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Abstract

Propagation of a slip transient on a fault with rate-and-state dependent friction resembles a
fracture which near tip region is characterized by large departure of the slip velocity and fault
strength from the steady-state sliding. We develop a near tip solution to describe this unsteady
dynamics, and obtain the fracture energy Gc, dissipated in overcoming strength-excursion
away from steady-state, as a function of the rupture velocity vr. This opens a possibility to
model slip transients on rate-state faults as singular cracks characterized by approximately
steady-state frictional resistance in the fracture bulk, and by a stress singularity with the
intensity defined by Gc(vr) at the crack tip. In pursuing this route, we develop and use an
analytical equation of motion to study 1D slip driven by a combination of uniform background
stress and a localized perturbation of the fault strength with the net Coulomb force ∆T . In
the context of fluid injection, ∆T is a proxy for the injection volume Vinj. We then show
that, for ongoing fluid injection, the maximum propagation speed of the transient induced
on a frictionally-stable fault is bounded by a value ∝ Vinj(t), and, for stopped injection, the
maximum slip run-out distance is ∝ V 2

inj,total.
Keywords: rate-and-state dependent friction, fracture mechanics, rupture fronts, equation

of motion, injection-induced slip

1 Introduction
Rate and state dependent friction model has been widely used to describe slip behavior on the
nature faults [1] and material interfaces [2]. Emerging from rock mechanics experiments [3, 4, 5],
this modeling framework embodies two fundamental mechanisms governing the resistance of an
interface to sliding, namely, dependence of friction on the rate of sliding and on the continually
accrued slip, the latter pacing evolution of the ‘state’ of the interface in response to changes in slip
rate. Despite the framework’s limitations when applied to high (seismic) slip velocities (when the
shear-heating-driven thermal pressurization of pore fluid, microscopic flash heating of frictional
asperities, and possibly macroscopic melting of the fault gouge [6, 7, 8] can dramatically alter
the fault strength), the adoption of the rate-state friction in the numerical and analytical models
over the last couple decades has allowed to study a wide spectra of fault slip. These include,
on one hand, studies of the earthquake nucleation process [9, 10, 11], seismic rupture styles and
their transitions [12, 13, 14], and earthquake cycle [15, 16], and, on the other, studies of slow slip
transients which may arise as the result of a ‘failed’ earthquake instability on a frictionally-unstable
(rate-weakening) fault [17, 18], or on presumably frictionally-stable (rate-strengthening) parts of
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the fault in response to the loading from a near-by earthquake [19], or due to the fault strength
reduction enacted by fluid injection [20, 21].

A wealth of numerical simulations of slip on rate-state faults and laboratory observations of
sliding on frictional interfaces ([22] and references therein) show that transient propagation of
slip events bear resemblance to fracture, characterized by the leading edge well-defined by locally
very large but finite slip-rate gradient (in contrast to ‘pure’ fracture with its infinite displacement
discontinuity gradient at the leading edge). This fracture-like behavior is not limited to seismic
ruptures, but rather occurs across the spectra of slip events from slow to fast. The fracture-like
slow slip transients are illustrated on Figure 1 for two scenarios of fluid injection in the vicinity of a
frictionally-stable (rate-strengthening) fault. The first corresponds to a fixed-volume injection into
a hydraulically sealed reservoir layer abated by a fault (with no fluid leakage along the fault and out
of the reservoir layer allowed), resulting in a fixed pore pressure increase ∆p=const along the fault
segment in contact with the reservoir (e.g. [23]). The second corresponds to a continuing, fixed-
volume-rate injection directly into the permeable fault damage zone, with ensuing pore pressure
diffusion along the fault, ∆p = ∆p(z, t), (e.g. [24]). The generated slow slip transients spread
symmetrically along the 1D fault (implying fluid injection over a long line source (horizontal
wellbore segment) parallel to the fault in the out-of-plane direction, see inset of Figure 1a,a′) and
have decelerating / approximately steady long-term dynamics in the fixed-volume / fixed-volume-
rate case.

Notwithstanding the diverse dynamics of slip, the transients have a well-defined leading edge
(fracture tip) characterized by very large slip-rate gradient (Figure 1c,c′) and associated with
the maximum value of the friction departure ∆f from its instantaneous steady-state value (b,b′).
Snapshots of the ∆f -distribution along the fault allow to identify (i) a relatively narrow, near tip
‘fracture process zone’ corresponding to a strong excursion of friction away from the steady-state
(∆f � b), followed by (ii) an approximately steady-state conditions (∆f ≈ 0) in the bulk of the
slipping patch, i.e. away from the fracture tip. It is this type of the fracture-like behavior that
led J.R. Rice [25] to advocate for applying the ‘small scale yielding’ (s.s.y.) concept of fracture
mechanics [26] to model rate-state slip transients as singular cracks characterized by the simplified,
steady-state frictional resistance in the bulk of the fracture, and by a stress singularity at the
fracture tip with the intensity defined by the fracture energy Gc (the rate of the energy dissipation
within the near tip process zone when overcoming the frictional resistance ∆f in excess of the
steady-state value). Recent study [27] landed further support to the idea by explicitly identifying
the energy release rate into the tip region of numerically simulated ruptures on a rate-state fault.

Systematic application of the outlined fracture mechanics concepts to the analysis of the rate-
state frictional ruptures have been, however, hampered by the lack of the robust prediction of the
fracture energy and its dependence on the characteristics of the near tip region (e.g., rupture front
speed vr) over the entire spectrum of slip, from slow to fast. Notwithstanding is a suggestion [9, 10]
to use the frictional state evolution in response to a step-increase in slip velocity (approximating
the passage of the rupture front) as a proxy to calculate the fracture energy. Application of this
ad hoc approximation remains challenging given that the ‘slip velocity step’ is a priory unknown,
and, furthermore, not well-defined, as the slip rate behind the rupture front may exhibit significant
spatial and temporal variability (e.g., Figure 1c,c′).

In this work we consider the near-tip modeling of the rate-state frictional rupture1 and solve for
the fracture energy Gc and the peak stress perturbation carried by the rupture front as functions of
the instantaneous rupture front speed vr, which can assume any value, from slow / aseismic to fast /

1of the kind used previously in [28, 7] to determine fracture energy associated with co-seismic fault weakening
by thermal pressurization and flash heating of frictional asperities
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seismic. We then use the s.s.y approach to develop an Equation of Motion (EoM) for slip transients
driven on a 1D fault by a combination of two types of loading: (i) a uniform background overstress
∆fo (the initial fault stress-ratio in excess of the steady-state friction value at the ambient fault
sliding velocity), and (ii) localized fault strength perturbation at the slip ‘hypocentral region (due
to, e.g., a fluid injection) quantified by the time-varying magnitude of the net Coulomb hypocentral
force ∆T (t). General properties of slip transients, as predicted by the EoM and validated by a
number of fully numerical slip simulations (such as in Figure 1), are discussed when either the
magnitude of the Coulomb force ∆T or its rate ∆̇T is a fixed constant. Particularly, we show
that the maximum run-out distance of the aseismic slip transient on a rate-strengthening fault
is ∝ ∆T 2 when ∆T = const, while the long-term run-out speed of the slip front is ∝ ∆̇T when
∆̇T = const.

For fault slip driven by fluid injection, the assumption of the localized nature of strength
perturbation stems from numerical modeling observations [20, 21] and inferences from in situ
experiments [29, 30] that aseismic slip can significantly outpace pore pressure diffusion along the
fault. The resulting Coulomb hypocentral force, ∆T ≈ f0

∫
∆pdz with f0 = a representative value

of friction there, is a simple proxy of (proportional to) the fluid volume injected into the fault zone
- a result previously established by [23] for the particular case of a injection into a hydraulically
sealed reservoir (such as Scenario 1 in Figure 1, when no fluid diffusion along the fault is allowed),
but shown here to be generally valid for arbitrary injection history into a permeable fault. As
such, EoM allows to track the maximum run-out distance of the aseismic slip in terms of the total
injected fluid volume, and maximum slip front speed in terms of the average injection rate for an
ongoing injection.

We finish the paper by drawing some conclusions and suggesting possible extensions of this
work.

2 Near Rupture Front Considerations

2.1 Rate-state friction
The rate- and state-dependent friction can be written as [25]

f = fdir(V ) +Θ, fdir(V ) = fo + a ln
V

Vo
(1)

where fdir(V ) is the so-called ‘direct-effect’ term, which governs the instantaneous response of
friction to a change in the slip rate V = dδ/dt from the ambient fault state characterized by slip
rate Vo and background stress ratio fo = τo/σ̄o, while Θ is the so-called ‘state’ term, which governs
the dependence of friction on history of slip. Evolution of the state Θ with either incurred slip δ or
time t is driven by the departure of friction f from its instantaneous, slip-rate-dependent steady
state value fss(V ), denoted as

∆f = f − fss(V ), (2)

that can be generally written as
dΘ

dδ
= − 1

L
Ψ(∆f) (3)

Here L is the state evolution distance (characteristic slip over which the change of the state takes
hold) and function Ψ(∆f) is such that Ψ(0) = 0 and the sign of Ψ(∆f) is that of ∆f , or, in other
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<latexit sha1_base64="9tHdwdT0BhsZw81KLsD9dfGLP4s=">AAAB7XicdVBNS8NAEN3Ur1q/qh69LBbBU0hqaOut4MVjBfsBbSib7aRdu9mE3Y1QQv+DFw+KePX/ePPfuGkrqOiDgcd7M8zMCxLOlHacD6uwtr6xuVXcLu3s7u0flA+POipOJYU2jXksewFRwJmAtmaaQy+RQKKAQzeYXuV+9x6kYrG41bME/IiMBQsZJdpInQFwPqTDcsWxLxu1qlfDju04dbfq5qRa9y487BolRwWt0BqW3wejmKYRCE05UarvOon2MyI1oxzmpUGqICF0SsbQN1SQCJSfLa6d4zOjjHAYS1NC44X6fSIjkVKzKDCdEdET9dvLxb+8fqrDhp8xkaQaBF0uClOOdYzz1/GISaCazwwhVDJzK6YTIgnVJqCSCeHrU/w/6VRt17O9G6/SxKs4iugEnaJz5KI6aqJr1EJtRNEdekBP6NmKrUfrxXpdthas1cwx+gHr7RPY/484</latexit>

(e)

�, m

<latexit sha1_base64="99/9COYpr6W+4u2sq73HQQbe0fw=">AAAB+XicbZBLS8NAFIUnPmt9RV26GSxCF1ISCdTuCm5cVrAPaEOZTG7boZMHMzfFEvpP3LhQxK3/xJ3/xjQN4uvAwMc59zKX48VSaLSsD2NtfWNza7u0U97d2z84NI+OOzpKFIc2j2Skeh7TIEUIbRQooRcrYIEnoetNr5d5dwZKiyi8w3kMbsDGoRgJzjCzhqY58EEiGyDcY3pBg8XQrFg1Kxf9C3YBFVKoNTTfB37EkwBC5JJp3betGN2UKRRcwqI8SDTEjE/ZGPoZhiwA7ab55Qt6njk+HUUqeyHS3P2+kbJA63ngZZMBw4n+nS3N/7J+gqMrNxVhnCCEfPXRKJEUI7qsgfpCAUc5z4BxJbJbKZ8wxThmZZXzEhq56ArqTgEN+6uEzmXNdmrOrVNpVos6SuSUnJEqsUmdNMkNaZE24WRGHsgTeTZS49F4MV5Xo2tGsXNCfsh4+wSn/JQA</latexit>

(b) (c)

V , m/s

<latexit sha1_base64="R+qN0X+oIYso2smyHRvxdOJSdrA=">AAAB9HicbZBLS8NAFIUnPmt9VV26GayCC6mJBGp3BTcuK9gHtKFMppN26MwkztwUS+jvcONCEbf+GHf+G9M0iK8DAx/n3Mtcjh8JbsC2P6yl5ZXVtfXCRnFza3tnt7S33zJhrClr0lCEuuMTwwRXrAkcBOtEmhHpC9b2x1fzvD1h2vBQ3cI0Yp4kQ8UDTgmkltfqAbuH5AzLczPrl8p2xc6E/4KTQxnlavRL771BSGPJFFBBjOk6dgReQjRwKtis2IsNiwgdkyHrpqiIZMZLsqNn+CR1BjgIdfoU4Mz9vpEQacxU+umkJDAyv7O5+V/WjSG49BKuohiYoouPglhgCPG8ATzgmlEQ0xQI1Ty9FdMR0YRC2lMxK6GWCS+g6uZQc75KaF1UHLfi3rjl+nFeRwEdoiN0ihxURXV0jRqoiSi6Qw/oCT1bE+vRerFeF6NLVr5zgH7IevsEgsWSPw==</latexit>

