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Solar flares are highly energetic explosions in
the Sun’s corona that can even disrupt communi-
cation networks and power grids on Earth. They
stem from the reconnection of twisted magnetic
field lines in the solar photosphere1. The energy
and inter-time distributions of these events follow
complex patterns that have been carefully moni-
tored in the past and that bear some resemblance
with earthquakes2 and stockmarkets3. Here we
explore in detail the tangling motion of interact-
ing flux tubes anchored in the plasma and the
energy ejections resulting when they recombine.
From this we can pin down the origin of the two
most noticeable properties of solar flare statistics.
First, the scale-free energy distribution of solar
flares is essentially due to the twist4 exerted by
the vorticity of the turbulent photosphere. Sec-
ond, the long-range temporal correlations clearly
arise from the tube-tube interactions. The agree-
ment with measurements from satellites is strik-
ing.

Parker conjectured that solar flares are driven by the
random continuous motion of the footprints of the mag-
netic field in the photospheric convection5,6. This conjec-
ture and the experimental observations of power laws in
the energy7–10 and waiting time11–13 distributions stim-
ulated a new way of looking at violent bursts. In par-
ticular, the fact that the energy distribution is a power
law, a property that flares share with diverse physi-
cal phenomena, such as avalanches and earthquakes2,
led to the formulation of flare occurrence models in-
spired in self-organised criticality14–17. Although these
models reproduce the power-law behaviour in the distri-
bution of flare energies, they predict a Poissonian dis-
tribution inter-times, which implies that flares result
from an uncorrelated process, contrary to experimental
observations11–13. This point was stressed by Boffetta
et al.11 who, by implementing shell models for turbu-
lence, reproduced the experimental power-law decay of
the waiting time distribution. However, their exponents
are not universal, depending on the model parameters.

Based on a different approach, the inter-time distri-
bution can also be reproduced in terms of a piecewise
Poissonian process18. More recently, the existence of cor-
relations between flare energies and waiting times has
also been investigated13,19–21. In particular, Lippiello et
al.21 found that the observed time-energy correlations

FIG. 1. Configuration of magnetic tubes in the solar
corona. The photospheric plasma is in a turbulent state,
where yellow (black) areas denote high (low) vorticity regions.
The green and pink lines represent the magnetic lines enclosed
in the magnetic flux tubes (semi-transparent grey tori). The
pink magnetic lines indicate a magnetic flux tube that has
reached the critical twist and, therefore, is at the onset of
reconnection, about to release its energy as a flare.

are not simply attributable to obscuration effects. An
approach more closely inspired in magnetic reconnection
was adopted by Hughes et al.17, who proposed a dynami-
cal model of solar flares as cascades of reconnecting mag-
netic loops, with multiple loops that are randomly driven
at their footprints and interact with each other. Despite
some discrepancy with experimental observations, they
showed a relation of the distribution of magnetic loops
with a scale-free network, which conceptually supports
self-organised criticality.

Unsolved remained the formulation of a theory able to
reproduce both the flare statistics and the behaviour of
time-energy correlations. Here we introduce and study
numerically such a theoretical model of solar flare oc-
currence in terms of reconnection of magnetic flux tubes
twisted by the photospheric turbulent flow. The motion
of the tubes in the solar corona is mainly rooted in the
photosphere, which is about 10 − 100 km thick, corre-
sponding to an extremely thin layer as compared to the
solar radius. Therefore, in the model proposed here we
consider the photospheric flow as a two-dimensional tur-
bulent system following Kolmogorov scaling (see SFig. 7),
as inferred from previous studies of satellite data by the
Solar and Heliospheric Observatory (SOHO)22. Further-
more, we also impose a large scale dissipation mechanism
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FIG. 2. Solar flare energies exhibit scale-free be-
haviour. The distribution of flare energies evaluated with our
numerical model for different system sizes L shows a power-
law regime which increases with L. The solid line is a fit for
the largest system size, L = 2048, providing an exponent of
α = 1.68± 0.02. Experimental data from GOES and BATSE
catalogs25,26 exhibit the same scaling behaviour. Energies are
expressed in units of a lower energy cutoff, which is E0 = 10−6

W/m2 for experimental data, and E0 = 10 for the numerical
catalogs. We have verified that different cutoff values do not
affect the scaling behaviour.

to avoid vortex condensation23. The turbulent fluid dy-
namics of the photosphere is simulated through a lattice
Boltzmann model24 on a square lattice of size L, with a
forcing term that specifically reproduces the Kolmogorov
energy spectrum regime (see Methods).

