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Abstract: Natura critical phenomena are characterized by laminar periods separated by events where bursts of activity take place, and by the
interrelated self-similarity of space-time scales and of the event sizes. One example are earthquakes: for this case a new approach to quantify
correlations between events reveals new phenomenology. By linking correlated earthquakes one creates a scale-free network of events, which can
have applications in hazard assessment. Solar flares are another example of critical phenomenon, where event sizes and time scales are part of a
single self-similar scenario: rescaling time by the rate of events with intensity greater than an intensity threshold, the waiting time distributions
conform to scaling functions that are independent of the threshold. The concept of self-organized criticality (SOC) is suitable to describe critical
phenomena, but we highlight problems with most of the classical models of SOC (usually called sandpiles) to fully capture the space-time
complexity of real systems. In order to fix this shortcoming, we put forward a strategy giving good results when applied to the simplest sandpile
models.
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0: Critical phenomena

1: Earthquakes

" Metric to quantify correlations 3: Self-organized criticality (SOC)
* Scale-free network - Features of present models
* Old and new phenomenology - Suitable to describe flares/quakes?

2: Solar flares - A new model

# Definition by means of thesholds

# Waiting times: scaling picture

# Superstatistics
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‘ Self-organized critical phenomena

e Systems out of equilibrium

e Slowly loaded (driven)

e Non-linear local instabilities

e Fast avalanches — relaxation

e Self-similarity, scale-free statistics — Criticality
e Correlations between avalanches

e Space, time and size of avalanches may be related to each other

Pirsa: 05040058 Page 13/290




‘ Self-organized critical phenomena

e Systems out of equilibrium

e Slowly loaded (driven)

e Non-linear local instabilities

e Fast avalanches — relaxation

e Self-similarity, scale-free statistics — Criticality
e Correlations between avalanches

e Space, time and size of avalanches may be related to each other

Pirsa: 05040058 Page 14/290




‘ Self-organized critical phenomena

e Systems out of equilibrium

e Slowly loaded (driven)

e Non-linear local instabilities

e Fast avalanches — relaxation

e Self-similarity, scale-free statistics — Criticality
e Correlations between avalanches

® Space, time and size of avalanches may be related to each other

Pirsa: 05040058 Page 15/290




| Self-organized critical phenomena

e Systems out of equilibrium

e Slowly loaded (driven)

e Non-linear local instabilities

e Fast avalanches — relaxation

e Self-similarity, scale-free statistics — Criticality
e Correlations between avalanches

e Space, time and size of avalanches may be related to each other

Pirsa: 05040058 Page 16/290




‘ Self-organized critical phenomena

e Systems out of equilibrium

e Slowly loaded (driven)

e Non-linear local instabilities

e Fast avalanches — relaxation

e Self-similarity, scale-free statistics — Criticality
e Correlations between avalanches

e Space, time and size of avalanches may be related to each other

Pirsa: 05040058 Page 17/290




! Self-organized critical phenomena

e Systems out of equilibrium

e Slowly loaded (driven)

e Non-linear local instabilities

e Fast avalanches — relaxation

e Self-similarity, scale-free statistics — Criticality
e Correlations between avalanches

e Space, time and size of avalanches may be related to each other

Pirsa: 05040058 Page 18/290




‘ Self-organized critical phenomena

e Systems out of equilibrium

e Slowly loaded (driven)

e Non-linear local instabilities

e Fast avalanches — relaxation

e Self-similarity, scale-free statistics — Criticality
e Correlations between avalanches

® Space, time and size of avalanches may be related to each other

Pirsa: 05040058 Page 19/290




— Number of earthquakes with magnitude > m

10000

LLLLL

100

[T W

One m=7.3 1n 20 years

10¢

i
1E b
: | ! | | 1
3 4 5 6 7
magnitude (m)
Gutenberg-Richer law: 71( > 1) ~ 11 g S Eﬁ_energyj_ﬁ*i_

Pirsa: 05040058

Page 20/290




L Landers event
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Space-time windows to collect aftershocks
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Unified scaling law of waiting times, involving space, time, and magnitude
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Unified scaling law of waiting times, involving space, time, and magnitude
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Measure correlation between events: estimate how much the (patently false) null

hypothesis that “earthquakes are uncorrelated” is violated.
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Measure correlation between events: estimate how much the (patently false) null

hypothesis that “earthquakes are uncorrelated” is violated.