�f/b

<latexit sha1_base64="ysa2bQ3y/4Ef+xknX9PwUlsS9Bc=">AAAB8XicbZDLSsNAFIZPvNZ6q7p0M1gFVzWRQO2uoAuXFewF21Am05N26GQSZiZCKX0LNy4UcevbuPNtTNMg3n4Y+PjPOZwzvx8Lro1tf1hLyyura+uFjeLm1vbObmlvv6WjRDFsskhEquNTjYJLbBpuBHZihTT0Bbb98eW83r5HpXkkb80kRi+kQ8kDzqhJrbveFQpDSXDm90tlu2JnIn/ByaEMuRr90ntvELEkRGmYoFp3HTs23pQqw5nAWbGXaIwpG9MhdlOUNETtTbOLZ+QkdQYkiFT6pCGZ+31iSkOtJ6GfdobUjPTv2tz8r9ZNTHDhTbmME4OSLRYFiSAmIvPvkwFXyIyYpECZ4umthI2oosykIRWzEGqZyAKqbg415yuE1nnFcSvujVuuH+dxFOAQjuAUHKhCHa6hAU1gIOEBnuDZ0taj9WK9LlqXrHzmAH7IevsE3POQtA==</latexit>

�z

<latexit sha1_base64="phg0tE2SNEmlNvc69iFriUBghl0=">AAAB73icbVDLSsNAFJ3UV62vqks3Q4vgKiQSqd0VdOGygn1AG8pkOmmHTiZx5kaooT/hxoUibv0dd/6NSRrE14HLPZxzL3PneJHgGizrwyitrK6tb5Q3K1vbO7t71f2Drg5jRVmHhiJUfY9oJrhkHeAgWD9SjASeYD1vdpH5vTumNA/lDcwj5gZkIrnPKYFU6g8vmQCC70fVumWeWRnwX2KbebfqqEB7VH0fjkMaB0wCFUTrgW1F4CZEAaeCLSrDWLOI0BmZsEFKJQmYdpP83gU+TpUx9kOVlgScq983EhJoPQ+8dDIgMNW/vUz8zxvE4J+7CZdRDEzS5UN+LDCEOPs8HnPFKIh5SghVPL0V0ylRhEIaUSUPoZkDL0nDKUjT/gqhe2rajulcO/VWrYijjI5QDZ0gGzVQC12hNuogigR6QE/o2bg1Ho0X43U5WjKKnUP0A8bbJ+UEkDA=</latexit>

�T = 50, �fo = 0,

<latexit sha1_base64="FQp1r9gl2fq83ifZWSzL1JJXMAs=">AAACE3icbVDLSgMxFM34rPU16tJNsCgipUy1arsoFHThskJf0BlKJpNpQzOTIckIZeg/uPFX3LhQxK0bd/6NaTuCWg+EnJxzL/fmuBGjUlnWp7GwuLS8sppZy65vbG5tmzu7LcljgUkTc8ZFx0WSMBqSpqKKkU4kCApcRtru8Grit++IkJSHDTWKiBOgfkh9ipHSUs88sV3OPDkK9JUk9jVhCsHGeFw9t/J2Pn37PV618j0zZxWsKeA8KaYkB1LUe+aH7XEcByRUmCEpu0UrUk6ChKKYkXHWjiWJEB6iPulqGqKASCeZ/mkMD7XiQZ8LfUIFp+rPjgQFcrK2rgyQGsi/3kT8z+vGyi87CQ2jWJEQzwb5MYOKw0lA0KOCYMVGmiAsqN4V4gESCCsdY3YaQqVcObMu4Dz5DqF1WiiWCqXbUq52lMaRAfvgAByDIrgENXAD6qAJMLgHj+AZvBgPxpPxarzNSheMtGcP/ILx/gVsxJ1m</latexit>

slip law (a/b = 1.1)

<latexit sha1_base64="M/BUEs434ztqVV7HBOnBOWJU6rI=">AAACA3icbZBLSwMxFIUz9VXrq+pON8GiVJBxRgq1C6HgxmUF+4C2lEyaaUMzD5I7ahkKbvwrblwo4tY/4c5/YzodxNeBwMc595LkOKHgCizrw8jMzS8sLmWXcyura+sb+c2thgoiSVmdBiKQLYcoJrjP6sBBsFYoGfEcwZrO6HyaN6+ZVDzwr2Acsq5HBj53OSWgrV5+pwPsFmIleIgFuekcTYrk2DmzTfuwly9YppUI/wU7hQJKVevl3zv9gEYe84EKolTbtkLoxkQCp4JNcp1IsZDQERmwtkafeEx14+QPE7yvnT52A6mPDzhxv2/ExFNq7Dl60iMwVL+zqflf1o7APe3G3A8jYD6dXeRGAkOAp4XgPpeMghhrIFRy/VZMh0QSCrq2XFJCJRGeQbmUQsX+KqFxYtols3RZKlQP0jqyaBftoSKyURlV0QWqoTqi6A49oCf0bNwbj8aL8TobzRjpzjb6IePtE1Njlvc=</latexit>

1) Fixed-volume fluid injection:

<latexit sha1_base64="ksYZVCMltPMrYond52jyrb4R5ws=">AAACFHicbVDLSgMxFM3Ud31VXboJFkVRy4wWXytBEJcK1hbaoWQyd2o0kxmSTGkZ+hFu/BU3LhRx68Kdf2OmVlDrgcDhnHOT3OPFnClt2x9WbmR0bHxicio/PTM7N19YWLxSUSIpVGjEI1nziALOBFQ00xxqsQQSehyq3u1J5lfbIBWLxKXuxuCGpCVYwCjRRmoWNhsaOtoLUmcDn7IO+NvtiCch4IAnzMdM3ADNkkeNrV6zULRLdh94mDgDUkQDnDcL7w0/ouY2oSknStUdO9ZuSqRmlEMv30gUxITekhbUDRUkBOWm/aV6eNUoPg4iaY7QuK/+nEhJqFQ39EwyJPpa/fUy8T+vnujgwE2ZiBMNgn49FCQc6whnDWGfSbMz7xpCqGTmr5heE0moNj3m+yUcHhzu2nt4mHyXcLVTcsql8kW5eLw2qGMSLaMVtI4ctI+O0Rk6RxVE0R16QE/o2bq3Hq0X6/UrmrMGM0voF6y3T1I3npM=</latexit>
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(aʹ)

(dʹ) (fʹ)

`c

<latexit sha1_base64="9tHdwdT0BhsZw81KLsD9dfGLP4s=">AAAB7XicdVBNS8NAEN3Ur1q/qh69LBbBU0hqaOut4MVjBfsBbSib7aRdu9mE3Y1QQv+DFw+KePX/ePPfuGkrqOiDgcd7M8zMCxLOlHacD6uwtr6xuVXcLu3s7u0flA+POipOJYU2jXksewFRwJmAtmaaQy+RQKKAQzeYXuV+9x6kYrG41bME/IiMBQsZJdpInQFwPqTDcsWxLxu1qlfDju04dbfq5qRa9y487BolRwWt0BqW3wejmKYRCE05UarvOon2MyI1oxzmpUGqICF0SsbQN1SQCJSfLa6d4zOjjHAYS1NC44X6fSIjkVKzKDCdEdET9dvLxb+8fqrDhp8xkaQaBF0uClOOdYzz1/GISaCazwwhVDJzK6YTIgnVJqCSCeHrU/w/6VRt17O9G6/SxKs4iugEnaJz5KI6aqJr1EJtRNEdekBP6NmKrUfrxXpdthas1cwx+gHr7RPY/484</latexit>

(eʹ)

�, m

<latexit sha1_base64="99/9COYpr6W+4u2sq73HQQbe0fw=">AAAB+XicbZBLS8NAFIUnPmt9RV26GSxCF1ISCdTuCm5cVrAPaEOZTG7boZMHMzfFEvpP3LhQxK3/xJ3/xjQN4uvAwMc59zKX48VSaLSsD2NtfWNza7u0U97d2z84NI+OOzpKFIc2j2Skeh7TIEUIbRQooRcrYIEnoetNr5d5dwZKiyi8w3kMbsDGoRgJzjCzhqY58EEiGyDcY3pBg8XQrFg1Kxf9C3YBFVKoNTTfB37EkwBC5JJp3betGN2UKRRcwqI8SDTEjE/ZGPoZhiwA7ab55Qt6njk+HUUqeyHS3P2+kbJA63ngZZMBw4n+nS3N/7J+gqMrNxVhnCCEfPXRKJEUI7qsgfpCAUc5z4BxJbJbKZ8wxThmZZXzEhq56ArqTgEN+6uEzmXNdmrOrVNpVos6SuSUnJEqsUmdNMkNaZE24WRGHsgTeTZS49F4MV5Xo2tGsXNCfsh4+wSn/JQA</latexit>

(bʹ) (cʹ)

V , m/s

<latexit sha1_base64="R+qN0X+oIYso2smyHRvxdOJSdrA=">AAAB9HicbZBLS8NAFIUnPmt9VV26GayCC6mJBGp3BTcuK9gHtKFMppN26MwkztwUS+jvcONCEbf+GHf+G9M0iK8DAx/n3Mtcjh8JbsC2P6yl5ZXVtfXCRnFza3tnt7S33zJhrClr0lCEuuMTwwRXrAkcBOtEmhHpC9b2x1fzvD1h2vBQ3cI0Yp4kQ8UDTgmkltfqAbuH5AzLczPrl8p2xc6E/4KTQxnlavRL771BSGPJFFBBjOk6dgReQjRwKtis2IsNiwgdkyHrpqiIZMZLsqNn+CR1BjgIdfoU4Mz9vpEQacxU+umkJDAyv7O5+V/WjSG49BKuohiYoouPglhgCPG8ATzgmlEQ0xQI1Ty9FdMR0YRC2lMxK6GWCS+g6uZQc75KaF1UHLfi3rjl+nFeRwEdoiN0ihxURXV0jRqoiSi6Qw/oCT1bE+vRerFeF6NLVr5zgH7IevsEgsWSPw==</latexit>

�f/b

<latexit sha1_base64="ysa2bQ3y/4Ef+xknX9PwUlsS9Bc=">AAAB8XicbZDLSsNAFIZPvNZ6q7p0M1gFVzWRQO2uoAuXFewF21Am05N26GQSZiZCKX0LNy4UcevbuPNtTNMg3n4Y+PjPOZwzvx8Lro1tf1hLyyura+uFjeLm1vbObmlvv6WjRDFsskhEquNTjYJLbBpuBHZihTT0Bbb98eW83r5HpXkkb80kRi+kQ8kDzqhJrbveFQpDSXDm90tlu2JnIn/ByaEMuRr90ntvELEkRGmYoFp3HTs23pQqw5nAWbGXaIwpG9MhdlOUNETtTbOLZ+QkdQYkiFT6pCGZ+31iSkOtJ6GfdobUjPTv2tz8r9ZNTHDhTbmME4OSLRYFiSAmIvPvkwFXyIyYpECZ4umthI2oosykIRWzEGqZyAKqbg415yuE1nnFcSvujVuuH+dxFOAQjuAUHKhCHa6hAU1gIOEBnuDZ0taj9WK9LlqXrHzmAH7IevsE3POQtA==</latexit>

fa
u
lt

<latexit sha1_base64="6WR/voA0g+sJsgtC1TT15LYfS2Q=">AAAB83icbVBNS8NAEN34WetX1aOXYBF6KokU9Fjw4rGC/YAmlM120i7dbMLurFhC/4YXD4p49c9489+4bXPQ1gcDj/dmmJkXZYJr9LxvZ2Nza3tnt7RX3j84PDqunJx2dGoUgzZLRap6EdUguIQ2chTQyxTQJBLQjSa3c7/7CErzVD7gNIMwoSPJY84oWikIEJ4wj6kROBtUql7dW8BdJ35BqqRAa1D5CoYpMwlIZIJq3fe9DMOcKuRMwKwcGA0ZZRM6gr6lkiagw3xx88y9tMrQjVNlS6K7UH9P5DTReppEtjOhONar3lz8z+sbjG/CnMvMIEi2XBQb4WLqzgNwh1wBQzG1hDLF7a0uG1NFGdqYyjYEf/XlddK5qvuNeuO+UW3WijhK5JxckBrxyTVpkjvSIm3CSEaeySt5c4zz4rw7H8vWDaeYOSN/4Hz+AMHmkhQ=</latexit>

�(t, z)