Anchored in the photospheric flow, the footprints of
the magnetic flux tubes follow the local velocity field,
and are twisted by the vorticity. The tubes are modelled
as semi-tori, which contain the magnetic lines forming,
when twisted, a spring-shaped bundle (see Fig. 1). This
representation, which is conceptually consistent with pre-
vious realistic models for the kink instability4, leads to an
explicit relation between the length of the spring and the
magnetic energy stored in the corresponding flux tube
(see Eq. (4) in Methods).

Experimental evidence supports the kink instability as
the triggering mechanism for solar flare occurrence28,29.
Accordingly, the magnetic reconnection of a flux tube
occurs as soon as the intensity of its cumulative twist
reaches a given critical value, and the tube releases its
total energy. This tube is then reset to the initial con-
dition and relocated at a random position according to
the velocity field distribution inside the simulated zone
(see Methods). The critical twist Φc, at which the mag-
netic reconnection occurs, can be obtained from stability
analysis. Several values have been proposed from nu-
merical simulations, theoretical models4 or deduced from
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FIG. 3. Solar flares exhibit a complex temporal organ-
isation. The inter-time distribution for solar flares is shown
for different system sizes L and compared to experimental
data for the GOES catalog. The distributions indicate that
the process is not a simple Poisson process. The solid line
denotes the fit for the largest system size, L = 2048, using as
a fitting function the analytical expression proposed in Ref.27.
To better compare the different catalogs, inter-times are nor-
malised by Λ, the average rate evaluated for each numerical
and experimental catalog.

experimental observations28,29, ranging from 2π to 12π,
depending on the particular plasma conditions in the
corona.

Every time a magnetic flux tube reconnects and re-
leases its energy, it heats up the surrounded plasma in-
creasing the local coronal pressure, and therefore, in-
creasing the critical twist of the surrounding magnetic
flux tubes4. This causes a delay in the reconnection pro-
cess, which is taken into account here by multiplying the
cumulative twist of neighbouring tubes by a positive fac-
tor λR, between zero and one, while keeping the critical
twist constant. In our simulations, we use random values
for λR when tube-tube interactions are considered (from
now on, just named as λR < 1 case), and set λR = 1 for
the non-interacting case. Choosing a constant value for
λR, instead of random, for the case of λR < 1, produces
the same results. In what follows, we show that this
tube-tube interaction is the most relevant ingredient to
reproduce the correct temporal organisation and the ex-
perimentally observed time energy correlations. We will
also show that changing the value of the critical twist
within the range of the experimentally meaningful val-
ues, does not affect the statistics of solar flares.

Following the described dynamics, we can monitor the
occurrence time and energy released by each flare to
quantify the statistical properties of our model and com-
pare with real data. We perform extensive numerical
simulations for different system sizes L = 128, 256, 512,
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FIG. 4. Physical ingredients leading to scale-free be-
haviour for flare energies. Different models are compared
to extract the crucial ingredients of the power law behaviour
measured for the energy distribution. The system size is
L = 512 for all curves. Inset: Solar flare energy distribu-
tion for the evolution of N = 400 interacting tubes (λR < 1)
in the case tube footprints diffuse by random motion (de-
noted by R.M.). The distribution in this case does not show
a power-law regime. For the same system size, we let the
tubes evolve according to the turbulent flow but reconnection
occurs only through the interaction of footprints or tube cross-
ing (denoted by w/o twist), i.e., twisting of magnetic tubes is
not considered. Also in this case a deviation from the power-
law behaviour is observed. The deviations from the power-
law regime in both cases are not due to finite size effects, as
can be seen from a systematic finite size study. Main panel:
Flare energy distribution for simulations where a single flux
tube (N = 1) evolves in the turbulent flow and reconnects
at twisting threshold. The power-law behaviour is recovered
with the same exponent as in Fig. 2. The same behaviour is
recovered when changing interactions: from interacting tubes
(λR < 1) to non-interacting (λR = 1) tubes. The solid line
(also in the inset) represents the power law obtained for ex-
perimental data. Results indicate that the turbulent flow and
a reconnection ruled by twisting are the ingredients that con-
trol energy statistics.

