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My background is wind energy and turbulence
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https://www.youtube.com/watch?v=dRht4tkQJIM

what is an extreme event?
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Snow avalanches
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earthquakes
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Figure 2. Exemplary recording scheme and intracranial electroencephalographic (iEEG) time series.
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market crash

the economist March Ist 2007
stock decline on Febr. 27th

grey tuesday

- extreme event

- ,,According to Goldman and Sachs, the latest

jump in VIx (a measure of stock-market volatility)

took it eight standard deviations from is average. If conventional models
are correct, such an event should not have happened in the history of
the known universe.”
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“extreme events are generally easy to
recognize but difficult to define.”

Stephenson, D. B. (2008). In H. F. Diaz & R. J. Murnane (Eds.), Climate Extremes and Society. Cambridge,

rare or extreme events categories:
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rare or extreme events categories:

1) Extreme events :
- based on statistics
- based on effect - outcome
- above threshold leads to damage

- coupled to a system - same event may be extrem or not
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The .
Economist

Rare big events

Events x_I,i1=1,...,N

V9999999

What is the probability of x_i > B, | 8 ¢ event
GauB-distribution -> extreme value statistics P (3% ‘557, > b )

= .

S Deviation from mean value

N ‘ VEVENEVE VY

o 34.1% | 34.1%
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0.0

The magnitude of the events is asked - xx ¢
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Rare big events

Events x_I,i1=1,...,N

V9999999

P (mz ‘CIL‘Z > B ) What happen if p is not Gaussian
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energy resource: wind gusts INTERNATIONAL IEC

STANDARD 61400-1

Third edition
20056-08

measured time series
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wind measurements and data analysis

W characterisation after IEC norm
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statistics of gusts

v wind fluctuations can be measured by velocity increments

Ur

= u(t + 7)
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Boundary-Layer Meteorology 108 (2003)
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statistics of gusts non-Gaussian called intermittency

P(uIG_l) T=4S5

0 | Prob(u, > 60) ~ 1074

10° "y 106 1/day

10—10 |

=> Importance of statistics p(x)

Prob(u, > 60) ~ 10~

— 1/3000 years

Boundary-Layer Meteorology 108 (2003) ~
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Oscale dependent quantity for measuring the disorder

return or log return for different time scales

O(x.r) => r(t,T) = x(t+T)

x(1)

or R(z,t) =1og r(t,7)
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extreme events

- ,,According to Goldman and Sachs, the latest jump in VIx (a measure of stock-market
volatility) took it eight standard deviations from is average. If conventional models are
correct, such an event should have happened in the history of the known universe.”

statistics of daily VIX data
Gaussian distribution
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rare or extreme events categories:

1) Extreme events :
- based on statistics
- based on effect - outcome
- above threshold leads to damage

- coupled to a system - same event may be extrem or not
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rare or extreme events categories:

1) Extreme events :
- based on statistics
- based on effect - outcome
- above threshold leads to damage

- coupled to another system - same event may be extrem or not
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Distribution of wealth

The event being extreme depends on the
Wealth distribution
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rare or extreme events categories:

1) Extreme events :
- based on statistics
- based on effect - outcome
- above threshold leads to damage

- coupled to a system - same event may be extrem or not

2) event and system
- outside of the system, driven by external parameters

- Intrinsic feature of a system
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events driven from outside
- Changing parameters

unstable fixed point -
Saddle point

System jumps away to a hew attractor
far away from the past dynamics

Extrem events :

- blue sky catastrophe

- In phase space a non local effect

Example climate change

lh'ln' i | e

| Evolving parameter
————————————————————
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rare or extreme events categories:

1) Extreme events :
- based on statistics
- based on effect - outcome
- above threshold leads to damage

- coupled to a system - same event may be extrem or not

2) events and the system
- outside of the system, driven by external parameters

- intrinsic feature of a system

N

24 ForWind \

Zentrum fir Windenergieforschung




events and the system

Extrem events :

- blue sky catastrophe - in phase space a non local effect

- event within the system

Reason may be

- intrinsic system property Gf Sudden excursion| over a threshold
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events and the system

Extrem events :

