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Magnetic domain wall dynamics and
correlated activated events below the
depinning threshold

* Driven domain walls in thin film ferromagnets as a
paradigmatic example of the universal dynamics of
driven disordered elastic systems (in particular below
the depinning threshold).

* New phenomena — theory?
* New predictions — experiments?
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Thermal Effects?. Universal activated dynamics?
How good is the minimalistic elastic interface model for concrete
systems?, Dynamic universality class of domain wall dynamics?

“Irreversible colle_ctivé“{'umg_s”: statics, depinning, and in between... |
J— Sl R S l__"f;*' .._i o ‘J

)



Pinning dependent field driven domain wall
dynamics and thermal scaling in an
ultrathin Pt/Co/Pt magnetic film

[J. Gorchon etal, PRL 113, 027205, July 2014]

-J. Gorchon, J. Ferre, V. Jeudy [LPS, Orsay]
- S. Bustingorry, A.B. Kolton [Bariloche]

“T. Giamarchi [Geneva]



Thin films
e~ 0.5nm

UP Response to H in

Magneto Optics the UP direction?


file:///home/ale/Dropbox/charlas/charla_Cordoba/magnetic_domain_walls_ferre_group.avi

TRANSPORT PROBLEM

Mean velocity V vs applied field H and Temperature T ?

V(H,T)=?






V(H,T)?... does it matter?

Interfaces Motion control — Applications

Disorder vs Elasticity — Universality

[in collective transport]



Similar Effective Physics

Contact lines in partial wetting Fractures
Moulinet, Rolley (Paris). Bonamy, Ponson, Santucci (Paris, Lyon)

Laurent Ponson's talk

Earthquakes models

with different writing times
J Jagla, Rosso

Ferroelectric Domain Walls
P. Paruch et al., (Geneva).




Elastic String in a Random Medium

equation of motion for u(x,t) ?


file:///home/ale/Dropbox/work/Ezequiel-Alberto/Creep/Movies/realavalanches.gif

A minimal model

... to capture the competition between disorder and elasticity
and to predict the response to a driving field

Temperature

VOu(x, t) = cdPulz, ) + Fplu, p)+ [ +n(z,t)
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smoothes distorts and pins pushes

[Note: far more simple than a micro-magnetic model... too simple?]


file:///home/ale/Dropbox/charlas/KITP/creep_at_high_T_langevin_dynamics.mpeg

Do magnetic domain walls in thin films
behave as simple elastic strings in
disordered media”?



Qualitatively OK!

Experiment H+ f Theory

» Scaling Arguments
* Functional renormalization group
* Numerical Simulations

velocity

creep g F
i [~
o t =08nmm [ ), v~(f-1.)"
Y PO — TR m— = o—> f
4 T : equilibrium depmnmg\r (avalanches) fast flow
0 500 1000 1500 | (F o0
H (Oe)
Metaxas et al, PRL 2007 Three-reference nonequilibrium steady states

Pt/Co/Pt films

... and quantitatively?



velocity

Ultra-slow dyamics: creep

» Scaling Arguments
* Functional renormalization group
* Numerical Simulations
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Lopt ™~ f_Veq

Creep Law
e 1987 loffe-Vinokur, Nattermann

« Beautiful scaling arguments, based on Anderson-Kim (1964),
Langer (1967) ideas, and under strong assumptions (to be discused
later on!).

oo 4] -l 4 (5)

Sublinear Universal Response

_ d—2+ 2C€q Nonlinear Transport exponent
= 2 From Statics (geometry)
— Ceq

T 1 Thermal nucleous scaling with force
€eq 2 _ From Statics (geometry)
Ceq

Divergentes Barriers (nucleous) — glassy nature of the ground state



Creep Law
e 1987 loffe-Vinokur, Nattermann

I
N D~ ex _% E Sublinear
> P T\ f Universal

Response
L d—2 s 2C€q Nonlinear Transport exponent
H= 2 _ C From Statics (geometry)
€q
— 1 Thermal nucleaous scaling with force
eq 9 From Statics (geometry)
- Ceq

d = 1, Ceq — 2/3 Huse-Henley (1985), Kardar (1985)

Quantitative precise _ _
predictions i 1/4 Veq = 3/4

Magnetic DW
EXPERIMENTAL TESTS? H < f



A crucial expe riment Vol 458/9 April 2009|doi10.1038/nature07874

Interdimensional universality of dynamic interfaces

Kab-Jin Kim', Jae-Chul Lee"?, Sung-Min Ahn', Kang-Soo Lee', Chang-Won Lee”, Young Jin Cho’, Sunae Seo’,
Kyung-Ho Shin? Sug-Bong Choe' & Hyun-Woo Lee*