1024, and 2048. For each value of L, we first let the fluid
evolve without the magnetic flux tubes until it reaches
the turbulent regime at Reynolds numbers between 104

and 105. The fully developed turbulence condition is es-
tablished when the energy spectrum of the flow follows
the classical power-law behaviour with Kolmogorov ex-
ponent −5/3 (see SFig. 7). At this point, we add N
magnetic flux tubes at random positions and with ran-
dom initial energies, and record the occurrence time and
energy of flares.

As shown in Fig. 2, the distribution of flare energies fol-
lows a typical power-law behaviour, n(E) ∝ E−α, with
an exponent α = 1.68 ± 0.02. As depicted, this scal-
ing regime extends up to a cutoff energy that gradu-
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FIG. 5. Physical ingredients leading to flare organ-
isation in time. Different cases are compared to extract
the crucial ingredients of the observed inter-time distribution.
The system size is L = 512 for all curves. Inset: Distribu-
tions evaluated for the evolution of N = 400 tubes in the two
cases: Interacting tubes (λR < 1), whose footprints diffuse
by random motion (denoted by R.M.) and evolution in the
turbulent flow without tube twisting. In both cases devia-
tions from the experimental result are observed. Main panel:
Inter-time distribution for simulations where a single flux tube
(N = 1) evolves in the turbulent flow and reconnects at the
twisting threshold. The distribution exhibits an exponential
decay (dashed blue line). Conversely, for different degree of
interaction (interacting tubes λR < 1) and non-interacting
tubes λR = 1), one recovers the behaviour measured in Fig. 4
for interacting tubes. The solid line (also in the inset) repre-
sents the best fit for the largest system size, L = 2048. Results
indicate that tube interactions rule the temporal organisation
of flares.

ally increases with system size L. We compare our re-
sults with soft and hard X-ray data from the GOES25

and the BATSE26 catalogues, respectively. From the
GOES catalogue, only flare events of class C and above
(E > E0 = 10−6 Watt/m2) observed between 1992 and
2013 are considered, which leads to a total of 19703
events, covering nearly two solar cycles. In the case of
the BATSE catalogue, 7242 events in the period between
1991 and 2000 were considered. The excellent agreement
between numerical and experimental data shown in Fig. 2
confirms the validity of the theoretical approach. The
exponent of the power law for our numerical results is
also in excellent agreement with previous experimental
studies2,19.

We also investigate the statistical patterns of the wait-
ing time, defined by the distribution of time delays be-
tween the end of an event and the beginning of the next
one. As shown in Fig. 3, the numerical results from
our theoretical approach are also in very good agree-
ment with experiments. The distribution is not a sim-
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ple exponential, suggesting that flare occurrence is not
a pure uncorrelated Poisson process. In order to closely
compare the different numerical and experimental cat-
alogues, we have rescaled the waiting times, ∆t, by the
average event rate in each catalogue30, i.e., by the inverse
of the average waiting time, Λ = Ne/(tmax− tmin). Here
tmax and tmin are the times at which the last and first
events in the catalogue occur, respectively. As shown
in Fig. 3, rescaled distributions for numerical and ex-
perimental data collapse onto a universal curve well fit-
ted by27, n(∆tΛ)/Λ = a/(1 + b∆tΛ)αt , where a and
b are constants, and αt = 2.8 ± 0.2 denotes the expo-
nent of the power-law regime of the distribution for large
waiting times. This result is compatible with previously
reported experimental values, αt = 2.16 ± 0.0527 and
αt = 2.4± 0.111.

It is interesting to investigate the role of different ingre-
dients of the theoretical model on the statistical proper-
ties of energy release and waiting times, in order to iden-
tify the main triggering mechanism for the occurrence
of solar flares. We start by considering that, instead of
being driven by the turbulent flow, the magnetic flux
tubes might move along purely random trajectories and
the cumulative twist is calculated by assigning a random
vorticity at each footprint. The results in Fig. 4 show
that the suppression of the turbulent flow leads to an en-
ergy distribution that is exponential rather than a power
law. Next, we consider the case where there is a single
magnetic flux tube evolving in the turbulent flow, elimi-
nating the possible role of interactions among tubes. We
observe in Fig. 4 that the power-law regime in the energy
distribution is recovered. These two results strongly sug-
gest that the ingredient responsible for the power-law in
the energy distribution is the turbulent motion of the
footprints anchored into the photosphere, and not the
tube-tube interactions. We finally consider the case of
several tubes having different degree of interaction, i.e.
either interacting (λR < 1) or non-interacting (λR = 1)
tubes. The results shown in Fig. 4 confirm that interac-
tions do not modify the form of the distribution of the
solar flare energies.