- blue sky catastrophe - in phase space a non local effect . _
Extreme value statistics - extreme events are rare and independent

- event within the system
8

Reason may be

- intrinsic system property 6-.
) - L
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events and the system

Extrem events :

- blue sky catastrophe - in phase space a non local effect Extreme values are part of the whole system
- event within the system Of all data
Reason may be °
- intrinsic system property 6 1
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rare or extreme events categories: — take home message

1) Extreme events :
- based on statistics
- based on effect - outcome
- above threshold leads to damage

- coupled to a system - same event may be extrem or not

2) events and the system

- outside of the system, driven by external parameters

- intrinsic feature of a system
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“extreme events are generally easy to
recognize but difficult to define.”

Stephenson, D. B. (2008). In H. F. Diaz & R. J. Murnane (Eds.), Climate Extremes and Society. Cambridge,
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rare or extreme events categories:

1) Extreme events :
- based on statistics
- based on effect - outcome
- above threshold leads to damage

- coupled to a system - same event may be extrem or not

2) events and the system
- outside of the system, driven by external parameters

- Intrinsic feature of a system

3.) what do we want to know?
How likely is an event
Forecasting of events
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rare or extreme events categories:

1) Extreme events :

- based on statistics
Part B :

Aim of this talk

Rare events :

- based on effect - outcome
- above threshold leads to damage

- coupled to a system - same event may be extrem or not
Statistics and structures

as intrinsic features of a complex system
2) events and the system P y

- outside of the system, driven by external parameters

Turbulence - wind gusts

- Intrinsic feature of a system
Water waves - monster waves

3.) what do we want to know?
How likely is an event

Forecasting of events
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Content - Part B

Systems of extreme events
multi-point statistics — main idea
scale-dependent Fokker-Planck equations

consequences
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Nonlinear Schrodinger equation (NLSE)
Y 10%y

SRV

2 o2

coherent structures statistical approach-
(Instabilities) extreme events

waves and turbulence

Navier Stokes equation (NSE)

1
Opi+ (UV)ii=—-—Vp+vAi, Vi=0
0

How to approach?

Aim - general joint multipoint

statistics combines both sides
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rogue wave - measured data

Wind data

Sea of Japan data from N. Mori What is an exeme event?
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Content - Part B

Extreme events
multi-point statistics <— main idea - > we want to get statistics and structures

scale-dependent Fokker-Planck equations

consequences
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Data set 1(x) / h(x)

u(x)

xOxl x2 X X X

o
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Aim to get the joint multi-time statistics p(u(x,), u(x,), ..., u(x,))

can be expressed by statistics of increments 1, = u(x + r) — u(x)

puxp), u(xy), ..., u(x,) = p(u, U, ..., u, ,ux,))
J.P., et al., Annu. Rev. Condens. Matter Phys., 10 (2019) 107
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Data set u(x) / h(x)

How to simplify

plu(xo), (1), ooy W(T0)) = P(Upqs Upy s oeees Up 1 U(T))

Connection to set of increments - typical turbulent cascade description

J.P., et al., Annu. Rev. Condens. Matter Phys., 10 (2019) 107

o
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Data set u(x) / h(x)

How to simplify - use conditional pdfs

P(u(g), w(x1), s (X)) = P(Upqs Uy y eeeey U 5 U(XTy))

= DUy Upry s vy Uy, (X)) Plu(xn))

P, WU oy ey U s WX )P (U o |oees) e P(Urg |u(y)) P(u(xy,))

Simplification of multi-conditioned pdfs

DU Uy (g ey U s W(Tg)) =7

(u’f‘z‘ ) J.P.,, et al., Annu. Rev. Condens. Matter Phys., 10 (2019) 107

o
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Data set u(x) / h(x)

How to simplify - use conditional pdfs

DUy Uy 5 weeny U 5 U(T))

= DUy Upry s vy Uy, (X)) Plu(xn))

p(u(zg),u(xy),...,u(zy))

P(Ur N Up oy eeeey Uy, W) )P(Uge, o ]eeen)eee DA

Simplification of multi-conditioned pdfs

Upe, 11y weeny Uy, W( Ty )) =2

= p(ur,

/ \

7 plUr,; )

p(um

Ur, 1, U(Tn)) Holds - three point closure o ]

J.P.,, et al., Annu. Rev. Condens. Matter Phys., 10 (2019) 107 .

o
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Joint- n-point statistics simplifies:

P(Ur N Up oy ooy U, W) )P(Uge o ]eeen)eee DA

u(x)
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Joint- n-point statistics simplifies:

p(tr; Uy, U(Tn))

Turbulence Waves
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&(r3) [o.]