mean number of events in volume (m = Am /2. [.t)

A =] e
n—C Nzl 105" |[’fl t]
__.-f"'/
Const. Gutenberg-Richter (fractal) area time interval

Events 7 and ): metric

ni; = C Am 107°™ (1) t;;

of

Correlation:
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Measure correlation between events: estimate how much the (patently false) null

hypothesis that “earthquakes are uncorrelated” is violated.

mean number of events in volume (m = Am /2. 1. 1)

n ={C Am||10~°™ [‘r/f:} t]
B

Const. Gutenberg-Richter (fractal) area time interval

Events 7 and ): metric

Ry —C N @™ (B F &

of

Correlation:

Cij = 1 In;;
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Measure correlation between eventis: estimate how much the (patently false) null

hypothesis that “earthquakes are uncorrelated” is violated.

mean number of events in volume (m = Am /2. [.t)

| AL o] e

w— O Anep| 1057 |[’-Tl t]

__.-4""/

Const. Gutenberg-Richter (fractal) area time interval

Events 7 and ): metric

ni; =C Am 107%™ (1.,))% ¢,

of

Correlation:
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Measure correlation between events: estimate how much the (patently false) null

hypothesis that “earthquakes are uncorrelated” is violated.

mean number of events in volume (m = Am /2. [.t)

n ={C Aml|10~°™

1% | 2]
S .

Const. Gutenberg-Richter (fractal) area time interval

Events 7 and ): metric

i — C Am “J_m”; (!;J'_)L;r L;

Coarrelation:

¢ij = 1/n;;
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Measure correlation between events: estimate how much the (patently false) null

hypothesis that “earthquakes are uncorrelated” is violated.

mean number of events in volume (m = Am /2. [.t)

n=C Aml|{107®™

i)
e

Const. Gutenberg-Richter (fractal) area time interval

Events 7 and ): metric

n;; =C Am 107%™ (I,))% t;.

of

Correlation:

Cij — 1 In;;

Pirsa: 05040058 Page 71/290




Measure correlation between eventis: estimate how much the (patently false) null

hypothesis that “earthquakes are uncorrelated” is violated.

mean number of events in volume (m = Am /2. [.t)

n={C Am|[10>"

4]
e

Const. Gutenberg-Richter (fractal) area time interval

Events 7 and ): metric

ni; =C Am 107™ (1;;)% t;;

of

Correlation:
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Measure correlation between eventis: estimate how much the (patently false) null

hypothesis that “earthquakes are uncorrelated” is violated.

mean number of events in volume (m = Am /2.1 1)

~ T
w=—C Amp 105"
__..""'/
Const. Gutenberg-Richter (fractal) area time interval

Events 7 and ): metric

ni; =C Am 107%™ (1,,))% ¢;;

of

Carrelation:

(_1.*__;' = 1} .-"f_;.r'
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Measure correlation between evenis: estimate how much the (patently false) null

hypothesis that “earthquakes are uncorrelated” is violated.

mean number of events in volume (m = Am /2. [.t)

n —=C Am}|107°™

4]
s ZH

Const. Gutenberg-Richter (fractal) area time interval

Events 7 and ): metric

ni; = C Am 107°™ (I;;) t;;

of

Correlation:
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Measure correlation between evenis: estimate how much the (patently false) null

hypothesis that “earthquakes are uncorrelated” is violated.

mean number of events in volume (m = Am /2. [.t)

n =|C Aml|10~°™

4]
SR

Const. Gutenberg-Richter (fractal) area time interval

Events 7 and ): metric

”.-7_,5 — CT A”? I{J_hf‘”; (j;)”r -

L}

Correlation:

Cij = 1 In;;
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Measure correlation between eventis: estimate how much the (patently false) null

hypothesis that “earthquakes are uncorrelated” is violated.

mean number of events in volume (m = Am /2. [.t)

_ o 1[10-bm] (74

—C A 1™ |]‘r-ﬂ t]

il

Const. Gutenberg-Richter (fractal) area time interval

Events 7 and ): metric

n;; =C Am 107%™ (I;))% t;.