We now monitor the waiting time distribution for the
previous cases. Indeed, in Fig. 5, we see that the case of
random footprint motion and the case of a solitary tube
are well described by a Poissonian distribution (dashed
line). This implies that, although essential to the re-
covery of a scale-free energy distribution, the turbulent
fluid flow alone is not able to provide the right tempo-
ral organization of solar flare occurrence. If more tubes
are considered, the distribution starts to deviate from a
Poissonian one. For coexisting but non-interacting tubes
(N > 1, λR = 1), the turbulent flow in the photosphere is
able to induce time correlations between them, although
not sufficiently to reproduce the experimental results. In-
deed, the physical correlations are fully recovered only for
interacting tubes (N > 1, λR < 1). From our results, we
can conclude that, whereas the turbulent photospheric
flow is the main mechanism responsible for the energy

10
−1

10
0

10
1

0

0.05

0.1

λ

δ
P

(λ
 |

 t
th

)

 

 

10
0

10
1

10
2

10
3

0

0.01

0.02

E
th

/E
0

δ
P

(E
th

| 
t th

)

 

 

t
th
 = 95 min

t
th
 = 6:20 h

t
th
 = 25:20 h

(b)

(a)

Model Exp.

t
th
 = 95 min

t
th
 = 3:10 h

t
th
 = 25:20 h

Model Exp.

FIG. 6. Flare energies and occurrence times are corre-
lated.. (a) The conditional probability difference δP (λ|tth) =
δP (Ei+1/Ei > λ|∆ti < tth) is plotted as function of the
parameter λ for different tth. Black and red colours rep-
resent the experimental and numerical catalogues, respec-
tively. Error bars report the standard deviation of the prob-
ability evaluated for the reshuffled catalog (see Methods).
δP is different from zero beyond error bars for a range of
λ > 1 indicating that, both in the experimental and numer-
ical catalog, for consecutive flares occurring within 3 hours
the energy of the second flare is larger than the energy of
the previous flare. (b) The conditional probability difference
δP (Eth|tth) = δP (Ei+1 > Eth|∆ti < tth) as function of the
energy threshold Eth for different tth. In order to compare the
different catalogs, energies are normalized by E0 = 1.5×10−6

W/m2 for experimental data and E0 = 150 for numerical
data. δP is different from zero beyond error bars for energy
thresholds Eth up to about 10E0 indicating that, both in the
experimental and numerical catalog, as consecutive flares be-
come more distant in time, the probability to find the follow-
ing flare with energy higher than Eth becomes smaller.

distribution, the interaction between magnetic tubes is
what introduces the right temporal correlations in the
process.

We further investigate the statistical features of time-
energy correlations21. For each catalog, we analyse how
the flare energies are organised in time, by evaluating the
probability that a flare with energy Ei is followed by a
flare with energy larger than λEi under the conditions
that their temporal distance ∆t is smaller than a certain
threshold tth, P (λ|tth) = P (Ei+1/Ei > λ|∆ti < tth).
For each catalog, this probability fluctuates wildly due
to statistical noise. Therefore to eliminate this noise, we
evaluate the same probability also in a synthetic catalog
generated by reshuffling the flare energies with respect
to their occurrence time, such that energy and time are
uncorrelated by construction. We monitor is the differ-
ence between the conditional probabilities, δP (λ|tth) of
these two data sets, which are different from zero only
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if significant time-energy correlations are present in the
original catalog. In particular, if |δP (λ|tth)| is larger than
zero, it is more likely to find two consecutive flares sat-
isfying both conditions (Ei+1/Ei > λ and ∆ti < tth) in
the real rather than in the reshuffled catalog (see Meth-
ods). By using the same technique we also compute the
conditional probability difference δP (Eth|tth) to observe
a flare energy larger than a given threshold Eth after an
inter-time smaller than tth. We monitor the behaviour
of both conditional probability differences for a range of
parameters λ, tth and Eth.