Joint- n-point statistics simplifies:
Three point closure

441 ............... ’y.
Py (Ui gy weeny U s W T ) )D (U, |onn) v D(Urg () P(U(Tr)) = P(Upy (U g (T ) ) D( U, o | U,y U(Tr,)
DUy [ Up; 5 eveey Upg) = P(Up; [Up; 1, U(T))
Idea of cascade - increments from large, L, to small scales 7
L — r— 1
NN ... NN .

Turbulence

p(5(r3) |5(r2) =0)

-1 0 1
&(rs) [o.]

p(E(ra) [E(r2)=1)

(©)

-1 0 1
§(rs) [o.]

»
N
N
o
nN

&
5e-05 1e-03 5e-02
L1 L1 | - |1
L, -
l— .
|
‘!‘\‘(
T s
-
d
4

universitdt|OLDENBURG

ForWind \;

Zentrum fiir Windenergieforschung

eeeeee
nnnnnnn




Content

Extreme events
multi-point statistics
-> structures and forecasting

consequences
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results and claims

cascade process in r and estimation of Fokker-Planck equation,

-> new class of stochastic processes for n-point statistics. => forecasting of future (here waves but also wind gusts...)

plu(zn)|u(zn_1),...,u(xg)) =

p(u(zo), u(21), ..., u(2y))
p(u(zo), u(z1), ... (mn 1)) >
P(Uppy 15 Uy oy weey U, U(Tp))

p(u’l"n_g y Up,, oy eeey Uprg, u(xn—l))

——
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Surrogate wind speed fluctuations from Fokker-Planck Equation

Measured

Surrogates

See also Poster F. Kbhne
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hew data sets

-> new class of stochastic processes for n-point statistics

(b)
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hew data sets

-> new class of stochastic processes for n-point statistics

Measured time series measurements

ONELOO

artificial
with rogue wave in data

reconstructed time series

surface elevation h/ m

artificial
*without* rogue wave in data

400 —300  —-200 _ —100 0 100 200 300 400
(t'trogue)ls
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Forecasting of rogue waves - ROC analysis

Pextreme = / p(h*‘hl, T1;...3 AN, TN)dh*
h“r
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| | jéi (a)
rogue wave - large deviation § s
Data from sea of Japan & 1 | .
O1IaRAN £ o it il
=> F. P. Equation £ .

45000 45500
Time (s)

stochastic simulation of very rare events -

“Trajectory-Adaptive Multilevel Sampling” (TAMS)
Lestang, T. ; Ragone, F. ; Bréhier, C.-E. ; Herbert, C. ; Bouchet, F. :
Journal of Statistical Mechanics: Theory and Experiment 2018 (2018), Nr. 4, S. 043213
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non-linear Schrodinger equation EL :

Predicts structures of rogue waves
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Multipoint statistics by 3-point closure leads to realistic data
- including extreme events and forecasting
- predicts also unseen events

We get correct

- probabillities,

- Spectra,

- higher order structure function




Multipoint statistics by 3-point closure. - literature

ANNUAL

li
o o »
{\®l REVIEWS Physics of Fluids
Annual Review of Condensed Matter Physics

The Fokker—Planck Approach An open source package to perform
to Complex Spatiotemporal basic and advanced statistical analysis of

Disordered Systems turbulence data and other complex systems

, Cite as: Phys. Fluids 34, 101801 (2022); https://doi.org/10.1063/5.0107974
J. Peinke,'* M.R.R. Tabar,’ and M. Wichter! Submitted: 07 July 2022 « Accepted: 16 September 2022 « Accepted Manuscript Online: 18 September
) 2022 - Published Online: 21 October 2022
‘Tnstitute of Physics and ForWind, University of Oldenhurg, D-26111 Oldenburg, Germany;
email: joachim. peinke@uni-oldenburg.de
? Fraunhofer Insdtute for Wind Energy Svstems, D-26129 Oldenburg, Germany
*Department of Physics, Sharif University of Technology, Tehran 11135-9161, Tran

http://github.com/andre-fuchs-uni-oldenburg/open_fpe_ft

Annu. Rev. Condens. Matter Phys. 2019. 10:107-32
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2nd lecture ???