of

Correlation:
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Measure correlation between events: estimate how much the (patently false) null

hypothesis that “earthquakes are uncorrelated” is violated.

mean number of events in volume (m = Am /2.[.1)

n —C Am}|107°™

14|18
i

Const. Gutenberg-Richter (fractal) area time interval

Events 7 and ): metric

ni; =C Am 107°™ (1;)% t;;

of

Correlation:

cij = 1/n;;
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Measure correlation between events: estimate how much the (patently false) null

hypothesis that “earthquakes are uncorrelated” is violated.

mean number of events in volume (m = Am /2. [.t)

| s \—b I

n=—C Nasj| 105" ‘Iﬂ t]

__.-f'/

Const. Gutenberg-Richter (fractal) area time interval

Events 7 and ): metric

Ni; — C' Am I{J_hm; (’_;J'J”rf L; ;

ot

Correlation:

(_"-"_,f — 1 n j
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Measure correlation between events: estimate how much the (patently false) null

hypothesis that “earthquakes are uncorrelated” is violated.

mean number of events in volume (m = Am /2. 1. 1)

| y B n—f
w—C N 100"
__..""/

Const. Gutenberg-Richter (fractal) area time interval

Events 7 and ): metric

ni; =C Am 107" (1;;)% t;.

.

Correlation:

C;; = 1!? '
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Measure correlation between events: estimate how much the (patently false) null

hypothesis that “earthquakes are uncorrelated” is violated.

mean number of events in volume (m = Am /2. [.t)

n ={C Aml|10~°™

[”’r l # |
e

Const. Gutenberg-Richter (fractal) area time interval

Events 7 and ): metric

n;; =C Am 107%™ (I;)% t;.

of

Correlation:

G 1 In;;
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Measure correlation between eventis: estimate how much the (patently false) null

hypothesis that “earthquakes are uncorrelated” is violated.

mean number of events in volume (m = Am /2. [.t)

o [10-bm |74

n ={C Am||10™" |[’.Tl t]

.

Const. Gutenberg-Richter (fractal) area time interval

Events 7 and ): metric

n;; =C Am 107°™ (I;)% t;.,

of

Correlation:

Cij = | I
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Measure correlation between events: estimate how much the (patently false) null

hypothesis that “earthquakes are uncorrelated” is violated.

mean number of events in volume (m = Am /2. [.t)

Ezr s i dy
= N 10" ‘[ﬂ t]
__.-4""/
Const. Gutenberg-Richter (fractal) area time interval

Events 7 and ): metric

n;; =C Am 107%™ (I;)% t;.

of

Correlation:
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Measure correlation between events: estimate how much the (patently false) null

hypothesis that “earthquakes are uncorrelated” is violated.

mean number of events in volume (m = Am /2. [.t)

n=|C Aml|107%™

4]
S

Const. Gutenberg-Richter (fractal) area time interval

Events 7 and ): metric

nij = " Am IU_I”H; (;f__:d,'_){';'ﬁ 3
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Correlation:
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Measure correlation between events: estimate how much the (patently false) null

hypothesis that “earthquakes are uncorrelated” is violated.

mean number of events in volume (m = Am /2. [.t)

_ AL [ [e

n ={C Am||10" l[‘ﬂr t]
e

Const. Gutenberg-Richter (fractal) area time interval

Events 7 and j: metric

H,;J,- = C’ AHJ l[]_f””; (:/_:J,'_-)f';r' =

—

Correlation:
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Measure correlation between events: estimate how much the (patently false) null

hypothesis that “earthquakes are uncorrelated” is violated.

mean number of events in volume (m = Am /2. [.t)

_ A g le
n—€C Nnupj 105" ‘[‘T |
__.-—-'/

Const. Gutenberg-Richter (fractal) area time interval

Events 7 and j: metric
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Measure correlation between events: estimate how much the (patently false) null

hypothesis that “earthquakes are uncorrelated” is violated.

mean number of events in volume (m = Am /2. [.t)

AL i de
w—C N 10" ‘Z‘r-f |
__.--"/

Const. Gutenberg-Richter (fractal) area time interval

Events 7 and j: metric

ni; = C Am 107°™ (1;)™ t;;
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Correlation:
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Measure correlation between events: estimate how much the (patently false) null

hypothesis that “earthquakes are uncorrelated” is violated.

