1.3} 1

L2} ]

-3

V, cm

L1f ]
LOf 1
0.9} .

06:30:00 06:31:00 06:32:00 06:33:00
Time (ute)

Lengths of time subintervals

06:30:00 06:31:00 06:32:00 06:33:00
Time (utc)

Figure A.3 Volume of thermal plasma in time using the second method (top). Lengths
of imaging subintervals (bottom). There is a clear and logical correlation.

3. Fraction of maximal intensity multiplied by the square root of the integration
time. This method gives us volumes of reasonable magnitude and time
evolution as demonstrated in Figure that we use in our analysis.

MEM GE[41]

MEM stands for maximum entropy method. Same as in the direct back
projection case in Subsection we look for inverse of

v =Fx (A.1)

where v is the vector of visibilities, v € C3°, the photon flux x which is N x N is
transformed to be a vector x € RV and F is the matrix for DFT. The idea is to

67



Volume of the thermal plasma
x10%8

25 7
. 20 7

=
]
>ﬁ 1.5} N

1.0 b

06:30:00 06:31:00 06:32:00 06:33:00
Time (utc)

Figure A.4 Volume of thermal plasma in time using the third method. This is what
we use in our analysis

combine entropy maximization, least squares method, and physical constraints.

We have ,
N
N2.flfj
H=— jg_l z;log ( o ) (A.2)

where e is the Euler number and F' is the total flux. Furthermore

30
(FX),L — U
i=1

where o is the vector of experimental uncertainties, and finally

N2
Sp=) a;—F (A.4)
j=1

For these quantities we have 3 constraints (one for best solution, two for physical
solution)

X’=0 (A.5)
Yr=0 (A.6)
x; >0, Va; (A7)
and we find
arg mxin {x* - A\H} (A.8)

where ) is a Lagrange multiplier. This is implemented by iterating minimizing >
and then maximizing H to fulfill all the constraints.
This method gives smooth solutions which are systematically super-resolved.
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A.2 Detrending light curves

For each light curve we can write

IQPP (t) = ]tot - ]trendu (Ag)

where Igpp is the quasi-periodic signal, I;, is the total flux and I;,q is the global
trend of the light curve. The question is: how do we determine the global trend
of the light curve?

This might not be a major issue, since we already used the global trends in
light curves to define time subintervals (see Figure . However, quantifying
this trend is less straightforward. Our approach was loosely inspired by concepts
such as the Central Limit Theorem and the heat equation, though interpreted in
a simplified, intuitive way. The key observation is this: convolution of the signal
with a Gaussian kernel produces a smoothed version of the signal. The degree of
smoothing depends on the variance of the Gaussian. As the variance approaches
zero, the Gaussian becomes more like a Dirac delta function, and the convolution
has little effect.

In our implementation, there is a loop in which light curve is convolved with a
Gaussian with large variance. Then condition for breaking the loop is checked

‘ / Iope (t)dt' _ ‘ / (Lo —Imnd)dt‘ < % / Lo (1)t (A.10)

where k is a predefined value, chosen in order to get the right smoothness. If the
condition is not satisfied, the loop starts again with lower variance. The results of
this method are in Figure The trends were obtained with the same threshold

Flux trends
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Figure A.5 Global trends of (top) and radio (bottom) fluxes

k = 40.
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