<latexit sha1_base64="4vYnmLE/iSlUZ2idj9Yx263b8P4=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BKtQQcquFPRY8OKxgv2A7VKy2Wwbmk2WZFaopT/DiwdFvPprvPlvTNs9aOuDgcd7M8zMC1PBDbjut1NYW9/Y3Cpul3Z29/YPyodHbaMyTVmLKqF0NySGCS5ZCzgI1k01I0koWCcc3c78ziPThiv5AOOUBQkZSB5zSsBKfi9iAkgVLp8u+uWKW3PnwKvEy0kF5Wj2y1+9SNEsYRKoIMb4nptCMCEaOBVsWuplhqWEjsiA+ZZKkjATTOYnT/G5VSIcK21LAp6rvycmJDFmnIS2MyEwNMveTPzP8zOIb4IJl2kGTNLFojgTGBSe/Y8jrhkFMbaEUM3trZgOiSYUbEolG4K3/PIqaV/VvHqtfl+vNM7yOIroBJ2iKvLQNWqgO9RELUSRQs/oFb054Lw4787HorXg5DPH6A+czx94q5Ci</latexit>

z

<latexit sha1_base64="S7zso3tvtqXDQRbI3x/b8pxr7ss=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQY8FLx5bsB/QhrLZTtq1m03Y3Qg19Bd48aCIV3+SN/+N2zYHrT4YeLw3w8y8IBFcG9f9cgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPpzcLvPqDSPJZ3ZpagH9Gx5CFn1Fip9TgsV9yauwT5S7ycVCBHc1j+HIxilkYoDRNU677nJsbPqDKcCZyXBqnGhLIpHWPfUkkj1H62PHROLqwyImGsbElDlurPiYxGWs+iwHZG1Ez0urcQ//P6qQmv/YzLJDUo2WpRmApiYrL4moy4QmbEzBLKFLe3EjahijJjsynZELz1l/+SzmXNq9fqrXqlUc3jKMIZnEMVPLiCBtxCE9rAAOEJXuDVuXeenTfnfdVacPKZU/gF5+Mb47WM6w==</latexit>

`(t)

<latexit sha1_base64="tUWmg/dBVD5nb4xrGAdtti3M3rY=">AAAB7nicbVBNS8NAEN3Ur1q/qh69LC1CvZRECnosePFYwX5AG8pmO2mXbjZhdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ylsbe/s7hX3SweHR8cn5dOzjolTzaHNYxnrXsAMSKGgjQIl9BINLAokdIPp3cLvPoE2IlaPOEvAj9hYiVBwhlbqDkDKGl4Ny1W37i5BN4mXkyrJ0RqWvwajmKcRKOSSGdP33AT9jGkUXMK8NEgNJIxP2Rj6lioWgfGz5blzemmVEQ1jbUshXaq/JzIWGTOLAtsZMZyYdW8h/uf1Uwxv/UyoJEVQfLUoTCXFmC5+pyOhgaOcWcK4FvZWyidMM442oZINwVt/eZN0ruteo954aFSblTyOIrkgFVIjHrkhTXJPWqRNOJmSZ/JK3pzEeXHenY9Va8HJZ87JHzifP6UCjwU=</latexit>

H/2

<latexit sha1_base64="FPFEvmrOCx4uK2v8iChuihS+j9I=">AAAB6nicbVDLTgJBEOzFF+IL9ehlAjHxhLuERI8kXjhilEcCGzI7NDBhdnYzM2tCNnyCFw8a49Uv8ubfOMAeFKykk0pVd7q7glhwbVz328ltbe/s7uX3CweHR8cnxdOzto4SxbDFIhGpbkA1Ci6xZbgR2I0V0jAQ2Ammdwu/84RK80g+mlmMfkjHko84o8ZKD43r6qBYdivuEmSTeBkpQ4bmoPjVH0YsCVEaJqjWPc+NjZ9SZTgTOC/0E40xZVM6xp6lkoao/XR56pxcWmVIRpGyJQ1Zqr8nUhpqPQsD2xlSM9Hr3kL8z+slZnTrp1zGiUHJVotGiSAmIou/yZArZEbMLKFMcXsrYROqKDM2nYINwVt/eZO0qxWvVqnd18r1UhZHHi6gBFfgwQ3UoQFNaAGDMTzDK7w5wnlx3p2PVWvOyWbO4Q+czx9zu40o</latexit>

0

<latexit sha1_base64="9T6aUIpSHL4CgbOEG+LUykmVuUc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LC2Cp5JIQY8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSyx2Wq27NXYJsEi8nVcjRHJa/BqOYpRFKwwTVuu+5ifEzqgxnAuelQaoxoWxKx9i3VNIItZ8tD52TS6uMSBgrW9KQpfp7IqOR1rMosJ0RNRO97i3E/7x+asJbP+MySQ1KtloUpoKYmCy+JiOukBkxs4Qyxe2thE2ooszYbEo2BG/95U3Sua559Vq9Va82KnkcRbiAClyBBzfQgHtoQhsYIDzDK7w5j86L8+58rFoLTj5zDn/gfP4Acb+Mmw==</latexit>

⌦ �

vr = ˙̀

<latexit sha1_base64="wyotsdyNAqGaLaNjEI3WK0J6xRg=">AAAB+XicbVDLSsNAFL3xWesr6tLN1KK4KqkWbRdCwY3LCvYBTQiT6aQdOnkwMymU0D9x40IRt/6JO//GaRpBrQcuHM65h3s5XsyZVJb1aaysrq1vbBa2its7u3v75sFhR0aJILRNIh6Jnocl5SykbcUUp71YUBx4nHa98e3c706okCwKH9Q0pk6AhyHzGcFKS65pTlxhl27skj2IlE05d82yVbEyoGVSzUkZcrRc80NHSRLQUBGOpexXrVg5KRaKEU5nRTuRNMZkjIe0r2mIAyqdNPt8hk61MkB+JPSECmXqz0SKAymngac3A6xG8q83F//z+ony607KwjhRNCSLQ37CkYrQvAY0YIISxaeaYCKY/hWRERaYKF1WMSuhUW9cWldomXyX0LmoVGuV2n2t3DzL6yjAMZzAOVThGppwBy1oA4EJPMIzvBip8WS8Gm+L1RUjzxzBLxjvX9ABk1Y=</latexit>

�p(t, z)

`0(t)
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Figure 1: Symmetric slip development on a fault characterized by a rate-strengthening, rate-state
friction in response to two scenarios: 1) a fixed-volume injection into a sealed-off reservoir abated
by a fault (a-f) and 2) a fixed-volumetric-rate injection into a permeable fault (a’-f ’). Snapshots
of slip, (a), departure of the stress ratio (friction) from the stready-state, ∆f = f − fss(V ), (b),
and slip rate, (c), are shown at 4 mm increments of the fault average slip δave(t), (d). The front
of the slipping patch (‘crack’), z = ±`(t), is defined as the location of the peak friction change,
∆fp, shown by ‘×’ in (b), while the evolution of the crack half-length ` (×) and of the crack tip
’process zone’ size `c (4) with time t shown in (d) and ∆fp(t) in (e). Approximate collapse of
the slip rate profiles from (c) when rescaled in the fracture tip scaling (V/Vc) and centered on the
moving fracture tip (with the scaled distance to the tip x = (`(t)− z)/`c), is shown in (f), where
it is contrasted to the universal fracture tip solution (dashed line). (The scales Vc and `c are given
by universal functions of the instantaneous rupture front speed vr = d`/dt as defined in the text).
The fracture tip solution prediction of ∆fp is shown in (e) by dashed line.
Geometry: H = 4 km, h = 60 m (scenario 1); discretization: ∆z = 2−13H; elasticity: µ = 30 GPa;
friction: a/b = 1.1, b = 0.01, L = 1 mm, `b = (µ/bσ̄o)L = 50 m; initial fault state: Vo = 6× 10−12

m/s, fo = 0.5 + ∆fo, zero overstress ∆fo = 0, σ̄o = σo − po = 60 MPa; perturbation (1): constant
excess resevoir pore pressure ∆p = 50.7 MPa (after 10-hour ramp-up period) corresponding to
constant hypocentral Coulomb force ∆T =

∫∞
−∞ f∆pdz ≈ 50 × µL; pertrubation (2): constant

fluid injection rate (per unit out-of-plane injection interval and unit permeable fault zone thickness)
q = 3.7×10−7 m3/m2s corresponding to constant hypocentral Coulomb force-rate ∆̇T ≈ 104×µVo
(pore compressibility β = 1/GPa and hydraulic diffusivity α = 0.01 m2/s of fault rocks).
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words, a positive / negative change ∆f pf friction from the steady state leads to a decreasing /
increasing Θ with slip, and, thus, a tendency of the friction to evolve towards the steady state.

The state evolution function Ψ(∆f) can be taken in either the ‘slip law’ or the ‘ageing law’
form2 [4]

Ψ(∆f) = ∆f (slip law), Ψ(∆f) = b

[
1− exp

(
−∆f

b

)]
(aging law) (4)

The two laws are equivalent when that departure is small, |∆f |/b� 1. The logarithmic dependence
of the steady-state friction fss on the slip rate, dfss/dV = (a − b)/V has been suggested by low
velocity laboratory frictional sliding experiments [3, 31, 5], and manifest either as a small rate-
weakening (RW), when a − b < 0, or small rate-strengthening (RS), when a − b > 0, of the
steady-state fault friction with |a− b| � 1. It will be convenient to write the steady state friction
expression in terms of the ambient fault state, Vo and fo,

fss(V ) = (fo −∆fo) + (a− b) ln
V

Vo
(5)

where by definition (2), fo−∆fo = fss(Vo) is the value of the steady state friction at Vo, and ∆fo
is the ambient value of the fault under (< 0) or over (> 0) stress ratio.

Rewriting (1) with help of (2) as ∆f = ∆fdir + Θ, where ∆fdir = ∆fo + b ln(V/Vo), and then
differentiating with regards to slip, we get

d∆f

dδ
=
d∆fdir

dδ
− Ψ(∆f)

L
(6)

2.2 Near rupture tip solution
Consider now evolution of slip near the ‘front’ of expanding slipping patch/rupture as exemplified
in Figure 1. Although such front is not mathematically sharp, it can be easily identified as a
narrow band of very large but finite slip rate gradient (Figure 1c) and a sharp peak in the friction
departure ∆f form the steady-state (Figure 1b). Upon arrival of the front at a given point of the
fault, the friction increases by the direct effect, i.e. f ≈ fdir(V ), to the level significantly above
the instantaneous steady-state value fss(V ), until the fault has slipped a distance comparable to L
and the emerging state-evolution reverses the friction towards the new steady-state value (Figure
1b). The corresponding peak change of friction ∆fp from the steady-state is then constrained by
the direct-effect friction approximation on one hand, and by requiring d∆f/dδ = 0 in (6) on the
other,

∆fp ≈ ∆fdir(Vfp),

(
d∆fdir

dδ
= b

d lnV

dδ

)
fp

=
Ψ(∆fp)

L
(7)

where Vfp is the slip rate value at the peak departure from the steady-state (different from the
peak value of the slip rate attained further behind the rupture front). In order to solve (7) for the
∆fp and Vfp , we need to know the slip evolution, or more specifically that of d lnV/dδ.