mean number of events in volume (m = Am /2. [.t)

Y =14 Le
—0 o) 1™ ‘Z‘r-f |
__.--"""’ /'__

Const. Gutenberg-Richter (fractal) area time interval

Events 7 and ): metric
- s ke r
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Measure correlation between events: estimate how much the (patently false) null

hypothesis that “earthquakes are uncorrelated” is violated.

mean number of events in volume (m = Am /2. [.t)

| e = dy
e —C Nampi 1™ l{ﬂ |
_—l-l'"'/ /
Const. Gutenberg-Richter (fractal) area time interval

Events 7 and j: metric
. e = = -
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Measure correlation between events: estimate how much the (patently false) null

hypothesis that “earthquakes are uncorrelated” is violated.

mean number of events in volume (m = Am /2.1 1)

n= CAm|107"" ‘“[”Tf t]
e

e
Const. Gutenberg-Richter (fractal) area time interval

Events 7 and j: metric

ni; =C Am 107°™ (1;;)™ t;;

L |
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Draw only one link to a new event j: largest ¢;; (= or smallest n;; = n;)
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Plc) ~ r_"_;"j

Draw only one link to a new event j: largest ¢;; (= or smallestn;; = n)

irsa: 05040058 Page 91/290




Plc) ~ r_"_l"j

Draw only one link to a new event j: largest ¢;; (= or smallest n;; = n___'j)
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p[ I!'_-':| B !,_-.—-_.-TJ

Draw only one link to a new event j: largest ¢;; (= or smallest n;; = n___;")
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Draw only one link to a new event j: largest ¢;; (= or smallestn;; = n")
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Draw only one link to a new event j: largest ¢;; (= orsmallestn;; = n)
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= | [—1984.01/ 2000.12 |
12 ---- same year _}
same month | o
| -—- same week |
- = e
| M =
165 a0 %% 65 41 > G0
log,, n

P(n* ) ~ -{n”h_l
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Draw only one link to a new event j: largest ¢;; (= or smallest n

n;)

-2| :
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6
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12 ---- same year

| same month

4L =7 same week
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Draw only one link to a new event j: largest ¢;; (= orsmallestn;; = n:)
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Draw only one link to a new event j: largest ¢;; (= or smallest n

n;)
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Draw only one link to a new event j: largest ¢;; (= orsmallestn;; = n)
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same month
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Draw only one link to a new event j: largest ¢;; (= or smallestn;; = n:)
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Putalinkifn,, < n,

Order parameter:

fraction of nodes Distribution of cluster sizes
In the biggest cluster P(N) ~ N7
1 ; - BEREEE i
x m_=4.5 = -~ |
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: s * = =
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2 o = L]
= 0.6 3 = 5 & |
e 5*? 1 =0 S E |
504 | e 56,
3= 2% ot
s 0.2- | $¢¢¢K | = L L DD - L
*gﬂ%gggﬁ% i] 1 1- = . 4 =
[ﬁu#ﬁ'égﬁ“‘b : 0g,, -

irsa: 05040058 Page 101/290




_.‘_ ':
.-'. ."’_ -
3445 W
- .$r~
%\ 11 -_B Landers earthquake (A)
34307 | \ i |
s " Hector Mine earthquake (B)
34 15 . A —
e
34 |

— —-116 45

irsa: 05040058 Page 102/290




Out-degree distribution:

__ %)
scale free ~ k-
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Out-degree distribution:

scale free ~ k-
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Out-degree distribution:

%}
scale free ~ k-
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Out-degree distribution:

scale free ~ k-
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Omori's law: rate of events after an earthquake

1

cim) +1

v(t) ~

o
=
9 I
=9 ]
> I 3.0
= 4.0
s _gro—om =530 S
— 59 A
I 6.7 (Northridge) :
_10->—=m = 7.1 (Hector Mine) =
| =—em = 7.3 (Landers) _ |
Smin 1hr lday Imonth [ yr 10vyr
t
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Omori's law: rate of events after an earthquake

1

ciom) +1

v(t) ~

-10- = 7.1 (Hector Mine)
| +—em = 7.3 (Landers)