Joint- n-point statistics simplifies:

p(tr; Uy, U(Tn))

Turbulence Waves
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Joint- n-point statistics and three point closure => Markow process in scale

u(x)

increments u. = u(x + r) — u(x)

Cascade path u( - ) goesfromu, to u, andry>r > ...r>...r

N

[ )
ForWind ¥
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Markov- process in scale -> Fokker Planck equation (Kolmogorov equ.)

82
D(l)(urjyrjau(xl)) | 52 D(z)(urjarjau(xl))}p(u?“j|u7“k7u($1))

0 0

Pl i uln) = (= 50

Drift and Diffusion coefficient can be “measured”

r

D™ (u,r) = lim A M) (u, r, Ar),
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multi-point characterisation (FP for turbulence)

Drift and Diffusion coefficient can be “measured”
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2
I 0,
. 2
r.] au’f‘j au,r.j

1y Pttt (1)) = {

Drift - DD Diffusion - D Higher order KM
9 ' y ; T ' [ T-'- T T T ;4 T T T T T |
—t— — 00 & < oo o (0o 1 T . — O t O /6
i | C =i =g < (<o — q q i
: -%I ¢ q = £ t Gq/g : < ). T . q = 0 - - Gq 8 --- T © - -: X q = -Cq + O’q/G gl T
- Xl = i-csquC//G: | X Q% -0qt0yb TH U+ + q= Oq *+ Gg/6 H
— - t 9= 9q=09¢0] < _rI-L- t Q= + —_ TH -*'D,
o { <= ] &g | |
- : 1 © 1 B L1 © [4IF K
: ME: i1 14 gL, 4
o f | | Mt |
" 1 | N ? T . RRA S
(1:—) ) I ] o, 1 1 1 1 | | | 1 | =
-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 4 0 1 2
§Icw é/Goo D( é/ﬁ-ﬁo

White noise - Paula theorem

2 2 => Langevin equ
DW o 4, D@ x A+ u?
And Fokker-Planck equ.
Stresing et.al. New Journal of Physics 12 (2010)

Renner et.al JFM (2001
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multi-point characterisation (FP for turbulence)

0 0

82
7 g Pl lurs u(@1)) = { '

|
2
ou;.

} p(u’rj ‘um ) u(xl))

Our.,

Drift and Diffusion coefficient as a function of r can be “measured”
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Recipe for stochastic analysis

s w BSasansinasenens l.‘ M’N‘V
data = JJ‘M M,WMMJ" i NWV \M i
. " t[Si or x [m] | p(h(xo), h(xl), c ey h(xn))
Joint - n-point statistics reduces to
conditional pdfs .
L - I’ - T] p(uf'“q: urz’+17u(xn)) Z:*: '
YA Yo TN oY o SN AT g

Drift - DV Diffusion - D¥
Fokker-Planck equation describes the cond- pdf 1 =
: = 0.2
§'1~ €§().1
d 0l

Uy /",0- o0
- N
ForWind \
OSSIETZKY
universitdt|OLDENBURG Or I n HaBnrﬁanZ':
g

Zentrum fiir Windenergieforschun Oldenburg



Recipe for stochastic analysis p(u(xy), u(x,),

data sl o MMN( »ﬁh H'\M j
6‘ 0.5 '|l ‘115 .;_ 215A é A35 4

Physics of Fluids TUTORIAL scitation.org/journal/phf

Joint - n-point st:
An open source package to perform basic

and advanced statistical analysis of turbulence
data and other complex systems

Cite as: Phys. Fluids 34,101801 (2022); doi: 10.1063/5.0107974 / 1
Submitted: 7 July 2022 - Accepted: 16 September 2022 - 12 L]
Published Online: 21 October 2022 View Online Expor: Citatior CrossMark D (2)