The subsequent post-peak evolution of friction towards the steady-state attained away from
the rupture front, but at distances still small compared to the rupture length, can be modeled by

2Note that the ageing-law form of Ψ given here relies on the classical, low-velocity-type of the steady state friction
dependence on V , while the slip-law form of Ψ is applicable for any type of the steady-state friction dependence on
V (e.g. high-velocity, flash heating type, etc)
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a semi-infinite crack with the mathematically sharp tip steadily advancing at the instantaneous
value of the rupture velocity vr. The solution is governed by the elastic equation of stress transfer
for a semi-infinite crack written in the coordinate x = vrt− z moving with the crack tip (see Sup.
Material for details)

∆f(x) =
µ̄(vr)

2πσ̄

∫ ∞
0

dδ/dx′

x′ − x dx
′, V (x) = vr

dδ

dx
(8)

where µ̄ = µ g(vr) is the apparent shear modulus which decreases with vr from the quasi-static value
given by µ for the mode III and µ/(1−ν) for the mode II fracture to zero when vr is approaching a
limiting velocity given by the shear wave speed cs in mode III and the Raleigh speed cR in mode II
[32]. E.g., g =

√
1− (vr/cs)2 in mode III. Evolution of the frictional change ∆f from steady-state

follows from the post-stress peak form of (6), where the state evolution −Ψ(∆f)/L dominates over
the direct-effect d∆fdir/dδ, and, thus, d∆f/dδ ≈ −Ψ(∆f)/L. Integrating the latter, one obtained
the following post-peak slip-weakening relations

∆f

∆fp
≈ exp

(
− δ
L

)
(slip law),

∆f

∆fp
≈ b

∆fp
ln

[
1 +

(
exp

∆fp
b
− 1

)
exp

(
− δ
L

)]
(aging law)

(9)
The ageing-law relation is parametrized by ∆fp/b, and can be shown to asymptotically coincide
with the exponential slip-weakening form of the slip-law relation when ∆fp/b� 1, while it becomes
a linear slip-weakening ∆f = ∆fp − b δ/L when ∆fp/b � 1 (Figure 2a). Furthermore, both
ageing- and slip- law weakening relations are of exponential slip-weakening form for large enough
slip δ � L, but with different prefactors3, which then leads to a well-defined fracture energy
Gc =

∫∞
0

∆fσ̄ dδ, as follows,

Gc = ∆fpσ̄L (slip law), Gc = −Li2

(
1− exp

∆fp
b

)
× bσ̄L (aging law) (10)

and Li2 is the polylog function [33]. It is instructive that for small ∆fp/b, the fracture energy of the
ageing-law friction is asymptotically the same as that for the slip law and, therefore, linear in ∆fp,
while for large ∆fp/b the ageing-law fracture energy increases much more rapidly (quadratically)
with ∆fp, Gc/bσ̄L = 0.5(∆fp/b)

2 (Figure 2b).
The solution of the sharp-rupture tip problem (8-9) for the normalized friction change ∆f/∆fp,

slip rate V/Vc, and slip δ/δc with the normalized distance from the tip x/`c is obtained using a
method based on Gauss-Chebyshev numerical calculus [34] and shown on Figure 3 for the slip and
ageing laws of the rate-state friction4, respectively. Here the characteristic slip weakening distance
δc, slip rate Vc, and lengthscale `c are defined by

δc =
Gc

∆fpσ̄
, Vc =

∆fpσ̄

µ̄
vr, `c =

µ̄

∆fpσ̄
δc. (11)

The normalized solution is parameter-less for the slip law, for which Gc = ∆fpσ̄L and δc = L.
In the case of the ageing law, the normalized solution is parameterized by ∆fp/b, since δc/L =
Gc/(∆fpσ̄L) is a function of ∆fp/b following from (10.2), varying between 1 (when ∆fp/b � 1)
and 0.5 ∆fp/b (when ∆fp/b� 1). The slip rate (Figure 3a) is seen to evolve with distance from the

3For the ageing law, ∆f ≈ b (exp(∆fp/b)− 1) exp(−δ/L) when δ/L� 1.
4The slip law solution is mathematically equivalent to the near-tip, underained-adiababtic solution for the rupture

driven by the thermal pressurization obtained in [28].
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Figure 2: The post-peak slip-weakening near the rupture front, ∆f/∆fp vs. δ/δc(∆fp), for various
∆fp/b values, (a), and normalized fracture energy Gc/(∆fpσ̄L) (and slip weakening distance δc/L)
as a function of ∆fp/b, (b), for the ageing law of rate-state friction. The post-peak evolution in
the case of the slip law of rate-state friction for arbitrary ∆fp/b is identical to the limit ∆fp/b� 1
of the ageing case, see solid and dashed black lines in (a) and (b), respectively.

rupture front from the near, V/Vc = k0(x/`c)
1/2 when x� `c, to the far, V/Vc = (2/π1/2)(`c/x)1/2

when x � `c, field asymptotes, while attaining the peak value ∼ Vc at an intermediate distance
x ∼ `c. The the near-field prefactor k0 in the ageing law solution is moderately varying with ∆fp/b
between 1.845 and 1.614 (inset in Figure 3a), while it is a constant (k0 ≈ 1.845) in the slip-law
case. The far-field corresponds to the classic LEFM singularity for a fracture characterized by a
finite fracture energy Gc.

2.3 Peak friction change and fracture energy
The post-peak ‘sharp-tip’ solution allows to determine the fracture energy of the frictional process
near the rupture front, (10), in terms of the peak value ∆fp of friction departure from the steady
state. The latter depends on the pre-peak evolution of slip, which is neglected in the sharp-tip
solution. To determine ∆fp, we will assume that the relationship between the slip and slip rate in
the near field of the sharp-tip solution5, δ/δc = (2/3k2

0) (V/Vc)
3, can be approximately extrapolated

to the pre-peak region. If so, conditions (7) at the peak friction change can be rewritten as

∆fp = ∆fo + b ln
Vfp
Vo

,
b

δc

k2
0

2

(
Vc
Vfp

)3

=
Ψ(∆fp)

L
(12)

Accounting in the above for the dependence (11) of scales Vc and δc on vr and Gc(∆fp), we can
solve for the rupture velocity vr as a function of the peak friction change ∆fp:

vr/v̄o
g(vr/cs)

= V (∆fp/b), where v̄o = exp(−∆fo/b)
µ

bσ̄o
Vo (13)

is a characteristic rupture velocity scale embodying the dependence on the fault ambient conditions,
and function V (∆fp/b) is given by

V (ζ) = κ0
eζ

ζ2/3
(slip law), V (ζ) = κ0(ζ)

−eζ
(
1− e−ζ

)1/3
Li

1/3
2

(
1− eζ

)
ζ4/3

(aging law)

5as follows from integrating the slip-rate near-field asymptote V ∝ x1/2 for slip δ ∝ x3/2
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Figure 3: The post-stress-peak, sharp rupture tip solution for the normalized (a) slip rate V , (b)
stress ratio change ∆f , and (c) stress gradient d∆f/dx with distance from the tip x for the ageing
law of the rate-state friction in the limit of small (∆fp/b� 1) and large (∆fp/b� 1) peak friction
departure from the steady-state. Dotdashed lines in (a) show the near and the far fields of the
slip rate, with the corresponding near field prefactor k0 shown in the inset as a function of ∆fp/b.
Dashed lines in (c) show the normalized slip rate from (a) to compare to the normalized stress
gradient profiles. The rupture tip solution for the slip law of the rate-state friction for arbitrary
value of ∆fp is given by the ageing law solution with ∆fp/b � 1. The length `c and slip rate Vc
scales are defined in terms of the fracture energy (or, conversally, in terms of ∆fp) in (11).

Here κ0 = (2/k2
0)1/3 is a constant ≈ 0.838 for the slip law and is a function with values between

κ0(0) ≈ 0.838 and κ0(∞) ≈ 0.916 for the ageing law. The corresponding value of friction at the
peak change follows from fp = ∆fp + fss(Vfp) = (a/b)(∆fp −∆fo).

Equation (13) provides an implicit form of the dependence of the peak friction change ∆fp,
and, therefore, of the fracture energy Gc, (10), on the rupture speed vr. This is plotted in Figure
4, showing ∆fp/b and Gc/bσL vs. the scaled rupture velocity function6 vr/v̄og(vr/cs). We note
that the given scaled relations are parameter-free (i.e. universal), and can be used to unravel the
full dependence of the solution for the fracture energy on the problem parameters. The solution
has distinct decreasing (∆fp/b . 1) and increasing (∆fp/b & 1) branches, which characteristically
correspond to distinct slip rate Vfp values that are comparable to and larger than the fault ambient
slip rate Vo, respectively. We anticipate that the underlining sharp-crack-tip model does not hold
for the former decreasing branch, and henceforth consider the increasing ∆fp branch only. The
solution is characterized by the minimum value of the fracture energy Gc,min/bσ̄L = ∆fp,min/b ≈
2.552 attained at vr,min ≈ 5.76 v̄o, and by the approximately-logarithmic increase of ∆fp for large
values of vr/v̄o. Interestingly, the ∆fp solutions for the slip and ageing laws are at most few
percent different, making them practically indistinguishable in log-scale of Figure 4. However, the
fracture energy solutions for the two friction laws are drastically different when vr � v̄o (and
∆fp � b), with the ageing-law Gc-values much larger than the slip-law ones, owing to the different
dependence (10) of the fracture energy on the peak friction change ∆fp for the two laws.

Equation (13) is implicit in ζ = ∆fp/b, and convenient explicit approximations to its solution
are obtained by applying an iterative process ζ(i+1) = ln(V /χ(ζ(i)) to invert V (ζ) = χ(ζ)eζ (where,
e.g., χ(ζ) = κ0/ζ

2/3 for the slip law). Selecting the (seed) zeroth order approximation as ζ(0)(V ) =
ln(V /κ0) yields an excellent approximation by the 2nd iteration, ζ(2)(V ) (Figure 4). Although
ζ(0)(V ) provides a rather crude approximation, it does allow for a fair bit of interpretational

6For aseismic ruptures, g ≈ 1 and the latter simply becomes a normalized rupture velocity vr/v̄o
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Figure 4: Normalized peak friction departure from the steady state ∆fp = (f − fss(V ))peak
and fracture energy Gc as functions of the normalized rupture speed vr, vr/(v̄o g(vr/cs)), where
v̄o = exp(−∆fo/b) (µ/bσ̄)Vo embodies the dependence on the fault ambient conditions and g(vr/cs)
is the elastodynamic factor (g(0) = 1 and g(1) = 0 in mode III). The increasing / decreasing
solution branch is shown by solid / opaque line. Red dotted and dashed lines show the simplified
0th (Eq. (14)) and 2nd iteration approximations of the increasing ∆fp solution.

simplicity. Indeed, in this approximation (13) reduces to

∆fp ≈ ∆fo + b ln
vr/vo

κ0g(vr/cs)
(∆fp � b) (14)

with the rupture velocity scale vo = (µ/bσ̄)Vo is now determined by the fault ambient slip rate Vo
only, and for the absolute value of the ‘at peak’ friction

fp ≈ fo + a ln
vr/vo

κ0g(vr/cs)
(∆fp � b) (15)

Comparing the above approximations with the first in (12), the quantity under the logarithm is
the corresponding approximation of the slip rate at the peak friction change scaled by the ambient
value, i.e. Vfp/Vo.

The developed universal tip solution (Figure 3) in the process zone scaling (11) and the corre-
sponding solution for the peak friction change (Figure 4) are validated by comparing to the near
tip region of full numerical solutions for the slow-slip transients on a fault with slip-law, rate-state
friction, Figure 1(f,f′) and 1(e,e′). (Similar comparisons for other slow-slip numerical examples
for the slip-law and ageing-law of fault friction are shown in Sup. Figures 1-3). Particularly,
the numerical slip rate profiles with peak velocities varying over several orders of magnitude over
the event propagation time (Figure 1c,c′) are seen to collapse when using the tip scaling (11)
and approximately match the universal tip solution profile (Figure 1f,f′). The latter somewhat
underestimates the former, but the agreement between the two improves with increasing rupture
speed, or, conversely, deteriorates as the slip front and slip rate decelerate in the case of constant
hypocentral force (which also contributes to a moderate scatter of the rescaled numerical profiles,
see also Sup. Figure 2 for examples of more ‘vigorous’ slow slip transients on an overstressed
fault). Similarly, the peak friction change ∆fp, and hence the fracture energy, extracted from the
numerical solutions compare well to, if somewhat overestimated by, the rupture-speed-dependent
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prediction of the universal tip solution (Figure 1e,e′). The approximate nature of the universal tip
solution is likely a consequence of the assumptions taken (i.e., neglected direct effect post-friction-
peak and the ‘sharp’ crack tip approximation, see further discussion in Sup. Materials), which
could be relaxed in future work.

3 Equation of Motion
Examination of slip transients propagating on rate-state faults shows that the friction excursion
away from the steady-state is mostly confined to a relatively narrow region near the leading edge of
the rupture, while the friction is approximately at the steady-state within the rupture bulk. This
suggests [25] that the rupture can be approximately modeled by that overcoming the steady-state
frictional fault strength in the bulk of the slipping region and the finite fracture energy at the
advancing front, with the latter is now an established function of the rupture velocity obtained
from the universal near-tip solution.

3.1 Fracture Mechanics of Slipping Patch Propagation
The propagation of the slipping patch within the above assumptions is governed by a variant of the
small scale yielding fracture mechanics [26, 32], stating that the energy release rate G = K̄2/(2µ̄)
at the propagating crack tip matches the the fracture energy Gc = ∆fp(vr)σ̄oL obtained in the
preceding section. The dynamic stress intensity factor K̄ can be written as a product K̄ = k(vr)K
of the static stress intensity factor K and a prefactor function k(vr) of the rupture velocity. The
latter is only weakly dependent on the fracture configuration and the propagation history, and
is approximated here by the form obtained from the self-similar, constant stress-drop symmetric
crack expansion solution, which in the mode III case is given by k(vr) =

√
1− v2

r/c
2
s/E(1− v2

r/c
2
s)

where E is the complete elliptic integral of the 2nd kind (e.g., [35])7. Thus, we can write the
propagation condition in terms of the static stress intensity factor as

K ≈ Kc =
√

2µGcg/k2 (16)

where the fracture toughness Kc is a uniquely defined function of the rupture velocity vr = ˙̀.
We consider homogeneous ambient fault conditions, characterized by the background shear

τbg,o = foσ̄o and effective normal σ̄ = σ̄o stresses, over which the rupture (slipping patch) propa-
gation takes place either quasi-statically (aseismically) or dynamically from a hypocenter at x = 0.
In the hypocentral region the fault loading and/or strength may be perturbed from the ambient
values, which is presumed to give either initial or continuous stimulation of fault slip. E.g., it
can be a temporal hypocentral loading leading to nucleation of run away dynamic rupture on fric-
tionally unstable fault (in which case it can be reasonably neglected for large time analysis of the
rupture run-out), or it can be temporal or continual loading leading to aseismic slip propagation,
as in, e.g., localized reduction of fault strength by pore pressure increase due to fluid injection.
In either case, we going to assume that the spatial extent of the perturbed hypocentral region is
small compared to the slipping patch size, which lands itself to be modeled as a net Coulomb force
∆T (t) acting at the hypocenter.