Smin 1hr | day | month I xr 10 yr
t
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Omori's law: rate of events after an earthquake

S 1
e ———
cim) +1
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-
o
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> i 3.0
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t
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Omori's law: rate of events after an earthquake

1
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t

irsa: 05040058 Page 110/290




Omori's law: rate of events after an earthquake

1

clm) +1

v(t) ~

— 6.7 (Northridge)
_10~>—m = 7.1 (Hector Mine)
+—sm = /.3 (Landers)

Smin 1hr | day | month I xr 10 yr
t
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Omori's law: rate of events after an earthquake

1

cim) +1

v(t) ~

6.7 (Northridge)
_10~>—=m = 7.1 (Hector Mme)
~ e—em = 7.3 (Landers)

Smin 1hr lday Imonth [ yr 10vyr
t
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rate of events after an earthquake

1

com) +1

Omori’s law:
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New phenomenology: Distribution of aftershock distances
t'ypical |Er'igth fm . 1[].#”;

g = 0.3 = 0.4 # “classical’ ¢ = 1/2 of aftershocks within the rupture area

- =
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e — power-law tails:
:E -6- finite space windows
= o a3 S <3 A are not appropriate
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= =6.5<m<74 |
| a8
1I00m [Km [10Km 100Km 1000 Km
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New phenomenology: Distribution of aftershock distances
typical length |/, ~ 107™

g = 0.3 = 0.4 # “classical’ @ = 1/2 of aftershocks within the rupture area
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e S «— power-law tails:
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New phenomenology: Distribution of aftershock distances

typical length

e~ P

A,

g = 0.3 = 0.4 # “classical’ @ = 1/2 of aftershocks within the rupture area
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New phenomenology: Distribution of aftershock distances

typical length

[, ~ 107%

ag=—0803=0

=+ “classical” o

1/2 of aftershocks within the rupture area
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New phenomenology: Distribution of aftershock distances

typical length |/, ~ 107™
o = 0.3 + 0.4 # “classical” o

1/2 of aftershocks within the rupture area
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New phenomenology: Distribution of aftershock distances

typical length

fm o l{ J.rTm
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New phenomenology: Distribution of aftershock distances
Wplca| |Ength fml i 1{}.*?{,-1

g = 0.3 = 0.4 # “classical’ ¢ = 1/2 of aftershocks within the rupture area
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New phenomenology: Distribution of aftershock distances

typical length |/,, ~ 107"
o0 = 0.3 = 0.4 # “classical” ¢ = 1/2 of aftershocks within the rupture area
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New phenomenology: Distribution of aftershock distances

typical length
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New phenomenology: Distribution of aftershock distances

WPical |Eﬁgth fm ~ 10°™
g = 0.3+ 0.4 # “classical’ o

— 1/2 of aftershocks within the rupture area
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New phenomenology: Distribution of aftershock distances
typical length |/,,, ~ 107™

g = 0.3 = 0.4 # “classical” ¢ = 1/2 of aftershocks within the rupture area
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New phenomenology: Distribution of aftershock distances

1/2 of aftershocks within the rupture area
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Relax the constraint of only one incoming link: clustering

H***-W,
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Relax the constraint of only one incoming link: clustering

| universal asymptotes:
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Relax the constraint of only one incoming link: clustering
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Relax the constraint of only one incoming link: clustering
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Relax the constraint of only one incoming link: clustering

universal asymptotes:
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Relax the constraint of only one incoming link: clustering
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network motifs «— correlations in the stress field

wide aftershock are& < high stress

far aftershocks < long correlation length
Critical point scenario

network motifs involving far aftershocks — earthquake precursors?
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Earthquakes: summary

Metric based on violation of a null hypothesis

Network of earthquakes, scale-free:

cluster size

out-degree ( = number of aftershocks)

Omori law, for all magnitudes

aftershock distances, for all magnitudes

Results very stable to variations of parameters

Possibility of hazard assessment

[Baiesi and Paczuski. Phys. Rev. E 69, 066106 (2004)]
[Baiesi and Paczuski, Nonlin. Proc. Geoph. 12, 1 (2005)]
[Baiesi. cond-mat (2004)]
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Solar flares: X-ray emissions, recorded by GOES satellites
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Solar flares: what is an “event™?
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Solar flares: what is an “event™?
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Solar flares: what is an “event™?