André Fuchs,'® () Swapnil Kharche,” Aakash Patil,” (") Jan Friedrich,' (%) Matthias Wachter,’
and Joachim Peinke'

Fokker-Planck e«

)9 h(xl)a .

o ux))

.., h(x))
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stochastic cascade process: Fokker - Planck equation

| —

r —— 1

BT AT AN Y A

0 0 0?
7“3'5, p(urj‘uTIC?u(:El)) = { D(l)(urj7rj7u(331)) | 5 D(2)(urjarjvu(371))} p(urj|urkvu($1))
T Oy, | | 8u,rj
What can we do with this?
IOP PUBLISHING REPORTS ON PROGRESS IN PHYSICS
Rep. Prog. Phys. 75 (2012) 126001 (58pp) doi:10.1088/0034-4885/75/12/126001

Statistical non-equilibrium physics

Stochastic thermodynamics, fluctuation
theorems and molecular machines

Udo Seifert

11. Institut fur Theoretische Physik, Universitat Stuttgart, 70550 Stuttgart, Germany

Received 18 May 2012, in final form 6 August 2012
Published 20 November 2012
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stochastic cascade process: Fokker - Planck equation

L — r— 71

BT AT AN Y A

0
K 8ij(urj s 1) 8%'“3- Ou; -} p(urj s 1)

- non equilibrium thermodynamics

- Entropy (Seifert 2005)

- Fluctuation Theorem

- Hamiltonian for cascade - instantones
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entropy of cascade trajectories

2nd law : entropy balance

there are two contributions of the entropy (cf. Seifert 2005) to the subsystem

(1) interaction with the medium results in power done on the subsyst

for the cascade path u;

» Nickelsen Engel PRL 110 (2013)
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For each trajectory we get an entropy production term

u(x)

| ' T M r
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For each trajectory we get an entropy production term

for each cascade path u( - ): u_L ->u_r an entropy value is obtained
AS is a fluctuating quantity with positive and negative values

AStot (Ur) M)\ﬁ by 4 AWW’WMMM I Av, MMM

uL AHII‘UAA"JH.AH“M. ‘ ‘.LL“:LI “ ‘I.HA." Ml h“ .“A.h‘ll“hJ l.l.ll”m Hn Llll.ﬂlh‘.l'.l ml “i “h‘h‘.,l.‘t.lnlyl"..‘l‘,ll ‘,l.
" W1 | VW R '| l‘|'W ] Y i ! | , " "1”1' " ‘ [ 1] l| | [ 'R | l|| | '
’U/A ,AL.L,A '.nlwhvl,',nul M‘M,A”J“ .xanu.lm A..,.,‘,urux‘“.,.,,.hl'.nl,.,A N‘..m.x.n,u u.'l'.”. '.'_MA' A g ] v,uLuA.' i ﬂ,'.,.n 'Ih‘.A_‘h,.T.,. |
1.1510% 1.16:10%4 1.17-10% 1.18:10% 1.19-10% 1.20-10%
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For each trajectory we get an entropy production term

extreme event

AS‘L' ot (u’r') MMVMJ LML V‘URWA."J\VA"‘VA |.n'1.'Tm.._L“.,llll“_l.l_‘l.'lll“d“J',_“L'..'“l”’L m “lnldl

.“An‘uul'uﬂ..nlin.l & “ ‘I.H.Avl [V ln“_ ‘llAAlL‘l“th ‘.lll”m i \ltl.ﬂlllL'.l nll “I “‘L‘IA‘.‘I.L.
"H"lll ] |vvn'vvv | , " "l]'l"' ‘!' " ' B/ VU UY Y[V l'

AStOt (ur) < 0

event

small W], with high probability

large U ),  with low probability

w
AL.L.‘ ,‘“‘,-.-.‘ n L;.J “'h A l” :“l J"L‘JL‘|A‘ An1'.‘4,.1."“1‘“.'.“&‘"n“u’n nll.hﬂ.‘ LM l,“‘l,‘.,' L Ml' Al'._..“. A uLul.' ' “.'
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For each trajectory we get an entropy production term

So what?
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with positive entropy

9

200

r/\ 108 0 N

u, = 0forr — 0

1/3

Kolmogorov41l wu, ~r

with negative entropy

u(.)‘stot<0

(b)

‘ur |AS¢.,¢ =0

U, > 0forr — 0
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AS;or [u(-)]is linked to distinct local turbulent flow structures

K41:u, o ri’?
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AStotE Uy ) < 0

event

small U, with high probability

large U )  with low probability

extreme event

Negative entropy events are small scale structures !!!!