7To further substantiate the claim of the weak dependence of the k(vr) on a particular crack configuration, we
observe that the expression k(vr) =

√
1− vr/cs for a semi-infinite non-uniformly propagating mode III crack (e.g.,

[32]) is quantitatively only marginally different from the one adopted here.
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Consequently, we adopt the following approximate decomposition for the static stress intensity
factor

K = K∆τ +K∆T (17)
K∆τ is the contribution to K due to the generally spatially variable stress drop ∆τ = τbg − fσ̄

along the bulk of the patch, away from the possibly perturbed hypocentral region, such that
τbg = τbg,o = foσ̄o and σ̄ = σ̄o, and away from the rupture front, such that f ≈ fss(V ),

K∆τ =

√
`

π

∫ +`

−`

(fo − fss(V ))σ̄o√
`2 − x2

dx = ∆τeff

√
π`, (18)

and the effective (equivalent uniform) stress drop ∆τeff can be written in terms of the patch effective
slip rate Veff as

∆τeff = (fo − fss(Veff))σ̄o with fss(Veff) ≡ 1

π

∫ `

−`

fss(V )√
`2 − x2

dx (19)

K∆T is the contribution to K due to the hypocentral perturbation,

K∆T ≈
∆T√
π`
, (20)

where the net hypocentral Coulomb force

∆T =

∫ +`0

−`0
(τ̃bg−fss(V )σ̃)dx ≈ ∆Tbg−f0∆N with f0 = fss(Veff,0) =

1

2`0

∫ +`0

−`0
fss(V )dx (21)

embodies the effects of perturbations τ̃bg = τbg − foσ̄o and σ̃ = σ̄− σ̄o (= −∆p) of the background
shear and effective normal stresses, respectively, assumed to be confined to a small hypocentral
region |x| < `0 with `0 � `. An approximate expression for ∆T is given in (21) in terms of the
assumed-to-be-known net background shear ∆Tbg =

∫ +`0
−`0 τ̃bgdx and net effective normal ∆N =∫ +`0

−`0 σ̃dx perturbative forces, and, in general, unknown value of the hypocentral friction f0.
Using (17) with (18) and (20), the propagation condition (16) can be written as

∆τeff +
∆T

π`
=

Kc√
π`

with ∆τeff = (fo − fss(Veff))σ̄o (22)

We next derive the bulk effective slip rate Veff , defined in (19), as a function of ` and ˙̀ by considering
the slip rate distribution along the slipping patch, while similar derivation of the hypocentral slip
rate Veff,0 given in Sup. Materials8, and, thus, establish (22) as the rupture front equation-of-
motion (EoM).

3.2 Slip Rate Distribution and Veff

In line with the crack loading decomposition, the slip along the patch is approximated by the
superposition of that due to the effective uniform stress drop ∆τeff , δ∆τ , and of that due to the
hypocentral Coulomb force ∆T , δ∆T ,

δ ≈ δ∆τ + δ∆T with δ∆τ =
2∆τeff
µ̂

√
`2 − x2, δ∆T =

2∆T

πµ̂
cosh−1 `

|x| (23)

8Note that the dependence of ∆τeff on Veff is more essential to the accurate evaluation of EoM (22) than that
of ∆T on Veff,0, since the small changes of the former with effective slip rate are amplified in (22) by increasing
function of crack length, either ` or

√
`, when comparing the EoM terms.
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Here µ̂(vr) = µ g(vr)/k(vr) is an apparent shear modulus which monotonically decreases with vr
from the quasi-static value given by µ in mode III and µ/(1 − ν) in mode II to a finite fraction
thereof when vr is approaching a limiting velocity given by the shear wave speed cs in mode III
and the Raleigh speed cR in mode II [35, 32]9. Specifically, for the mode III g/k = E(1−v2

r/c
2
s), in

which E is the complete elliptic integral of the 2nd kind, varies modestly between (g/k)(0) = 1 to
(g/k)(1) = 2/π. The corresponding slip rate distribution follows by time differentiation10 of (23)
and the use of (22)

V ≈ 2Kc

µ̂
√
π`

˙̀√
1− x2/`2

+
2∆̇T

πµ̂
cosh−1 `

|x| (24)

Consider first evaluating the effective slip rate Veff , (19), when either the rate of change of
the hypocentral Coulomb force or of the fracture toughness is negligible. For the low-velocity
(logarithmically dependent on V ) friction, we can get

V
(∆̇T=0)
eff = 4

Kc
˙̀

µ̂
√
π`
, V

(Kc=0)
eff = 0.4569× ∆̇T

µ̂
(25)

In the general case, we can obtain from (19), after some manipulations,

Veff = F (P)
4Kc

˙̀

µ̂
√
π`
, where P =

∆̇T
√
π`

Kc
˙̀

(26)

is the non-dimensional parameter with the meaning of the normalized point-force-rate, and function
F (P), defined by

ln F (P) =
1

π

∫ +1

−1

ln

(
1 +

P

π

√
1− ξ2 cosh−1 1

|ξ|

)
dξ√

1− ξ2
, (27)

and plotted in Sup. Figure 4, provides the transition with P from the toughness-dominated
(P � 1 or negligible ∆̇T ), F ∼ exp(P/π) ≈ 1, to the point-force-rate-dominated (P � 1 or
negligible Kc), F ∼ 0.1142×P, regime. General expression (26) for the bulk slip rate naturally
reduces to the asymptotic ones given in (25) when P is much smaller/larger than 1.

As a final note on the formulation of EoM, we acknowledge that the ambient slip rate on faults
that are initially over or understressed, i.e. when ∆fo 6= 0, will evolve over a long (ambient)
timescale to = L/Vo towards the new steady-state value, thus leading to reduction of the absolute
value of ∆fo over the same timescale. This baseline evolution of Vo and ∆fo can in principle
be inserted into the EoM considerations without any change to the latter, but are practically
unnecessary when considering transient evolution of a ’stimulated’ slip events on timescales shorter
than to (e.g., equal to to ≈ 5.3 years for the fault parametrization in the numerical examples of
slip transients considered in this work, such as Figure 1).

9This form of the apparent shear modulus is strictly valid for a self-similarly expanding crack with constant
uniform stress drop. Here we tentatively assume that the solution for the crack driven by by a point-force can be
formulated in terms of the same apparent modulus.

10assuming a slowly varying toughnessKc and apparent modulus µ̂, and, thus, neglecting their rates when carrying
differentiation
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3.3 EoM predictions
Let us make use of the following natural elasto-frictional scaling

t

to
→ t,

`

`b
→ `,

vr
vo
→ vr,

V

Vo
→ V,

∆T

µL
→ ∆T,

∆̇T

µVo
→ ∆̇T ,

Gc
bσ̄oL

→ Gc,
Kc

bσ̄o
√
`b
→ Kc (28)

defined in terms of the characteristic length `b = (µ/bσ̄o)L and time to = `b/vo = L/Vo scales.
EoM (22), normalized with help of (28), reads

∆fo/b− (a/b− 1) lnVeff︸ ︷︷ ︸
∆τeff/(bσ̄o)

+
∆T

π`
=

Kc√
π`

with Veff = 4 ˙̀ Kc√
π`

F

(
∆̇T

˙̀

√
π`

Kc

)
(29)

where the scaled fracture energy Gc = Gc(e
∆fo/b ˙̀/g) (Figure 4) and toughness Kc =

√
2Gcg/k2

are functions of the scaled rupture velocity vr = ˙̀ (while g and k are the previously defined
elastodynamic functions of vr/(cs/vo) with g = k = 1 for aseismic slip). EoM is an implicit 1st order
ordinary differential equation governing evolution of the rupture scaled half-length ` = `(t), which
is parametrized by the direct-to-state friction parameters ratio a/b, ambient overstress ∆fo/b,
scaled wave speed cs/vo (only of importance for seismic ruptures), and scaled hypocentral force
∆T and its time-rate ∆̇T .

Consider the case of constant hypocentral Coulomb force (∆T = const, ∆̇T = 0, and
F (0) = 1) for which the EoM does not depend explicitly on time, and is entirely described by a
trajectory11 in the phase-plane (`, ˙̀). The EoM phase trajectories are shown in Figure 5 for the
case of the slip-law friction12 and for systematically varied frictional rate-dependence parameter
a/b (from rate-weakening, a/b < 1, to rate-strengthening, a/b > 1), Coulomb force ∆T , and
ambient fault overstress ∆fo/b.

For frictionally-stable faults (RN and RS panes of the figure), the overstressed conditions
(∆fo/b = +1) are seen to support long-term expansion and acceleration of slow slip, as the rupture
speed and the bulk slip rate Veff (shown by the color gradient) increase with run-out distance to
eventually seismic values13. This eventual seismic transition on RS faults predicted to occur over
exceedingly large slip run-outs, which are likely not practical to observe in nature. In the case
of a finite hypocentral perturbation (∆T > 0), early-time development of slip is dominated by a
possibly seismic (for large enough ∆T ) transient owing to an abrupt application of the Coulomb
perturbation [19] followed by the rupture deceleration at intermediate times/lengths irrespective of
the fault initial conditions (overstress value). This hypocentral-perturbation-dominated behavior
eventually gives way to the long-term slip accelerating dynamics on overstressed faults, as already
described in the above, while the slip-rate fizzles to the ambient value on under- and neutrally-
stressed faults (∆fo/b ≤ 0), essentially signaling termination of the slip transient run-out14. EoM
examination of the slip development on frictionally-stable faults with ageing-law of friction (phase
plots on Sup. Figure 5) shows qualitatively similar but much slower dynamics owing to a much
larger fracture energy when compared to the slip-law friction case at the same value rupture speed

11which can be easily integrated to obtain rupture front progression with time ` = `(t)
12phase-plots for the ageing-law of friction are shown in Sup. Figure 5
13also observed by [21] but in the context corresponding to a constant rate of Coulomb force (constant rate of

fluid injection into the fault in that study).
14The slightly accelerating long-term rupture predicted by the EoM for the case of neutrally stressed fault ∆fo = 0

with ∆T > 0 corresponds to the slip-rate in bulk of the rupture asymptotically approaching the ambient fault value,
and, thus, an artifact of application of EoM outside of its underline assumptions.
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(Figure 4). A practical estimate of the maximum slip run-out distance `max on neutrally- and
under- stressed (∆fo ≤ 0), frictionally-stable (a/b ≥ 1) faults is obtained from the EoM by setting
normalized bulk slip rate Veff ∼ 1 and corresponding Gc ∼ 1, which leads to a simple quadratic
equation for `max. At zero fault overstress,

∆fo = 0 : `max = ∆T 2/2π (30)

For frictionally-unstable, RW faults (left pane of the figure), a rather complicated variety of
rupture behaviors is suggested by the EoM, including the non-unique rupture velocity (simulta-
neous existence of the accelerating and decelerating solution branches) for large enough rupture
run-out distance. The minimum run-out distance at which the non-uniqueness emerges may indi-
cate the slip instability (earthquake nucleation) studied in the numerous previous works including
[9, 10, 11]. Exploration of this possible connection is outside of the scope of this work, we do note
however, that (i) care would need to be exercised in applying the crack-like EoM to earthquake
nucleation on faults with slip-law rate-state friction, which were shown to support the pulse-like
rupture propagation mode [10]; and, more optimistically, (ii) the critical slip run-out distance pre-
dicted by the EoM on initially steady-state faults (∆fo = 0) with ageing-law of friction is very
well approximated by `∞ = `b/(π(1−a/b)2), in agreement with the earthquake nucleations studies
[9, 11].