Ferromagnetic wire




A crucial experiment Vol 458/9 April 2009/dof10.1038/ nature07874

Interdimensional universality of dynamic interfaces

Kab-Jin Kim', Jae-Chul Lee"?, Sung-Min Ahn', Kang-Soo Lee', Chang-Won Lee”, Young Jin Cho’, Sunae Seo’,
Kyung-Ho Shin? Sug-Bong Choe' & Hyun-Woo Lee*




A crucial experiment Vol 458/9 April 2009/dof10.1038/ nature07874

Interdimensional universality of dynamic interfaces

Kab-Jin Kim', Jae-Chul Lee"?, Sung-Min Ahn', Kang-Soo Lee', Chang-Won Lee”, Young Jin Cho’, Sunae Seo’,
Kyung-Ho Shin? Sug-Bong Choe' & Hyun-Woo Lee*

F* ~H* CROSSOVER?



A CrUCiaI experiment Vol 4589 April 2009 doi:10.1038/nature07874
Interdimensional universality of dynamic interfaces

Kab-Jin Kim', Jae-Chul Lee"*, Sung-Min Ahn', Kang-Soo Lee', Chang-Won Lee”, Young Jin Cho’, Sunae Seo’,

Kyung-Ho Shin? Sug-Bong Choe' & Hyun-Woo Lee*
Si/Si0a( 100 nm)/Ta(5 nm)/P(2.5 nm)/CooFero(0.3 nm)/Pt(1 nm)

nv~-—-HF~ —Lgpt iff Lopt < w  [wire width]

If L, >w the interface behaves as a (single) particle

In(V/V,)
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aHF wil_,

Creep exponent: Lemerle et al, PRL (1998).



So far...

« The velocity-Force characteristics of Pt/Co/Pt thin film
domain walls is qualitatively consistent with the d=1 elastic
string model

e In particular, CREEP motion of Pt/Co/Pt thin film domain
walls is quantitatively consistent with the prediction for the
d=1 elastic string model

3/4
v~el ! y Opt ~ f /
 Universality: micromagnetic descriptions not necessary

(nor practical) for precisely predicting some relevant
observables.



New Questions

e Temperature dependence of the creep law?

Uc
v~eT

fc

(T)‘ua Lopt ~ f_y

e Quantitative analysis at the higher forces?

velocity

(b)

>

thermal rounding . *

v(f)~T".-""




New data!



Velocity vs Field vs Temperature

300K
200K
150K
100K

0 500 1000 1500
H (Oe)

[J. Gorchon etal, PRL July 2014]



Creep vs temperature H < Hgep

0 500 1000 1500
H (Oe)

Tdep H dep 1/4
T H

v = vpe

Non-universal intrinsec T dependencies -2

Tdep (T>7 Hdep — Hdep(T), () (T) 0.15 0.20 01'/?45 0.30
[J. Gorchon etal, PRL July 2014] H(Oe)"



New (old?) regime: "TAFF" H < Hyep

0 500 1000 1500
H (Oe)
. Tdep. 1— H k e
U = Ugep€ g ( fd}J T P $T_50K
4
Effective barriers vanish linearly as H — Hdep _20 | 5(')0 | ]0'00. 15'00.

[J. Gorchon etal, PRL July 2014] H(Og)



velocity

o
fast flow f

| /e (f—>x)

equilibrium depinning



DW experiment in a ferromagnetic film

U G ) Theory?

ID - string

To illustrate:
d dimensional interfaces
in Periodic potentials, near fc:

U(f) ~ = flfe)

See for eg. Blatter et al, Rev. Mod.
Phys. (1994). DRG: A.M. Ettouhami,
Leo Radzihovsky, PRB (2003).

- ; = __ - y
S 1 ; 7
o > '_ ot
B - - - E
A Ly ¥
| G ¥ P r
|
|
/
|
|

! 6—d
| 7]

2D - surface

d-independent linear dependence in a disordered potential (SR):
M. Muller, D. A. Gorokhov, and G. Blatter, PRB (2001).



v~ m0-7)  Theory?