=

10°¢ . . | . —

-

Intensity [W/m’|

2000 2000.005 2000.01 2000 015

irsa: 05040058 Page 142/290




Solar flares: what is an “event™?
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Solar flares: what is an “event™?
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Solar flares: what is an “event™?
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Distribution of = | a |
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Waiting and quiet times for different thresholds
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Waiting and quiet times for different thresholds
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Waiting and quiet times for different thresholds
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Waiting and quiet times for different thresholds
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Waiting and quiet times for different thresholds
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Waiting and quiet times for different thresholds
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Waiting and quiet times for different thresholds
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Waiting and quiet times for different thresholds
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Waiting and quiet times for different thresholds
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Waiting and quiet times for different thresholds
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Waiting and quiet times for different thresholds
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Waiting and quiet times for different thresholds

BT | SRS
0 AnLAATA ._.ie::l g maa‘g‘ﬁiq <4
r A, << S ; A 1
e 4 = uﬂuﬂﬂun A, 4 L BAnon AL Dy =
o P | oOOOoOOnu A aq‘d _ﬂo%%u &'&iﬂﬂﬂ |
= T E - W IS S - AA 4
= = “x\QuEl A g »%uu =
:LI_ ._ \x\.ﬂﬂu && I ‘-"\?Quu 1
o< =6 g E EE T =
s ZENnak - | Lo -
_Rhce ; = =
(@ 20 [(c) r (min) _
Q
-10 q
. <
< . A _
O Hi&ﬁi‘ﬂ < =3 ﬁ‘&ﬂrﬁgﬂﬂ-ﬂ a = —
Aa <q I iR Ts gt A, <
A o e
—, e OOO nul:l ﬁ‘ﬂ q‘cq Dﬂﬂ && ﬂ{]
'.;:‘ 3 0.00 ﬂ & K D u .& -
N AR \0- 4 S s ~q O =
= | ™~ Qnﬂu = qﬂ__ ~Q B |
= e X A “.a_ o
S -6 i 5 2.8 o
B \-‘\C}\ uﬂ i \\ O
\‘\ n 2 5 ‘\.\ =
S7(b) 1 el (d) + (max) O
-10 . = e T =
et Fi-2" 5~ 41 5> &0 Er Fl -~ S L-5>-&
log. r [minutes] log, ¢ [minutes]
<10 <10

irsa: 05040058

Page 192/290




Waiting and quiet times for different thresholds
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Waiting and quiet times for different thresholds
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Waiting and quiet times for different thresholds
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Waiting and quiet times for different thresholds
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Waiting and quiet times for different thresholds
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Waiting and quiet times for different thresholds
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Solar flares: X-ray emissions, recorded by GOES satellites
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Solar flares: summary

Distribution of interoccurrence times:
Power law tail

Depends on the phase of the solar cycle

Shape does not depend on the threshold

Definition of flare/event not crucial

Scaling picture: self similar character

[Baiesi, Paczuski, and Stella, cond-mat/0411243]
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Self-organized criticality (SOC) (zak. esenfeld. PRL 1987
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2) carrelation between events?
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Temporal correlations in SOC: 1/ [ noise

il Criticality with no 1/ f, and viceversa
Dissipative SOC e 1os7 Z
BTW in stripes masiov. Tar
OFC model with variable threshold
Particle-hole BTW model

Pl Average slope, total force

Ricepile driven at one boundary s 7hang PRE 2000

Sousa-Vieira model - sen & Paczuski. PRE 2002
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Temporal correlations in SOC: waiting times

(Ml Running sandpiles ENEENIEERNn

use of thresholds or correlated driving or

quiet times but not waiting times |«

Memory stored in the configuration of the sandpile

Pl Olami-Feder-Christensen model of single fault JEslelgsEigleslell=

Omori law [Hergarten & Neugebauer, PR

Correlated epicenters Peixcio 2 Prado. PRE 2004

Sl Models (of the Sun) with correlated driving

Lu-Hamilton model with fluctuating driving intensity

Ellerman bombs, driving = directed percolation [Fragos Rantsiou, & L Vianos Aza 2004

WEVESE LW R CESELGIEL W RUNIEEL i Slellanle o S8 features of turbulence
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Temporal correlations in SOC: waiting times
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Models so far are driven:
- completely random (“classical”)
- completely deterministic

- correlated in intensity

Insist to show that SOC with random driving can have time correlations

(B) Try to make the space-time-intensity features of sandpiles closer to reality

View a sandpile as a box with an input and output:

Can simple correlations in the slow input be transformed into a complex bursty

output?