In Fig. 6 we see that the probability differences are very
well described by our model. In particular, for both, nu-
merical and experimental results, δP (λ|tth) is different
from zero beyond error bars. This implies that it is very
likely that for close-in-time flares the second one will have
slightly larger energy than the previous one (the maxi-
mum is for λ & 1), as far as their separation in time
is shorter than approximately 25 hours. Moreover, in
Fig. 6b the curves for δP (Eth|tth) are different from zero
beyond error bars and decrease with increasing tth. This
implies that the probability to find couples of successive
flares with the second flare having energy higher than
Eth decreases, if one includes events with larger ∆t in
the analysis. For large Eth numerical results deviate from
the experimental ones. This can be due to the finite size
of our simulation, which limits the maximum energy of
flares (see also Fig. 2, where finite-size effects in the en-
ergy distribution are present). Note that the agreement
between experimental and numerical data is very good,
suggesting that in fact it is the turbulent flow and the
magnetic flux tube interaction which induce correlations
in the energy and time for the occurrence of the solar
flares.

It is important to mention that the previous result is
only obtained with the tube interacting model (λR < 1)
but not for the other cases, i.e. non-interacting tubes,
single tube, and random motion of the tubes footprints,
where δP (Eth|tth) ' 0 and δP (λ|tth) ' 0 are found. We
have performed extensive simulations varying every pa-
rameter of the model, namely, the critical twist Φc, the
magnetic flux tubes density via N , and the size ratio of
the magnetic flux tubes rc/R (where rc and R are the
inner and outer radii of the magnetic flux tubes). For all
cases, results for flare statistics and time-energy correla-
tions remain unchanged as shown in the Supplementary
Information.

It is well accepted in the literature that solar flare oc-
currence is a process driven by magnetic reconnection.
Since high quality satellite data became accessible, sev-
eral studies have evidenced that the statistics of this phe-
nomenon is complex: It exhibits scale-free energy distri-
bution and a nontrivial inter-time distribution. A num-
ber of theoretical models attempted to reproduce such
statistics with different approaches. This study imple-
ments magnetic reconnection in a model framework that
enables us to test the role of the different physical in-
gredients on observed statistical patterns. In particular,

we have shown that the energy and waiting time distribu-
tions are ruled by the turbulent features of the flow in the
photospheric plasma. More precisely, that, if tube foot-
prints simply diffuse in the corona in absence of turbu-
lent flow, the observed distribution of flare energies would
be exponential, namely it would exhibit a characteristic
flare size. Moreover, the turbulent flow alone is not suf-
ficient to fully reproduce the statistical patterns of real
data. Indeed the evolution of a single tube or several non-
interacting tubes in the corona, exhibiting the observed
energy distribution, is not sufficient to account for tem-
poral correlations. The detailed analysis of the energy
organisation in time indicates that turbulence and tube
interactions are the essential physical ingredients control-
ling solar flare occurrence. Proving time-energy correla-
tions is the first step towards any forecasting model. This
could be formalised by implementing the phenomenolog-
ical laws, as done for earthquakes (ETAS model), and
would open a novel field of investigation.

METHODS

A. Evaluation of the turbulent flow

For modelling the two-dimensional turbulent flow, we
have used a two-dimensional lattice Boltzmann model
of size L with a cell configuration D2Q9 (2 dimensions
and 9 discrete velocity vectors)24. In order to induce
the inverse cascade configuration, we have included the
following forcing term in the 2D Navier-Stokes equation

~F = A0 (sin(kfx) cos(kfy),− cos(kfx) sin(kfy)) , (1)

where A0 is a constant, and kf varies in time such
that each value of kf is used during an interval of time

s = (4kf/L)−5/3 and then is increased by one. Here,
the coefficient 4 defines the minimum wave number (due
to space discretisation limitations). This forcing term

satisfies the incompressibility condition ∇ · ~F = 0. The
kinematic viscosity of the fluid is set to 10−3 and the
forcing coefficient to A0 = 10−8. All the values are in
numerical units.