Are these indication of shocks?

< |ur > |AS

Julr]

A. Fuchs et al Phys. Rev. F 5, 034602 (2020)

CARL
VON

universitdt|OLDENBURG ForWIn

OSSIETZKY
Zentrum fiir Windenergieforschung

~y
O

Bremen
Hannover
Oldenburg



Negative entropy provides access to intermittency

finite increment at small scales

‘u,‘> 0 for r — A

By |
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Negative entropy provides access to intermittency

,,,//)\ 10" 0 N

finite increment at small scales

‘u, >0 for r — A
100
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60 |
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Negative entropy provides access to non-Gaussian statistics
intermittency - small scale structures

Further examples - P0pc - 1=4

Waves and Lagrange turbulence v |

10—6 :'

1070 |

‘C/T’ Ossi k“‘ a O
arl von Ossietz
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Lagrangian particles in turbulent flow - old challenge

2 1 J 1\ E.NJ U
— 4000
8 1 g 2000 ' ~
N F= 0
g © —-2000
O S . o
- e ~4000 - ' |
2 S 0 10 20 30
B \*\\\ IR : ;’/_/\//// 0
2
Y (cm) 4y (cm) Events of high particle accelerations

Typical trajectories

Nicolas Mordant et al. New Journal of Physics 6 (2004) 000
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Consequences of stochastic process of i_

®* Forpathu(-) an entropy can be defines, fluctuating quantity

AS,; |uC )| = ASy [u( )] + AS,ey [u( )]

* Negative entropy events -> biggest u, (or acceleration: a = MAEM/ A, events)

* Positive entropy events  -> small 1,

= Entropy are connected with structures of Lagrangian turbulence

2
(2)
) Anormal - intermittent
5 | ]
<1
~ i
=
0.5 4000 _ - ~
CE &~ 2000 | |
F i © —2000 |
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Negative entropy provides access to intermittency - small scale structures

Further examples -
Waves and Lagrange turbulence

2-dim flow structures

f 0 k“ . O
arl von Ossietz
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entropy and structures

application to high speed PIV measurements:
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Negative entropy provides access to intermittency - small scale structures

Further examples -
Waves and Lagrange turbulence

2-dim flow structures
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rogue wave: event of negative entropy production

ASioi(&7)

- ]
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stochastic cascade process: Fokker - Planck equation

L — r— 71

BT AT AN Y A

0
K 8ij(urj s 1) 8%'“3- Ou; -} p(urj s 1)

Statistical approach: multipoint statistics, new data sets

- non equilibrium thermodynamics
- Entropy (Seifert 2005)
- Fluctuation Theorem

- Hamiltonian for cascade - instantones

eeeeee
nnnnnnnn

VON d
universitdt|OLDENBURG Or In

Zentrum fiir Windenergieforschung



entropy of cascade trajectories - non-equilibrium thermodynamics

Cascade trajectories u(-) set of increments for fixed x and changingr, L>r>n

(€) - entropy of cascade trajectories

—p
injection

"""" Ao L
Q@ o . Statistics of entropy
OO D
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* Fluctuations
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Integral fluctuations theorem a new precision law

nonequilibrium thermodynamics

100+

- a new rigorous entropy law for turbulence =

- should hold, if the non-equilibrium thermodynamics is given by a Fokker_Planck equation

° v
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integral fluctuations theorem a new precision law
IFT for 60 different data sets

1.4+
ol Dataset | Rey [-] Lmm] A [mm]
1
. i) grid 153 25.0 2.61
9 _ iii) cylinder| 894  25.2  3.35
30 g% —Grid | iv) jet (2) 996 1.95  0.186
v ——Jetl vii) jet (1) 166 62.5 5.84
- —e—Cylinder|
0.61 v Jet2
e

N. Reinke et al. JFM 2018
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Integral fluctuations theorem a new precision law
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A. Fuchs et al, A Rigorous Entropy Law for the Turbulent
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In( p(AStOt) ) X AStot

Entropy balance for Eulerian/Lagrangian turbulence D (DS.) % p(_BS.)ebsm
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Integral and detailed fluctuations theorem

Give balance of negative & positive entropy events - .~
And ,explain® non-Gaussian statistics

ur,

U\

Introduction

- monster wave

Are extreme wave (extreme structures) part of the system or additional structures?