Pirsa: 05040058

Page 239/290




Models so far are driven:
- completely random (“clagsical”)
- completely deterministic

- correlated in intensity

Insist to show that SOC with random driving can have time correlations

(B) Try to make the space-time-intensity features of sandpiles closer to reality

View a sandpile as a box with an input and output:

Can simple correlations in the slow input be transformed into a complex bursty

output?

Pirsa: 05040058

Page 240/290




Models so far are driven:
- completely random (“classical”)
- CGI’T‘IEEtEW deterministic

- correlated in intensity

Insist to show that SOC with random driving can have time correlations

(B) Try to make the space-time-intensity features of sandpiles closer to reality

View a sandpile as a box with an input and output:

Can simple correlations in the slow input be transformed into a complex bursty

output?

Pirsa: 05040058

Page 241/290




Models so far are driven:
- completely random (“classical”)
- completely deterministic

- correlated in intensity

Insis#*to show that SOC with random driving can have time correlations

(B) Try to make the space-time-intensity features of sandpiles closer to reality

View a sandpile as a box with an input and output:

Can simple correlations in the slow input be transformed into a complex bursty

output?

Pirsa: 05040058

Page 242/290




Models so far are driven:
- completely random (“classical”)
- completely deterministic

- correlated in intensity

Insist to show that SOC with random driving can have time correlations

(B) Try to make the space-time-intensity features of sandpiles closer to reality

View a sandpile as a box with an input and output:

Can simple correlations in the slow input be transformed into a complex bursty

output?

Pirsa: 05040058

Page 243/290




Models so far are driven:
- completely random (“classical”)
- completely deterministic

- correlated in intensity

Insist to show that SOC with random driving can have time correlations

(B) Try to make the space-time-intensity features of sandpiles closer to reality

View a sandpile as a box with an input and output:

Can simple correlations in the slow input be transformed into a complex bursty

output?

Pirsa: 05040058

Page 244/290




Models so far are driven:
- completely random (“classical”)
- completely deterministic

- correlated in intensity

Insist to show that SOC with random driving can have time correlations

(B) Try to make the space-time-intensity features of sandpiles closer to reality

View a sandpile as a box with an input and output:

Can simple correlations in the slow input be transformed into a complex bursty

output?

Pirsa: 05040058

Page 245/290




Models so far are driven:
- completely random (“classical”)
- completely deterministic

- correlated in intensity

Insist to show that SOC with random driving can have time correlations

(B) Try to make the space-time-intensity features of sandpiles closer to reality

View a sandpile as a box with an input and output:

Can simple correlations in the slow input be transformed into a complex bursty

output?

Pirsa: 05040058

Page 246/290




Models so far are driven:
- completely random (“classical”)
- completely deterministic

- correlated in intensity

Insist to show that SOC with random driving can have time correlations

(B) Try to make the space-time-intensity features of sandpiles closer to reality

View a sandpile as a box with an input and output:

Can simple correlations in the slow input be transformed into a complex bursty

output?

Pirsa: 05040058

Page 247/290




Models so far are driven:
- completely random (“classical”)
- completely deterministic

- correlated in intensity

Insist to show that SOC with random driving can have time correlations

(B) Try to make the space-time-intensity features of sandpiles closer to reality

View a sandpile as a box with an input and output:

Can simple correlations in the slow input be transformed into a complex bursty

output?

Pirsa: 05040058

Page 248/290




' My new model

Place where grain is added (©O) moves as a random walk
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Model in 2d
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Model in 2d
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Conclusions

To further understand critical phenomena:

Tools and ideas from statistical mechanics

Novel approaches

Simple models, but with features*closer to reality

Self-organized criticality
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New phenomenology: Distribution of aftershock distances

typical length |/,,, ~ 107"
o = 0.3+ 0.4 # “classical’ &

— 1/2 of aftershocks within the rupture area
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