Accordingly, the position of the respective footprints
for each tube l, denoted by ~xl+ for the positive footprint
and ~xl− for the negative one, is a function of time and
evolves as,

~xl±(t+ δt) = ~xl±(t) + ~u(~xl±)δt, (2)

where ~u(~x) is the velocity of the fluid at position ~x.
Then, we can define wl+ and wl− as the cumulative

twist in the positive and negative footprint, respectively,
evolving according to the equation,

wl±(t+ δt) = wl±(t) + |∇ × ~u|δt . (3)

If the positive footprint of a tube comes very close to its
negative partner (less than two lattice nodes), we reset
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the tube to the initial condition (initial length and zero
twist) and relocate it at a random position inside the
simulated zone. The vanishing of these tubes can be seen
as small reconnection processes with negligible released
energy. Because of space discretisation in our numerical
simulations, the position of each footprint is, in general,
not located at a fluid grid point, therefore we use bilinear
interpolation to calculate the velocity at the footprint
position.

We compute the magnetic flux tube energy with the
following relation4

El =
πR

8(rc +R)(2rc +R)Φ

[
2

(
1 +

2rc
R

)
Φ

(
r2c + 4(rc +R)2

+
2r2c (2rc +R)2Φ2

π2R2

)
+ r2c sin

(
2Φ

[
1 +

2rc
R

])
+ 8rc(rc +R) sin

(
Φ

[
1 +

2rc
R

])]
,

(4)

where Φ = πRθ/(2rc + R) is the twist, and θ the cu-
mulative total angle due to the vorticity of the fluid,
θ = wl+ + wl−. We have considered that the length
of the magnetic flux tubes, πR with R the outer radius
of the torus, is usually much larger than its cross section
radius, rc. As soon as a tube is reconnected, it is reset to
the initial condition and relocated at a random position
inside the simulated zone. For the numerical simulations,
the cutoff energy is set to E0 = 10 (in numerical units).

The numerical code was implemented using CUDA C,
and the simulations for a fixed set of parameters run
two weeks on a cluster of 12 graphic cards, Nvidia Tesla
M2075, each one containing 448 GPU cores.

B. Conditional probability analysis

Each flare i in the numerical and experimental cat-
alogues is characterized by its starting time ti and its

peak-flux energy Ei. From each catalogue we evalu-
ate the conditional probability P (λ|tth) = P (Ei+1/Ei >
λ|∆ti < tth) to find the energy of the next flare (Ei+1)
being larger than λ times the energy of the previous flare
(Ei), if their temporal distance, ∆t ≡ ti+1− ti, is smaller
than a certain threshold, tth. For comparison, the same
conditional probability is evaluated from a reshuffled se-
quence of the same energy time series. In such synthetic
catalogues we expect that flare energies and occurrence
times are totally uncorrelated. Keeping λ and tth fixed,
we compute the quantity P ∗(λ|tth) for 105 independent
random realisations of the reshuffled catalog, obtaining
an ensemble of values which follows a Gaussian distri-
bution with mean value Q(λ|tth) and standard deviation
σ(λ|tth). We then define δP (λ|tth) ≡ P (λ|tth)−Q(λ|tth).
If the absolute value |δP (λ|tth)| is different from zero, a
significant difference in the number of pairs of sequential
energies (Ei, Ei+1) satisfying both conditions exists be-
tween the real and the reshuffled catalogue. By using the
same technique we also compute the conditional prob-
ability difference δP (Eth|tth) ≡ P (Ei+1 > Eth|∆ti <
tth)−Q(Eth, tth).
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Appendix A: SUPPLEMENTARY INFORMATION
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FIG. 7. Energy spectrum of the photospheric turbu-
lence flow. For different system sizes L, the fluid is first
evolved without the magnetic flux tubes until it reaches the
turbulent regime. Here, we can observe the energy spectrum,
ε(k), for the largest system size of L = 2048, before the mag-
netic flux tubes are inserted. The power-law distribution ex-
tends for two decades showing that the fluid is in the turbulent
regime. The dashed line denotes the Kolmogorov exponent.

1. Re, N , and Ne for different system sizes

In Table I, we find the number of recorded events, Ne,
and also the different Reynolds numbers for different sys-
tem sizes.