- wind gusts

Non- Gaussian statistics of wind fluctuations

Surface height (m)
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stochastic cascade process: ngkerr - Planch equation

BT AT AN Y A

0 O o2
o) - 2 D) . G ..

Statistical approach: multipoint statistics, new data sets

- non equilibrium thermodynamics

- Entropy (Seifert 2005)

- Fluctuation Theorem

- Hamiltonian for cascade - instantones & entropons

A.Fuchs , C. Herbert , J. Rolland , F. Bouchet , PRL 129 (2022)
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------------------------

Entropons: Instantons conditioned on entropy

Langevin equation for trajectories (stochastic process for cascade) —9,u, = D(l) (u,, r \/9(2) (u,, F)I(r) @C:@’O C:ﬁ Cov
VECD20 QQODGO

______________________

@ ¢c o oz o¢co 0o oqc

. Path integral formalism: probability of a trajectory is proportional to ¢—Au(")] w, ¥

e Aisthe Onsager-Machlup action given by

A (g - DW + D@ y2)*  p) ]
[U()] — 4D(2) ! 2 r

Instantons are paths linking u; and u,, given by the variational problem
Alug, uy) = ir;f {Au()] | u(L) = up, u(X) = up}

Entropons: instanton for fixed entropy -> constrained variational problem

A(S) — IDLf {A(UL, ::ﬁ)‘(s, UL)) + f(UL)}

Teqomapes|
87 niversita ForWind \/.-
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Entropons: Instantons for given entropy

- where &/ in an action

path integral formalism probability of a trajectory is proportional to exp | —<f [u( : )]

and given by

For path i, to ufinstantons are given by the variational problem

A(uy, uf) = 1nf { A [u( : )] | u(s;) = uy, u(sf) = uf} For given entropy of the trajectory we get
u
Which leads to the Hamiltonian A(S) = int {&7 ()| +flug) | AS,ey [u()| =S }
u
J. Rolland From what is follows -
C. Herbert . p [ __s s
u(S, uy) = 4| — (e “+2 — 1) + uje <+
F. Bouchet 14
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Entropons: Instantons conditioned on entropy

Langevin equation for trajectories (stochastic process for cascade)

. Path integral formalism: probability of a trajectory is proportional to ¢ —Al4()]

e Aisthe Onsager-Machlup action given by

[ (; — pQ@) 1(2) /9)2 /(1) ]
L

4D() 2 Simplified process
Entropons: instanton for fixed entropy -> constrained variational problem —_—
—0,u, = D(l)(u,) + 1/ D@ (u )T (r)
For given entropy of the trajectory we get
DV(u) = —(a+7)u
AS=inf{&iu- + f(uy) | AS, ., |u( - =S} ' '

From what is follows -
S S
ﬁf(S, I/lo) — é <€ a+ly — 1) -+ uge a+2y

oy
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Simplified process

Entropons are an underlying order within turbulence  mmssitee  pO(y,) = —(a+9)u,
Uy D(z)(ur) — )8“"7“3

(f = 0) -> Kolmogorov 62 scaling

=i (f # 0) -> Intermittency correction
——
injection A

hé!' O (’.!5 For given entropy of the trajectory we get
'/ o':, @ .
transfer ,,’ . ,‘/ \\\ ‘.“ A(S) p— 1nf { ﬂ [u( . )] +f(u0) ‘ ASmed [I/t( . )]
OCOPYCHV u

1 P
| - | s

I
i 4 ’ !
' OC20PCYLAUIIDCV
. ""f’ ______ W SRy - e = -
,/ ¢ \
= ® HC QPO 0PICH 0OUVORC
— ) L’ \ \
dissipation 2 Ho on os ovoebeo voo of%