T=0+ Simulations

10 T R ;
~ o~ UN)/T
sf (/1) e :
6 / x .
e >
= ?
4 i _ 2 =
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2N “tu \ i
ot . . *"' T.&&‘
0.0 0.2 0.4 0.6 0.8 1.0

A.B. Kolton, A. Rosso, W. Krauth, T. Giamarchi, PRB (2009), PRL (2006).



velocity

(b)

Matching with depinning

U(H, T) ~ U(Hdepa T)
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Matching with depinning

H

’U(H, T) A~ U(Hdep,T)e_ T (1_ Hdep)

y o T~ (1- 7)) [(d) (a)
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[J. Gorchon etal, PRL July 2014] T (K)



[J. Gorchon etal, PRL July 2014]

AL (2)
0.20
9-1015 o e o o ] o
| | ! Numerics
0.10
. Experiment | Y = 0.15

0 100 200 300
T (K) PHYSICAL REVIEW E 85, 021144 (2012)

Thermal rounding exponent of the depinning transition of an elastic string in a random medium

S. Bustingorry,' A. B. Kolton,' and T. Giamarchi?

imico Bariloche, 8400 San Carlos de Bariloche, Rio Negro, Argentina
*DPMC-MaNEP, Uniyersity of Geneva, 24 Quai Ernest Ansermet, 1211 Geneva 4, Switzerland
ceived 27 September 2011; published 24 February 2012)

We study numerically thermal effects at the depinning transition of an elastic string driven in a two-dimensional
uncorrelated disorder potential. The velocity of the string exactly at the sample critical force is shown to behave
as,,with,,l,b e thermal rounding exponent. We show that the computed value of the thermal rounding
exponent;\u} = D.lﬁ/;ris robust and accounts for the different scaling properties of several observables both in
the steady state and in the transient relaxation to the steady state. In particular, we show the compatibility
of the thermal rounding exponent with the scaling properties of the steady-state structure factor, the universal
short-time dynamics of the transient velocity at the sample critical force, and the velocity scaling function
describing the joint dependence of the steady-state velocity on the external drive and temperature.



Universal magnetic domain wall dynamics beyond the creep regime, up to
the depinning threshold. Consistency with the 1d-Quenched-Edwards-

Wilkinson universality class.

To expose this universality in a concrete system we need to first
disentangle extrinsec and intrinsec temperature dependences.

. vanishing of barriers behaviour near threshold and its
posible conection with the thermal rounding of the depinning transition...



Looking closer at the universal
creep motion
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d =2+ 2(q

Creep Law |

e 1987 loffe-Vinokur, Nattermann

I. Static description of the interface
ii. Energy barriers scale as energy minima

iii. Existence of typical Barriers
b= [ e G+ [t 1 [
> > Ustatic ™ LCeq Estatic(L) ~ Ld_2+2Ceq

d+1 1\ 2= Cea
E[L] ™~ Esta,tic(L) — fL — Lmin ™~ F

d—2+2Ceq

1 2=Geq ™
Emin ™~ (_> — U~ e_/BEmin ~ e—BUc(fc/f)

Divergentes Barriers — glassy nature of the ground state



Creep Law Assumptions
e 1987 loffe-Vinokur, Nattermann

 Equal scaling: enerqgy barriers scale as energy minima — OK

PHYSICAL REVIEW E VOLUME 52, NUMBER 5 NOVEMBER 1995

Scaling of energy barriers for flux lines and other random systems

Barbara Drossel and Mehran Kardar
Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
(Received 18 July 1995)

Using a combination of analytic arguments and numerical simulations, we determine lower and
upper bounds for the energy barriers to the motion of a defect line in a random potential at low
temperatures. We study the cases of magnetic flux lines in high-T. superconductors in two and
three dimensions, and of domain walls i i i i :
show that, under fairly general conditions, energy barriers have the same scaling as the fluctuations
in free energy, except for possible logarithmic factors. This holds not only for barriers between
optimal configurations of the line, but also for barriers separating any metastable configuration
from a configuration of minimal energy. Similar arguments may be applicable to other elastic media
with impurities, such as bunches of flux lines.