L Re N Ne

128 9× 103 100 200000
256 1.7× 104 200 200000
512 3.5× 104 400 200000
1024 6.0× 104 800 175100
2048 1.1× 105 1600 150000

TABLE I. Numerical details on the magnetic flux tubes
and fluid simulations. For every system size L, we measure
the Reynolds number Re using as characteristic velocity, the
root-mean-square (rms) of the velocity field, more precisely
〈|~u|〉, where 〈...〉 denotes the spatial average in the simulated
zone. In this table we also find the number of loops N inserted
for each case and the number of recorded solar flare events Ne.

2. Changing parameters Φc, N , and rc/R

In Fig. 8, we have considered the case of interacting
magnetic flux tubes for a system size L = 512, rc/R =



8

0.1, and N = 400. We vary the critical twist threshold
at which the kink instability occurs. For different values
of Φc reported in the literature calculated from theoreti-
cal, numerical, and experimental observations4,28,29, the
energy and waiting time distributions do not change ap-
preciably.

We have also considered the case of varying magnetic
flux tube density, by changing N . To do so, we have
fixed the two parameters, Φc = 4π and rc/R = 0.1, for
fixed system size L = 512. In fig. 9 we observe no relevant
change in the distributions. It is important to clarify that
everytime two or more flares reconnect simultaneously,
we sum up their energies and consider them as a single
event. Of course, this case is not very frequent, due to

the low density of magnetic flux tubes. However, one
can also consider these reconnections as separate events
and distribute them randomly within one time step of
the simulation. We have denoted this case as concurrent
flares (C. flares) case. In fig. 9, we can see that C. flares
do not modify the statistics of the numerical results.

As a final test, we also modify the aspect ratio of the
magnetic flux tubes, rc/R. For this case, we fix N = 400,
and the critical twist Φc = 4π. We modify the aspect
ratio within the range of experimental observations, and
find that, although deviations are somehow larger than
in the previous two cases (particularly in the inter-time
distribution), they can be absorbed within error bars (see
Fig. 10).
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FIG. 8. Universal behavior of the Solar flare energies and temporal organization by changing the critical twist
Φc. In the left panel, we observe the distribution of flare energies evaluated with our numerical model for different values of
the critical twist Φc. We have considered only the case of interacting loops (λR < 1), with a system size L = 512, aspect
ratio rc/R = 0.1 and number of magnetic flux tubes N = 400. Within the range of experimental observations and theoretical
predictions we find that the power law remains unchanged showing that our results do not depend on the value chosen for the
critical twist of the kink instability. In the right panel, the inter-time distribution for solar flares is shown for different critical
twist values. Here we can observe as well that the complex temporal organization is invariant under changing Φc.
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FIG. 9. Universal behavior of the Solar flare energies and temporal organization by changing the number of
magnetic flux tubes N . In the left panel, we observe the distribution of flare energies evaluated with our numerical model
for different number of inserted magnetic flux tubes N . We have considered only the case of interacting loops (λR < 1), with a
system size of L = 512, aspect ratio of rc/R = 0.1, and critical twist Φc = 4π. We find that the power law remains unchanged
showing that our results do not depend on the number of magnetic flux tubes. In our model, if two or more flare events occur
at the same time we sum their energies and count them as a single event. However, one can consider the case where these
events are treated as independent ones and use fractional time steps for the temporal organization (they are located within a
single time step and separated by equal intervals with random order). We have also included this case (denoted by C. Flares,
from concurrence flares) using N = 400, where we see that once again the power-law distribution remains unchanged. In the
right panel, the inter-time distribution for solar flares for the same cases than for the left panel are presented. Here we can
observe as well that the complex temporal organization is invariant for those cases.
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FIG. 10. Universal behavior of the Solar flare energies and temporal organization by changing the magnetic
flux tube aspect ratio rc/R. In the left panel, we observe the distribution of flares evaluated with our numerical model for
different values of the aspect ratio rc/R. We have considered only the case of interacting loops (λR < 1), for a system size
L = 512, critical twist of Φc = 4π, and number of magnetic flux tubes N = 400. We find that the power law remains unchanged
showing that our results do not depend on the value chosen for the aspect ratio of the magnetic flux tubes. In the right panel,
the inter-time distribution for solar flares is shown for the same cases than for the left panel. Here we can observe as well that
the complex temporal organization is invariant under changing rc/R.