From what is follows -

~ b/ __ s s
u(S, uy) = 4| — (e at2 — 1) + uje ¥
instantons with f # 0 /

and AS < 0 condition

contribute to the non-

Gaussian statistics at
small scales

T N
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Simplified process
Entropons are an underlying order within turbulence  mmiee—  pW(y,) = —(a+9)y,
D(z)(u,) = B+qu

(f = 0) -> Kolmogorov 62 scaling

=i (f # 0) -> Intermittency correction
——
injection
v
transfer

—
dissipation 2

IFT + DFT:
Statistical balance

instantons with p#0 | | ,_ |
and AS < 0 condition | = s."-;. of entropy events
contribute to the non- - § ’

Gaussian statistics at
small scales

oy
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Entropons are an underlying order within turbulence

g
injection
hei
transfer /!
O G’ .
' U¢DU C¢OQDOGQ
he f'bC Q O;o o:>co oooqc

\\
dissipation 2 ’dooo

Forbidden region

Due to f# # 0
D@(u) = B+u => Not K62 - breaking scaling symmetry

— “‘
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Turbulence and rogue waves
Nonlinear Schrodinger equation (NLSE)

Ay 10%y .
! f | =0
0x 2 ot? g

Navier Stokes equation (NSE)

1
oji+ (uV)ii=—-—Vp+vAi, Vi=0
0

How to approach?

0

O,

: 24 cohere_nft _structures statistical approach-
m (Instabilities) extreme events
- A
| Aim - general joint multipoint
EL : statistics combines both sides
J,
" A f » 0

—Tj8_7“j (wr; |ty , u(21)) = 1=

D(l) (u’r‘jarja U(CIZ‘l)) T

CARL
VON
OSSIETZKY

® Y
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p(u(xy), u(xy), ..., u(x,))

u [m/s]
= N
) =S TN O W
-:;é%ééééiifég
;k.__

.0 T 05 1 1,5 2 ‘ELES‘ T3 3,5 T4
t [s] or x [m]

Data analysis - ML (Machine learning) of stochastic equations

10
*+

T T T ! :-'- - L ! 1 L
- %x - —w <[ <o ' [To) | - < (<00 111 - T e (= 0i0q/6 T
- - gq= 0 + GQ/G . o It .« g% 0 + Gq/g 1 .Jf' o ) X Q= -oq + O’q/6 T
- . q=-9q* O'q/6 1 x Q=%-0qt0 (6 H | = O6~+06./6 Ji 8
e A g= (5q + o-q/6 ’ < 4 ¢ - ! 1 q q PL - (4] + Q= q—Yq -
- 3 y — o [U & ' 4 &3 o 78
oo o N ilh - 0o Sz
i [a) 1 - R ™ i
MK " 7] it
o 9 - X1 a
3
9 ~ | o 1 =
-2 -1 0 1 2 -2 2 -2 -1 0 1 2

Langevin equation

-D“)(ur, r) + \/D(2)(ur, r)n(r)

CARL ) -
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p(u(xy), u(xy), ..., u(x,))

u [m/s]

==
=
=
ik?
§
==

3--—"5_

.........

Data analysis - ML (Machine learning) of stochastic equations

9 T T T T T

_——oo<q<00 (o | _ {q(“ k“.l- - TT . q= 010q/6
3 + 9= 0 *oy6 S [ . 9+ 0 tog8 I[lt O X q=—0q* 0gl6
s 5 ORIA scitation.org/journal/phf

An open source package to perform basic
and advanced statistical analysis of turbulence
Fokker-Planck eq| data and other complex systems ) Pl firy uln))

Langevin equatio
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Open questions
- Are nonlinear partial diff. equation equivalent to cascade Fokker-Planck equations?

Vu=0

Is the fluctuation theorem of entropy a new constraint of extreme events (instabilities/structures)?

- Entropons show the entropy is linked to structures - big increments

- what is the role of noise? For turbulence it is an intrinsic part of the system - for solitons?

Diffusion - D'® o u?

; - m—— / N7
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