Creep Law Assumptions

« Static description of the interface?
« PRB2000 Chauve — Giamarchi — Le Doussal

FRG picture:

R, e Depinning like behaviour for
length-scales larger than the
typical thermal nucleous.

o Ultra-slow far from equilibrium
motion

FIG. 9. Schematic picture of the creep process emerging from
the present study: while thermally activated motion occurs between
scales R_ (Larkin length) and R ; (thermal nucleus size), depinning-
like motion occurs up to the avalanche size R ..



correlation lengths

Creep Law Assumptions

» Static description of the interface? — Only below thermal nucleous

PRL2006 A. B. Kolton, A. Rosso, W. Krauth, T. Giamarchi

Numerics:

E~ (f—f.) Vaen * Confirms FRG picture

Ctherm

gdep

40 —
(fiof e o
% §
0
0

driving force f

(down to d=1):
Depinning roughness
at large scales

* The depinning transition
is not a “standard” phase
transition
[eq. Ising model |



Creep Law Assumptions

e 1987 loffe-Vinokur, Nattermann

» Typical Independent jumps assumption:

How are the distribution and correlations of activated jumps???
« E. E. Ferrero [Grenoble]
L. Foini, T. Giamarchi [Geneval]

* A. Rosso [Orsay]



Futile motion problem for f<fc

X
|

r“-"'-__-f': e .

yOru(x,t) = cOzu(x,t) + Fy(u, x) + f + n(x, t)


file:///home/ale/Dropbox/charlas/KITP/creep_at_high_T_langevin_dynamics.mpeg

Sidney Yip's talk
PHYSICAL REVIEW B 79, 184207 (2009) ﬂ
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Creep dynamics of elastic manifolds via exact transition pathways

Alejandro B. Kolton,"* Alberto Rosso,”" Thierry Giamarchi,* and Werner Krauth**
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PHYSICAL REVIEW B 79, 184207 (2009)
g}

Creep dynamics of elastic manifolds via exact transition pathways

Alejandro B. Kolton,"* Alberto Rosso,”" Thierry Giamarchi,* and Werner Krauth**

L

energy

M

Optimal path: minimal barriers, relaxing in valleys and connecting two
metastable states o and ~, such that £, > E.,.

ABK, A. Rosso, W. Krauth, T. Giamarchi, PRL (2006),
E. Ferrero, S. Bustingorry, A. B. Kolton, A. Rosso, Comptes Rendus (2013)



A sequence of

Is it unique?

metastable states

Does it represent the
Low T Steady state?
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Unique orderded sequence of
metastable states (T=0+ atractor)
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Creep Jumps Distribution

P(s) ~ s 7G(s/Scut)
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1 |
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Creep theory critical thermal nucleous

—T o (2—Ceq) cq
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The velocity is controlled but the cutoff of a powerlaw distributed activated events



Irreversible collective jumps

8= Z §(Ui+1 —ui)® — fui + V{5, u)

CREEP JUMPS:
between metastable states visited by the optimal path in the T — 0 limit

m2

E = Z §(Ui+1 — ’Uﬂ,;)2 -+ T(w — ’U,f,;)2 —+ V(”L,Ur,;)

AVALANCHES:

Between metastable states visited at T=0 (Middleton atractor) by
quasistatically moving w

STATIC SHOCKS:
. Between global minima visited at T=0 by quasistatically moving w.




EVENT NUMBER

Temporal correlations between jumps

Static Jumps Depinning Avalanches Creep Jumps
(f=0, T=0) (f=fc, T=0) (f<fc, T>0)

statics depinning creep
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Creep jumps
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Static shocks
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Inning avalanches
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Geometry & Transport
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ABK, A. Rosso, W. Krauth, T. Giamarchi, PRL (2006), PRB (2009)
E. Ferrero, S. Bustingorry, A. B. Kolton, A. Rosso, Comptes Rendus (2013)



in Domain Walls Dynamics (Pt/Co/Pt films) below the
depinning threshold. Consistency with the QEW universality class.

Typical thermal nucleous controlling the creep velocity
identified as the cutoff of power-law distributed thermally activated
jumps.

Activated jumps have strong temporal and spatial
correlations, compared with depinning avalanches or static shocks...



T-> 0 Steady State: one particle

e At Equilibrium, f = 0, Boltzmann impose P(GS) — 1 for 1" — O:

E =0
=)

Lgs = Lowest Energy

Xgs = ground state

Xgs X

e Occupation probabilities also exist for the 0 < f < f. steady-state dynamics
In a finite system. The T" — 0 limit imposes a dominant configuration.



T-> 0 Steady State: one particle

i
»
2 R
v’
—

Eesc = Biggest escape barrier |
X* = dominant state

e P(X*) —1,whenT — 0

transparent for a particle on a 1D ring [Derrida (83); Le Doussal, Vinokur (95)]



Low Temperature Steady State:
one particle

P (x:T,f), U(x)—-fx

A Ground Stat

LI Critical Stat

(X T.E), Ux)-fx

e 20

0.0

0.2

1.0

1l
oot et
. +
] —_—

E
1e-04 |

1e-06 | 1
- n‘“"”" U~ Q_IIBB%C(JC) ]
! H_uﬂﬂ.ﬂ'l 0.1 1 10

Determina todas las propiedades
X* del estado estacionarioa baja T
en un sistema periodico finito

Is the same valid for the
elastic interface?