In case of a constant rate of the hypocentral Coulomb force (∆̇T > 0), a useful approxi-
mation of the EoM (29) is obtained by differentiating in time and reasonably neglecting the rates
of Kc and ∆τeff (since both the toughness and the bulk stress drop are only weakly dependent
upon the time-varying rupture velocity)

∆fo/b− (a/b− 1) lnVeff︸ ︷︷ ︸
∆τeff/(bσ̄o)

+
∆̇T

π ˙̀
≈ 1

2

Kc√
π`

(31)

When ∆̇T is a constant, EoM (31) does not explicitly depend on time, and, thus, is fully-described
by a trajectory in the phase-plane. Figure 6 (Sup. Figure 6) shows the EoM solution trajectories
for the slip-law (ageing-law) friction, for a range of values of the rate-dependence parameter a/b,
ambient overstress ∆fo, and the rate of the hypocentral Coulomb force ∆̇T , respectively. Focusing
on the response of rate-strengthening faults (c) to the linear increase of the hypocentral Coulomb
force with time , we observe that the initially overstressed faults (∆fo > 0) support continually
accelerating slip transients at large run-out distances similarly to the case with a constant Coulomb
force (Figure 5). This simply suggests that the fault overstress (when present), not the hypocen-
tral perturbation, dominates the slip response at large time/run-out. However, the large-run-out
rupture behavior on neutrally- or under- stressed faults (∆fo ≤ 0) is markedly different from that
for a constant Coulomb force, as the slip is seen to continuously accelerate towards the terminal
rupture speed (Figure 6b,c). This behavior corresponds to the diminishing effect of the toughness
compared to that of the Coulomb force-rate with increasing run-out distance, and bulk slip rate
Veff approaching the zero toughness limit given in (25). Corresponding, zero-toughness reduction
of the EoM can be solved for the normalized value of the terminal rupture speed

vr,lim =
∆̇T

π

[
(a/b− 1) lnV

(Kc=0)
eff −∆fo/b

]−1

with V
(Kc=0)
eff = 0.4569 ∆̇T (32)

shown by dashed black lines on Figure 6b,c.
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<latexit sha1_base64="/9b6K5KjbOsFuDtkAheCSau+gHE=">AAACGXicbVDLSsNAFJ34rPVVdelmsAgupCZS0GXBjcsK9gFtKJPJjQ5OJmHmRiyhv+HGX3HjQhGXuvJvnLRZ+DowzOGce7n3niCVwqDrfjpz8wuLS8uVlerq2vrGZm1ru2uSTHPo8EQmuh8wA1Io6KBACf1UA4sDCb3g5qzwe7egjUjUJY5T8GN2pUQkOEMrjWruEOEO80gLXghUMwQaQgoqBMWBToZBIkMzju2Xs6NgMqrV3YY7Bf1LvJLUSYn2qPY+DBOexaCQS2bMwHNT9HOmUXAJk+owM5AyfsOuYGCpYjEYP59eNqH7VglplGj7FNKp+r0jZ7EplrOVMcNr89srxP+8QYbRqZ8LlWZo75wNijJJMaFFTDQUGjjKsSWMa2F3pfyaacbRhlm1IXi/T/5LuscNr9loXjTrrcMyjgrZJXvkgHjkhLTIOWmTDuHknjySZ/LiPDhPzqvzNiudc8qeHfIDzscXF42hhw==</latexit>

�
T

=
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<latexit sha1_base64="reouix+HBvTYJkmzT3uamwMn+Co=">AAAB+XicbVBNS8NAEN3Ur1q/oh69bC1CTyWRgl6Egh48VugXNKFstpN26WYTdjeFEvpPvHhQxKv/xJv/xm2bg7Y+GHi8N8PMvCDhTGnH+bYKW9s7u3vF/dLB4dHxiX161lFxKim0acxj2QuIAs4EtDXTHHqJBBIFHLrB5H7hd6cgFYtFS88S8CMyEixklGgjDWzbewCuCW555TuvjF1nYFecmrME3iRuTiooR3Ngf3nDmKYRCE05UarvOon2MyI1oxzmJS9VkBA6ISPoGypIBMrPlpfP8ZVRhjiMpSmh8VL9PZGRSKlZFJjOiOixWvcW4n9eP9XhrZ8xkaQaBF0tClOOdYwXMeAhk0A1nxlCqGTmVkzHRBKqTVglE4K7/vIm6VzX3Hqt/lSvNKp5HEV0gS5RFbnoBjXQI2qiNqJoip7RK3qzMuvFerc+Vq0FK585R39gff4AsLCRqg==</latexit>

�
T

=
0

<latexit sha1_base64="tg0MDE/WW7avmsWwX7l+l1yhMT4=">AAAB+HicbVBNS8NAEN34WetHox69bC1CTyWRgl6Egh48VugXNKFstpt26WYTdidCDf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXpAIrsFxvq2Nza3tnd3CXnH/4PCoZB+fdHScKsraNBax6gVEM8ElawMHwXqJYiQKBOsGk9u5331kSvNYtmCaMD8iI8lDTgkYaWCXvDsmgOCWV77xytgZ2BWn5iyA14mbkwrK0RzYX94wpmnEJFBBtO67TgJ+RhRwKtis6KWaJYROyIj1DZUkYtrPFofP8IVRhjiMlSkJeKH+nshIpPU0CkxnRGCsV725+J/XTyG89jMukxSYpMtFYSowxHieAh5yxSiIqSGEKm5uxXRMFKFgsiqaENzVl9dJ57Lm1mv1h3qlUc3jKKAzdI6qyEVXqIHuURO1EUUpekav6M16sl6sd+tj2bph5TOn6A+szx89C5Fv</latexit>

RS, a/b = 1.1

<latexit sha1_base64="rB5LW4ukTDscB9E/egt+GSuUjuY=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovQhcRECroRCm5c1kcf0IYymU7aoZMHMzdiCPVX3LhQxK0f4s6/cdpmoa0HLhzOuZd77/FiwRXY9rdRWFldW98obpa2tnd298z9g5aKEklZk0Yikh2PKCZ4yJrAQbBOLBkJPMHa3vhq6rcfmFQ8Cu8hjZkbkGHIfU4JaKlvlnvAHiG7vTvBE0xOvUvHcvpmxbbsGfAycXJSQTkaffOrN4hoErAQqCBKdR07BjcjEjgVbFLqJYrFhI7JkHU1DUnAlJvNjp/gY60MsB9JXSHgmfp7IiOBUmng6c6AwEgtelPxP6+bgH/hZjyME2AhnS/yE4EhwtMk8IBLRkGkmhAqub4V0xGRhILOq6RDcBZfXiatM8upWbWbWqVezeMookN0hKrIQeeojq5RAzURRSl6Rq/ozXgyXox342PeWjDymTL6A+PzB280kz8=</latexit>

Neutral, a/b = 1

<latexit sha1_base64="QBz+xLZkeSxq0D25BNeSZlVMGi0=">AAAB/3icbVDJSgNBEO2JW4xbVPDipTEIOUickYBehIAXTxLBLJAMoadTkzTpWeiuEcOYg7/ixYMiXv0Nb/6NneWgiQ8KHu9VUVXPi6XQaNvfVmZpeWV1Lbue29jc2t7J7+7VdZQoDjUeyUg1PaZBihBqKFBCM1bAAk9Cwxtcjf3GPSgtovAOhzG4AeuFwhecoZE6+YM2wgOmN5CgYvKEjig79S6dTr5gl+wJ6CJxZqRAZqh28l/tbsSTAELkkmndcuwY3ZQpFFzCKNdONMSMD1gPWoaGLADtppP7R/TYKF3qR8pUiHSi/p5IWaD1MPBMZ8Cwr+e9sfif10rQv3BTEcYJQsini/xEUozoOAzaFQo4yqEhjCthbqW8zxTjaCLLmRCc+ZcXSf2s5JRL5dtyoVKcxZElh+SIFIlDzkmFXJMqqRFOHskzeSVv1pP1Yr1bH9PWjDWb2Sd/YH3+AMZYlTQ=</latexit>

RW, a/b = 0.9

<latexit sha1_base64="Te8ztFxc0XQ81pJL5Agope5+Ww0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovQhcRECupCKLhxWcU+oA1lMp20QycPZm7EEOqvuHGhiFs/xJ1/47TNQlsPXDiccy/33uPFgiuw7W+jsLK6tr5R3Cxtbe/s7pn7By0VJZKyJo1EJDseUUzwkDWBg2CdWDISeIK1vfH11G8/MKl4FN5DGjM3IMOQ+5wS0FLfLPeAPUJ21z7BE0xOvSvbuuybFduyZ8DLxMlJBeVo9M2v3iCiScBCoIIo1XXsGNyMSOBUsEmplygWEzomQ9bVNCQBU242O36Cj7UywH4kdYWAZ+rviYwESqWBpzsDAiO16E3F/7xuAv6Fm/EwToCFdL7ITwSGCE+TwAMuGQWRakKo5PpWTEdEEgo6r5IOwVl8eZm0ziynZtVua5V6NY+jiA7REaoiB52jOrpBDdREFKXoGb2iN+PJeDHejY95a8HIZ8roD4zPH4AKk0o=</latexit>

RS, a/b = 1.1

<latexit sha1_base64="rB5LW4ukTDscB9E/egt+GSuUjuY=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovQhcRECroRCm5c1kcf0IYymU7aoZMHMzdiCPVX3LhQxK0f4s6/cdpmoa0HLhzOuZd77/FiwRXY9rdRWFldW98obpa2tnd298z9g5aKEklZk0Yikh2PKCZ4yJrAQbBOLBkJPMHa3vhq6rcfmFQ8Cu8hjZkbkGHIfU4JaKlvlnvAHiG7vTvBE0xOvUvHcvpmxbbsGfAycXJSQTkaffOrN4hoErAQqCBKdR07BjcjEjgVbFLqJYrFhI7JkHU1DUnAlJvNjp/gY60MsB9JXSHgmfp7IiOBUmng6c6AwEgtelPxP6+bgH/hZjyME2AhnS/yE4EhwtMk8IBLRkGkmhAqub4V0xGRhILOq6RDcBZfXiatM8upWbWbWqVezeMookN0hKrIQeeojq5RAzURRSl6Rq/ozXgyXox342PeWjDymTL6A+PzB280kz8=</latexit>

Neutral, a/b = 1

<latexit sha1_base64="QBz+xLZkeSxq0D25BNeSZlVMGi0=">AAAB/3icbVDJSgNBEO2JW4xbVPDipTEIOUickYBehIAXTxLBLJAMoadTkzTpWeiuEcOYg7/ixYMiXv0Nb/6NneWgiQ8KHu9VUVXPi6XQaNvfVmZpeWV1Lbue29jc2t7J7+7VdZQoDjUeyUg1PaZBihBqKFBCM1bAAk9Cwxtcjf3GPSgtovAOhzG4AeuFwhecoZE6+YM2wgOmN5CgYvKEjig79S6dTr5gl+wJ6CJxZqRAZqh28l/tbsSTAELkkmndcuwY3ZQpFFzCKNdONMSMD1gPWoaGLADtppP7R/TYKF3qR8pUiHSi/p5IWaD1MPBMZ8Cwr+e9sfif10rQv3BTEcYJQsini/xEUozoOAzaFQo4yqEhjCthbqW8zxTjaCLLmRCc+ZcXSf2s5JRL5dtyoVKcxZElh+SIFIlDzkmFXJMqqRFOHskzeSVv1pP1Yr1bH9PWjDWb2Sd/YH3+AMZYlTQ=</latexit>