T-> 0 Steady State: one particle

.-'- I“\\%

Ux)-tx

Eesc = Biggest escape barrier |
X* = dominant state

=

X x
Can we do the same for the
elastic interface?

transparent for a particle on a 1D ring [Derrida (83); Le Doussal, Vinokur (95)]

e P(X*) —1,whenT — 0



Theorems: interfaces of dimension d in d+1
with convex elastic energy, not neccesarily
harmonic nor local

e Theorem 1: If there is no configuration which lowers the energy of a in the
backward direction, the coarse-grained dynamics starting from « is always
forward-directed.

e Theorem 2. Let o be any metastable configuration escaping into a configu-
ration v with A7 > h® and ~’ any configuration such that Ky > b and having
an energy barrier E7._ > F° :all v’ then satisfy h?' > h?.

‘esc"

e Practical Consequences:

The dynamics is periodic after a single pass of the line around the system,
and we only have to consider forward motion.

The metastable configuration with the largest barrier (dominant) is always
encountered, independently of the initial condition.




Dominant configuration f<fc

229 SN R NG

The dominant configuration is the only statistically relevant configuration of the
1" — 0 steady state dynamics: Under the conditions of Arrhenius activation the
system will spend much more time on it than in any other configuration.



A theory for Elastic Manifolds in
Random Media

e Scaling Arguments H 1/4
 Functionar Renormalization group 1/) ~ (0.15 String. d=1
* Numerical Simulations " 9
8~ 0.24 .
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E. Ferrero, S. Bustingorry, ABK, A. Rosso, Comptes Rendus Physique (2013)

equilibrium depinning



Creep Law (more rigourous)

« 2000 Chauve, Giamarchi, Le-Doussal

ou oH
/Du,é (T;@t + D) FC(?“J)) -
0 oH
/DuDﬁ exp [zﬁ(nﬁ—? + i) — F — ((r, t))]

Average over thermal and quenched disorder can be done — Field theory action

S(u, 1) = / i1 (N0y — cvg)uﬁ — ?)T/ VUt Ty — F/ 14
Tt i L

1 D
B 3urt?’urt’ﬂ(urt = qu:r‘i!:")
2 rit!

donde  F(u,r)F,(u',7") = A(u — u")d(r — r"). This function is renormalized
— FRG (D. Fisher)



Kerr Microscope

Polar magneto optical Kerr effect

LED light source

_ cgoua Objective
. g Sample holder
Polariser [ ] and pulse coils
T
b M W EM 1 EM
2 LI L coil coil
Cooled
CCD Lens  Analyser :ﬁiﬁr \
camera Hall probe

Figure 3.1: PMOKE microscope setup. Non-optical components are shown in red. The light
path is shown in blue.

Peter Metaxas, PhD thesis (2007)



Bloch Wall




Thermally Assisted Flux Flow
. 1964 Anderson-Kim [TAFF]

Vortices drive F < J (current)

energy landscape

-

Z

Exponentially small response but lineal ...



Peter Metaxas, PhD thesis (2007)

Polar magneto optical Kerr effect

LED light source

: cgoua Objective
. g Sample holder
Polariser [ ] and pulse coils
T
E M W EM 1 EM
2 LI L coil coil
Cooled \
CCD Lens  Analyser S%ﬁgr
camera Hall probe

Figure 3.1: PMOKE microscope setup. Non-optical components are shown in red. The light
path is shown in blue.



Peter Metaxas, PhD thesis (2007)

Sputter deposited by
Romacq and Balts
(Grenoble)

Substrate

Figure 4.7: Cross-sectional schematic of the Pt/Co(tc,) /Pt films.

—— Pt/Co(0.5 nm)/Pt

0.2 - - : | —&— Pt/Co(0.8 nm)/Pt
014 k g :.- T m
> 111 . ~
5o L] > MS, mejor senal Kerr
g f ; Hc es porporcianal al desorden
I
-0.14 2
-0.2 . . ! -
-500 -250 0 250 500
H (Oe)

Figure 4.8: Hysteresis loops measured using polar Kerr rotation for the Pt/Co(0.5 nm)/Pt and
Pt/Co(0.8 nm)/Pt films. The field was applied perpendicular to the plane of the filins and swept
at a rate of 0.44 kOe/s.