RW, a/b = 0.9

<latexit sha1_base64="Te8ztFxc0XQ81pJL5Agope5+Ww0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovQhcRECupCKLhxWcU+oA1lMp20QycPZm7EEOqvuHGhiFs/xJ1/47TNQlsPXDiccy/33uPFgiuw7W+jsLK6tr5R3Cxtbe/s7pn7By0VJZKyJo1EJDseUUzwkDWBg2CdWDISeIK1vfH11G8/MKl4FN5DGjM3IMOQ+5wS0FLfLPeAPUJ21z7BE0xOvSvbuuybFduyZ8DLxMlJBeVo9M2v3iCiScBCoIIo1XXsGNyMSOBUsEmplygWEzomQ9bVNCQBU242O36Cj7UywH4kdYWAZ+rviYwESqWBpzsDAiO16E3F/7xuAv6Fm/EwToCFdL7ITwSGCE+TwAMuGQWRakKo5PpWTEdEEgo6r5IOwVl8eZm0ziynZtVua5V6NY+jiA7REaoiB52jOrpBDdREFKXoGb2iN+PJeDHejY95a8HIZ8roD4zPH4AKk0o=</latexit>

friction rate dependence a/b

<latexit sha1_base64="/9b6K5KjbOsFuDtkAheCSau+gHE=">AAACGXicbVDLSsNAFJ34rPVVdelmsAgupCZS0GXBjcsK9gFtKJPJjQ5OJmHmRiyhv+HGX3HjQhGXuvJvnLRZ+DowzOGce7n3niCVwqDrfjpz8wuLS8uVlerq2vrGZm1ru2uSTHPo8EQmuh8wA1Io6KBACf1UA4sDCb3g5qzwe7egjUjUJY5T8GN2pUQkOEMrjWruEOEO80gLXghUMwQaQgoqBMWBToZBIkMzju2Xs6NgMqrV3YY7Bf1LvJLUSYn2qPY+DBOexaCQS2bMwHNT9HOmUXAJk+owM5AyfsOuYGCpYjEYP59eNqH7VglplGj7FNKp+r0jZ7EplrOVMcNr89srxP+8QYbRqZ8LlWZo75wNijJJMaFFTDQUGjjKsSWMa2F3pfyaacbRhlm1IXi/T/5LuscNr9loXjTrrcMyjgrZJXvkgHjkhLTIOWmTDuHknjySZ/LiPDhPzqvzNiudc8qeHfIDzscXF42hhw==</latexit>
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<latexit sha1_base64="ppSHyepgUkEObuU2m9Xgv+2Dpd8=">AAACH3icbVBNS8NAEN34bf2KevSyWAQPUhIp6lHQg0cF2wpNKZvttF26yYbdiRhC/4kX/4oXD4qIN/+NmzYHrQ4s+3gzw3vzwkQKg5735czNLywuLa+sVtbWNza33O2dplGp5tDgSip9FzIDUsTQQIES7hINLAoltMLRRdFv3YM2QsW3mCXQidggFn3BGVqq654ECA+YD7NEcYhRM0kvVCpVFNK+shJ0HIRK9kwW2S8PLkEio7fjrlv1at6k6F/gl6BKyrruup9BT/E0shpcMmPavpdgJ2caBZcwrgSpgYTxERtA28KYRWA6+eS+MT2wTK/wY1+MdML+3MhZZAqHdjJiODSzvYL8r9dOsX/WyUWcpAgxnwr1U0lR0SIs2hMaOMrMAsa1sF4pHzLNONpIKzYEf/bkv6B5XPPrtfpNvXp+VMaxQvbIPjkkPjkl5+SKXJMG4eSRPJNX8uY8OS/Ou/MxHZ1zyp1d8qucr2/XX6P/</latexit>
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2

<latexit sha1_base64="5o0h0GmPVDWHCZ/O0yGkTQ/pyZo=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZWsReipJKehFKOjBY4V+QRPKZrttl242YXci1NBf4sWDIl79Kd78N27bHLT1wcDjvRlm5gWx4Boc59vKbW3v7O7l9wsHh0fHRfvktKOjRFHWppGIVC8gmgkuWRs4CNaLFSNhIFg3mN4u/O4jU5pHsgWzmPkhGUs+4pSAkQZ20btjAghueaUbr4RrA7vsVJ0l8CZxM1JGGZoD+8sbRjQJmQQqiNZ914nBT4kCTgWbF7xEs5jQKRmzvqGShEz76fLwOb40yhCPImVKAl6qvydSEmo9CwPTGRKY6HVvIf7n9RMYXfspl3ECTNLVolEiMER4kQIecsUoiJkhhCpubsV0QhShYLIqmBDc9Zc3SadWdevV+kO93KhkceTRObpAFeSiK9RA96iJ2oiiBD2jV/RmPVkv1rv1sWrNWdnMGfoD6/MHQBORcQ==</latexit>
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0

<latexit sha1_base64="VriBGqzqvkPgd0EGgnQ4XyH8QT8=">AAAB+XicbVBNS8NAEN34WetX1KOXrUXoqSRS0YtQ0IPHCv2CJpTNdtIu3WzC7qZQQv+JFw+KePWfePPfuG1z0NYHA4/3ZpiZFyScKe0439bG5tb2zm5hr7h/cHh0bJ+ctlWcSgotGvNYdgOigDMBLc00h24igUQBh04wvp/7nQlIxWLR1NME/IgMBQsZJdpIfdv2HoBrgpte6c4r4Wunb5edqrMAXiduTsooR6Nvf3mDmKYRCE05UarnOon2MyI1oxxmRS9VkBA6JkPoGSpIBMrPFpfP8KVRBjiMpSmh8UL9PZGRSKlpFJjOiOiRWvXm4n9eL9XhrZ8xkaQaBF0uClOOdYznMeABk0A1nxpCqGTmVkxHRBKqTVhFE4K7+vI6aV9V3Vq19lQr1yt5HAV0ji5QBbnoBtXRI2qgFqJogp7RK3qzMuvFerc+lq0bVj5zhv7A+vwBtsSRrg==</latexit>

crack half-length `/`b

<latexit sha1_base64="5jyyeaCQbGn0WnvrOBEBDez8AOk=">AAACD3icbVBNS8NAEN34WetX1aOXxaKIaE2koMeCF48VbBWaUDbbSbu42YTdiVhC/4EX/4oXD4p49erNf+Om9uDXg10e780wMy9MpTDouh/O1PTM7Nx8aaG8uLS8slpZW2+bJNMcWjyRib4KmQEpFLRQoISrVAOLQwmX4fVp4V/egDYiURc4TCGIWV+JSHCGVupWdnyEW8y5ZvyaDpiMDiSoPg7oyN/3QcrD4uuG3UrVrblj0L/Em5AqmaDZrbz7vYRnMSjkkhnT8dwUg5xpFFzCqOxnBlI7k/WhY6liMZggH98zottW6dEo0fYppGP1e0fOYmOGcWgrY4YD89srxP+8TobRSZALlWYIin8NijJJMaFFOLQnNHCUQ0sY18LuSvmA2WzQRli2IXi/T/5L2kc1r16rn9erjb1JHCWySbbILvHIMWmQM9IkLcLJHXkgT+TZuXcenRfn9at0ypn0bJAfcN4+AcPVnGc=</latexit>
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<latexit sha1_base64="XnPFGxIF36DbSZ/b9Oe9YD2czmw=">AAACC3icbVBNS8NAEN34WetX1aOXxSKISE2koMeCF48VbBWaEjbbiS5usmF3Uiyhdy/+FS8eFPHqH/Dmv3Hb5qCtDwYe780wMy9MpTDout/O3PzC4tJyaaW8ura+sVnZ2m4blWkOLa6k0jchMyBFAi0UKOEm1cDiUMJ1eH8+8q/7oI1QyRUOUujG7DYRkeAMrRRU9nyEB8y5ZvyeRlolSE0K0KND/6gf6ON+oIJK1a25Y9BZ4hWkSgo0g8qX31M8iyFBLpkxHc9NsZszjYJLGJb9zEBq97Fb6FiasBhMNx//MqT7VunRSGlb9pix+nsiZ7Exgzi0nTHDOzPtjcT/vE6G0Vk3F0maISR8sijKJEVFR8HQntDAUQ4sYVwLeyvld8zmgja+sg3Bm355lrRPal69Vr+sVxuHRRwlskv2yAHxyClpkAvSJC3CySN5Jq/kzXlyXpx352PSOucUMzvkD5zPH/Ibmuc=</latexit>

cs

<latexit sha1_base64="DTXcy1h62+vqSoM3AzIlbDbUxvk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbFU0mkUI8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpgQ30oFxxq+4CZJ14OalAjuag/NUfxiyNUBomqNY9z02Mn1FlOBM4K/VTjQllEzrCnqWSRqj9bHHqjFxYZUjCWNmShizU3xMZjbSeRoHtjKgZ61VvLv7n9VIT3vgZl0lqULLlojAVxMRk/jcZcoXMiKkllClubyVsTBVlxqZTsiF4qy+vk/Z11atVa/e1SuMyj6MIZ3AOV+BBHRpwB01oAYMRPMMrvDnCeXHenY9la8HJZ07hD5zPH0mUjbg=</latexit>

Ve↵/Vo

<latexit sha1_base64="Hv8Z/Gp2c1lf3x3SCn6qDG36jCU=">AAAB+XicdVDJSgNBEO2JW4zbqEcvjUHwFCchoseAF48RzCSQDENPpyZp0rPQXRMMQ/7EiwdFvPon3vwbO4vg+qDg8V4VVfWCVAqNjvNuFVZW19Y3ipulre2d3T17/8DVSaY4tHgiE9UJmAYpYmihQAmdVAGLAgntYHQ189tjUFok8S1OUvAiNohFKDhDI/m27fo9hDvMIQynZ66f+HbZqdTOHQP6m1QrzhxlskTTt996/YRnEcTIJdO6W3VS9HKmUHAJ01Iv05AyPmID6Boaswi0l88vn9ITo/RpmChTMdK5+nUiZ5HWkygwnRHDof7pzcS/vG6G4aWXizjNEGK+WBRmkmJCZzHQvlDAUU4MYVwJcyvlQ6YYRxNWyYTw+Sn9n7i1SrVeqd/Uyw26jKNIjsgxOSVVckEa5Jo0SYtwMib35JE8Wbn1YD1bL4vWgrWcOSTfYL1+AK3pk5c=</latexit>

�fo/b=0

<latexit sha1_base64="go1DVDF8UhPUsLOo1WYMRQCOdB0=">AAAB+3icdVDLSsNAFJ3UV62vWJduphbBVUxKRTdCQRcuK9gHNCFMppN26GQmzEzEEvorblwo4tYfceffOH0IPg9cOJxzL/feE6WMKu2671ZhaXllda24XtrY3NresXfLbSUyiUkLCyZkN0KKMMpJS1PNSDeVBCURI51odDH1O7dEKir4jR6nJEjQgNOYYqSNFNpl/5IwjWAciuPIr5z7FTe0q65TO3EN4G/iOe4MVbBAM7Tf/L7AWUK4xgwp1fPcVAc5kppiRiYlP1MkRXiEBqRnKEcJUUE+u30CD43Sh7GQpriGM/XrRI4SpcZJZDoTpIfqpzcV//J6mY7PgpzyNNOE4/miOGNQCzgNAvapJFizsSEIS2puhXiIJMLaxFUyIXx+Cv8n7Zrj1Z36db3agIs4imAfHIAj4IFT0ABXoAlaAIM7cA8ewZM1sR6sZ+tl3lqwFjN74Bus1w/ZYZLr</latexit>

+1

<latexit sha1_base64="s3SEhq1GT1hDWYsnXJTGYZ9e7yg=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoMgCMtuiOgx4MVjFBMDyRJmJ7PJkNnZZaZXCEv+wIsHRbz6R978GycPwWdBQ1HVTXdXmEph0PPencLS8srqWnG9tLG5tb1T3t1rmSTTjDdZIhPdDqnhUijeRIGSt1PNaRxKfhuOLqb+7R3XRiTqBscpD2I6UCISjKKVrk/8XrniudVTz4L8Jr7rzVCBBRq98lu3n7As5gqZpMZ0fC/FIKcaBZN8UupmhqeUjeiAdyxVNOYmyGeXTsiRVfokSrQthWSmfp3IaWzMOA5tZ0xxaH56U/Evr5NhdB7kQqUZcsXmi6JMEkzI9G3SF5ozlGNLKNPC3krYkGrK0IZTsiF8fkr+J62q69fc2lWtUieLOIpwAIdwDD6cQR0uoQFNYBDBPTzCkzNyHpxn52XeWnAWM/vwDc7rB/dujOQ=</latexit>

�fo/b=�1

<latexit sha1_base64="4mmo5jr3mH/f709JLP66Cm0XCeU=">AAAB/HicdVDLSsNAFJ3UV62vaJduphbBjTUpFd0IBV24rGAf0IQwmU7awclMmJkIIdRfceNCEbd+iDv/xulD8HngwuGce7n3njBhVGnHebcKC4tLyyvF1dLa+sbmlr2901EilZi0sWBC9kKkCKOctDXVjPQSSVAcMtINb84nfveWSEUFv9ZZQvwYDTmNKEbaSIFd9i4I0whGgTgKvcqZVzl0A7vq1OrHjgH8TdyaM0UVzNEK7DdvIHAaE64xQ0r1XSfRfo6kppiRcclLFUkQvkFD0jeUo5goP58eP4b7RhnASEhTXMOp+nUiR7FSWRyazhjpkfrpTcS/vH6qo1M/pzxJNeF4tihKGdQCTpKAAyoJ1iwzBGFJza0Qj5BEWJu8SiaEz0/h/6RTr7mNWuOqUW3CeRxFsAv2wAFwwQlogkvQAm2AQQbuwSN4su6sB+vZepm1Fqz5TBl8g/X6AUnckyM=</latexit>