Peter Metaxas, PhD thesis (2007)
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Figure 3.2: The blue line represents the value of the applied field, H, as time, £, progresses
during a displacement measurement. The film is first negatively saturated, and the PMOKE
image (reclangle) exhibits no magnetic contrast. A short but intense positive field pulse is then
applied to nucleate a positively magnetised domain (grey circle). This domain is then expanded by
applying another positive field pulse (propagation). Subtraction of the remanent PMOKE images
obtained following nucleation and propagation steps yields an image showing the region swept out

by the domain wall during the latter.



Peter Metaxas, PhD thesis (2007)

Domain wall position
following nucleation

F Area swept out

by domain wall

Domain wall position
following propagation

Figure 3.3: Difference image where the PMOKE image obtained following propagation has been
subtracted from the PMOKE image obtained following nucleation. The black region is the area
swept out by the domain wall and the white arrows indicate the direction of wall motion. To
determine the wall displacement, an intensity profile is calculated in a region with minimal wall
curvature (dotted box). The distance is then taken as the full-width half maximum in the intensity
profile.



Current Driven Domain Walls

J [GA/m?]
J. Curiale et al, PRL 2013
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A mechanism for spatial and temporal earthquake clustering

E. A. Jagla' and A. B. Kolton'
Received 13 September 2009; revised 3 December 2009; accepted 24 December 2009; published 18 May 2010.

[1] The Gutenberg-Richter law states that the size-frequency distribution of earthquakes
follows a power law. This trend is usually justified using spring-block models, where slips
with the appropriate statistics of sizes have been numerically observed. However,
prominent spatial and temporal clustering features of earthquakes, as those implied by the
Omori law of aftershocks, are not accounted for by this kind of model unless they are
complemented with ad hoc assumptions, such as stress recovery laws after slip events, or
the phenomenological rate-and-state equations to describe friction. We show that when a
mechanism of structural relaxation is incorporated into a spring-block model, realistic
earthquake patterns following the Gutenberg-Richter and Omori laws are obtained.
Moreover, features well known from laboratory friction experiments, such as velocity
weakening and increase of static friction with contact time, appear as a consequence of the
relaxational mechanism as well, without making any a priori assumptions on the velocity
dependence of the friction force in the model. In this way, our model shows that a single
physical mechanism may be a unifying concept behind the Gutenberg-Richter and
Omori laws and the rate-and-state equations of rock friction.

Citation: Jagla, E. A., and A. B. Kolton (2010), A mechanism for spatial and temporal earthquake clustering, J. Geophys. Res.,
115, B05312, doi:10.1029/2009JB006974.



A mechanism for spatial and temporal earthquake clustering
E. A. Jagla, A. B. Kolton, J. Geophys. Res. 115, B05312 (2010)
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A mechanism for spatial and temporal earthquake clustering
E. A. Jagla, A. B. Kolton, J. Geophys. Res. 115, B05312 (2010)

Rock Friction Experiments (Lab scale)
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A mechanism for spatial and temporal earthquake clustering
E. A. Jagla, A. B. Kolton, J. Geophys. Res. 115, B05312 (2010)

EVENTS

Gutenberg-Richter

M =2/3log,, S N(M)~10""M

M |(a) model

M | (b) actual
[ earthquakes

k,=0.11
R/V=5

107 o =lZ*.8.I
10° ;
o |
%’103 - }
=0.8 {

10” ey

. R/V=53

10" 1

o o K , ]

3f08 0801 0.005 !

10 " Jo:8 0.8 0.01 0.0005 - 1
04 08 0.1 0.005 .

10° 08 04 0.1 0005 _ ";]

1 2 3 M 4

Omori
N(t)=A/(t+ c)? + Ny

t(sec)

10” 10° 10° 10 10"*,[101

Figure 7. Number of events after main shocks in our
model (solid symbols) for parameters and system size as
in Figure 3a, nommalized to the background seismicity
(L.e., N(t — oc) = 1). We stacked the events after about 450
main shocks with M > 3, and the lower magnitude cutoff
used to count aftershocks is My = 1.5. For comparnison, the
same analysis for data in the Califorma region is presented
with open symbols. In this case we sum over 7 events of
magnitude larger than 6.0. For this case M = 2.0. For ref-
erence, the continuous lines comrespond to decays following
the Omon law, with exponents p = 1.0 and p = 1.5.
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