+1

<latexit sha1_base64="s3SEhq1GT1hDWYsnXJTGYZ9e7yg=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoMgCMtuiOgx4MVjFBMDyRJmJ7PJkNnZZaZXCEv+wIsHRbz6R978GycPwWdBQ1HVTXdXmEph0PPencLS8srqWnG9tLG5tb1T3t1rmSTTjDdZIhPdDqnhUijeRIGSt1PNaRxKfhuOLqb+7R3XRiTqBscpD2I6UCISjKKVrk/8XrniudVTz4L8Jr7rzVCBBRq98lu3n7As5gqZpMZ0fC/FIKcaBZN8UupmhqeUjeiAdyxVNOYmyGeXTsiRVfokSrQthWSmfp3IaWzMOA5tZ0xxaH56U/Evr5NhdB7kQqUZcsXmi6JMEkzI9G3SF5ozlGNLKNPC3krYkGrK0IZTsiF8fkr+J62q69fc2lWtUieLOIpwAIdwDD6cQR0uoQFNYBDBPTzCkzNyHpxn52XeWnAWM/vwDc7rB/dujOQ=</latexit>

+1

<latexit sha1_base64="s3SEhq1GT1hDWYsnXJTGYZ9e7yg=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoMgCMtuiOgx4MVjFBMDyRJmJ7PJkNnZZaZXCEv+wIsHRbz6R978GycPwWdBQ1HVTXdXmEph0PPencLS8srqWnG9tLG5tb1T3t1rmSTTjDdZIhPdDqnhUijeRIGSt1PNaRxKfhuOLqb+7R3XRiTqBscpD2I6UCISjKKVrk/8XrniudVTz4L8Jr7rzVCBBRq98lu3n7As5gqZpMZ0fC/FIKcaBZN8UupmhqeUjeiAdyxVNOYmyGeXTsiRVfokSrQthWSmfp3IaWzMOA5tZ0xxaH56U/Evr5NhdB7kQqUZcsXmi6JMEkzI9G3SF5ozlGNLKNPC3krYkGrK0IZTsiF8fkr+J62q69fc2lWtUieLOIpwAIdwDD6cQR0uoQFNYBDBPTzCkzNyHpxn52XeWnAWM/vwDc7rB/dujOQ=</latexit>

�fo/b=0

<latexit sha1_base64="go1DVDF8UhPUsLOo1WYMRQCOdB0=">AAAB+3icdVDLSsNAFJ3UV62vWJduphbBVUxKRTdCQRcuK9gHNCFMppN26GQmzEzEEvorblwo4tYfceffOH0IPg9cOJxzL/feE6WMKu2671ZhaXllda24XtrY3NresXfLbSUyiUkLCyZkN0KKMMpJS1PNSDeVBCURI51odDH1O7dEKir4jR6nJEjQgNOYYqSNFNpl/5IwjWAciuPIr5z7FTe0q65TO3EN4G/iOe4MVbBAM7Tf/L7AWUK4xgwp1fPcVAc5kppiRiYlP1MkRXiEBqRnKEcJUUE+u30CD43Sh7GQpriGM/XrRI4SpcZJZDoTpIfqpzcV//J6mY7PgpzyNNOE4/miOGNQCzgNAvapJFizsSEIS2puhXiIJMLaxFUyIXx+Cv8n7Zrj1Z36db3agIs4imAfHIAj4IFT0ABXoAlaAIM7cA8ewZM1sR6sZ+tl3lqwFjN74Bus1w/ZYZLr</latexit>

�fo/b=0

<latexit sha1_base64="go1DVDF8UhPUsLOo1WYMRQCOdB0=">AAAB+3icdVDLSsNAFJ3UV62vWJduphbBVUxKRTdCQRcuK9gHNCFMppN26GQmzEzEEvorblwo4tYfceffOH0IPg9cOJxzL/feE6WMKu2671ZhaXllda24XtrY3NresXfLbSUyiUkLCyZkN0KKMMpJS1PNSDeVBCURI51odDH1O7dEKir4jR6nJEjQgNOYYqSNFNpl/5IwjWAciuPIr5z7FTe0q65TO3EN4G/iOe4MVbBAM7Tf/L7AWUK4xgwp1fPcVAc5kppiRiYlP1MkRXiEBqRnKEcJUUE+u30CD43Sh7GQpriGM/XrRI4SpcZJZDoTpIfqpzcV//J6mY7PgpzyNNOE4/miOGNQCzgNAvapJFizsSEIS2puhXiIJMLaxFUyIXx+Cv8n7Zrj1Z36db3agIs4imAfHIAj4IFT0ABXoAlaAIM7cA8ewZM1sR6sZ+tl3lqwFjN74Bus1w/ZYZLr</latexit>

�1

<latexit sha1_base64="KIr1WZBwgECyDkmAftKuAuSFglY=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgxWU3RPQY8OIxiomBZAmzk9lkyOzsMtMrhCV/4MWDIl79I2/+jZOH4LOgoajqprsrTKUw6HnvTmFpeWV1rbhe2tjc2t4p7+61TJJpxpsskYluh9RwKRRvokDJ26nmNA4lvw1HF1P/9o5rIxJ1g+OUBzEdKBEJRtFK1yd+r1zx3OqpZ0F+E9/1ZqjAAo1e+a3bT1gWc4VMUmM6vpdikFONgkk+KXUzw1PKRnTAO5YqGnMT5LNLJ+TIKn0SJdqWQjJTv07kNDZmHIe2M6Y4ND+9qfiX18kwOg9yodIMuWLzRVEmCSZk+jbpC80ZyrEllGlhbyVsSDVlaMMp2RA+PyX/k1bV9Wtu7apWqZNFHEU4gEM4Bh/OoA6X0IAmMIjgHh7hyRk5D86z8zJvLTiLmX34Buf1A/p4jOY=</latexit>

�1

<latexit sha1_base64="KIr1WZBwgECyDkmAftKuAuSFglY=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgxWU3RPQY8OIxiomBZAmzk9lkyOzsMtMrhCV/4MWDIl79I2/+jZOH4LOgoajqprsrTKUw6HnvTmFpeWV1rbhe2tjc2t4p7+61TJJpxpsskYluh9RwKRRvokDJ26nmNA4lvw1HF1P/9o5rIxJ1g+OUBzEdKBEJRtFK1yd+r1zx3OqpZ0F+E9/1ZqjAAo1e+a3bT1gWc4VMUmM6vpdikFONgkk+KXUzw1PKRnTAO5YqGnMT5LNLJ+TIKn0SJdqWQjJTv07kNDZmHIe2M6Y4ND+9qfiX18kwOg9yodIMuWLzRVEmCSZk+jbpC80ZyrEllGlhbyVsSDVlaMMp2RA+PyX/k1bV9Wtu7apWqZNFHEU4gEM4Bh/OoA6X0IAmMIjgHh7hyRk5D86z8zJvLTiLmX34Buf1A/p4jOY=</latexit>

0

<latexit sha1_base64="lhxm2eW17fojWe49+TcXt8IVOQI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0yI6DHgxWMCZoFkCD2dmqRNT8/Q3SOEIV/gxYMiXv0kb/6NnUVwfVDweK+KqnphKrg2nvfurKyurW9sFraK2zu7e/ulg8OWTjLFsMkSkahOSDUKLrFpuBHYSRXSOBTYDsdXM799h0rzRN6YSYpBTIeSR5xRY6WG1y+VPbdy7lmQ38R3vTnKsES9X3rrDRKWxSgNE1Trru+lJsipMpwJnBZ7mcaUsjEdYtdSSWPUQT4/dEpOrTIgUaJsSUPm6teJnMZaT+LQdsbUjPRPbyb+5XUzE10GOZdpZlCyxaIoE8QkZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7QhfH5K/ietiutX3WqjWq6RZRwFOIYTOAMfLqAG11CHJjBAuIdHeHJunQfn2XlZtK44y5kj+Abn9QOPr4yu</latexit>

�1

<latexit sha1_base64="KIr1WZBwgECyDkmAftKuAuSFglY=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgxWU3RPQY8OIxiomBZAmzk9lkyOzsMtMrhCV/4MWDIl79I2/+jZOH4LOgoajqprsrTKUw6HnvTmFpeWV1rbhe2tjc2t4p7+61TJJpxpsskYluh9RwKRRvokDJ26nmNA4lvw1HF1P/9o5rIxJ1g+OUBzEdKBEJRtFK1yd+r1zx3OqpZ0F+E9/1ZqjAAo1e+a3bT1gWc4VMUmM6vpdikFONgkk+KXUzw1PKRnTAO5YqGnMT5LNLJ+TIKn0SJdqWQjJTv07kNDZmHIe2M6Y4ND+9qfiX18kwOg9yodIMuWLzRVEmCSZk+jbpC80ZyrEllGlhbyVsSDVlaMMp2RA+PyX/k1bV9Wtu7apWqZNFHEU4gEM4Bh/OoA6X0IAmMIjgHh7hyRk5D86z8zJvLTiLmX34Buf1A/p4jOY=</latexit>

0

<latexit sha1_base64="lhxm2eW17fojWe49+TcXt8IVOQI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0yI6DHgxWMCZoFkCD2dmqRNT8/Q3SOEIV/gxYMiXv0kb/6NnUVwfVDweK+KqnphKrg2nvfurKyurW9sFraK2zu7e/ulg8OWTjLFsMkSkahOSDUKLrFpuBHYSRXSOBTYDsdXM799h0rzRN6YSYpBTIeSR5xRY6WG1y+VPbdy7lmQ38R3vTnKsES9X3rrDRKWxSgNE1Trru+lJsipMpwJnBZ7mcaUsjEdYtdSSWPUQT4/dEpOrTIgUaJsSUPm6teJnMZaT+LQdsbUjPRPbyb+5XUzE10GOZdpZlCyxaIoE8QkZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7QhfH5K/ietiutX3WqjWq6RZRwFOIYTOAMfLqAG11CHJjBAuIdHeHJunQfn2XlZtK44y5kj+Abn9QOPr4yu</latexit>

�1

<latexit sha1_base64="KIr1WZBwgECyDkmAftKuAuSFglY=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgxWU3RPQY8OIxiomBZAmzk9lkyOzsMtMrhCV/4MWDIl79I2/+jZOH4LOgoajqprsrTKUw6HnvTmFpeWV1rbhe2tjc2t4p7+61TJJpxpsskYluh9RwKRRvokDJ26nmNA4lvw1HF1P/9o5rIxJ1g+OUBzEdKBEJRtFK1yd+r1zx3OqpZ0F+E9/1ZqjAAo1e+a3bT1gWc4VMUmM6vpdikFONgkk+KXUzw1PKRnTAO5YqGnMT5LNLJ+TIKn0SJdqWQjJTv07kNDZmHIe2M6Y4ND+9qfiX18kwOg9yodIMuWLzRVEmCSZk+jbpC80ZyrEllGlhbyVsSDVlaMMp2RA+PyX/k1bV9Wtu7apWqZNFHEU4gEM4Bh/OoA6X0IAmMIjgHh7hyRk5D86z8zJvLTiLmX34Buf1A/p4jOY=</latexit>

�1

<latexit sha1_base64="KIr1WZBwgECyDkmAftKuAuSFglY=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgxWU3RPQY8OIxiomBZAmzk9lkyOzsMtMrhCV/4MWDIl79I2/+jZOH4LOgoajqprsrTKUw6HnvTmFpeWV1rbhe2tjc2t4p7+61TJJpxpsskYluh9RwKRRvokDJ26nmNA4lvw1HF1P/9o5rIxJ1g+OUBzEdKBEJRtFK1yd+r1zx3OqpZ0F+E9/1ZqjAAo1e+a3bT1gWc4VMUmM6vpdikFONgkk+KXUzw1PKRnTAO5YqGnMT5LNLJ+TIKn0SJdqWQjJTv07kNDZmHIe2M6Y4ND+9qfiX18kwOg9yodIMuWLzRVEmCSZk+jbpC80ZyrEllGlhbyVsSDVlaMMp2RA+PyX/k1bV9Wtu7apWqZNFHEU4gEM4Bh/OoA6X0IAmMIjgHh7hyRk5D86z8zJvLTiLmX34Buf1A/p4jOY=</latexit>

�fo/b=0

<latexit sha1_base64="go1DVDF8UhPUsLOo1WYMRQCOdB0=">AAAB+3icdVDLSsNAFJ3UV62vWJduphbBVUxKRTdCQRcuK9gHNCFMppN26GQmzEzEEvorblwo4tYfceffOH0IPg9cOJxzL/feE6WMKu2671ZhaXllda24XtrY3NresXfLbSUyiUkLCyZkN0KKMMpJS1PNSDeVBCURI51odDH1O7dEKir4jR6nJEjQgNOYYqSNFNpl/5IwjWAciuPIr5z7FTe0q65TO3EN4G/iOe4MVbBAM7Tf/L7AWUK4xgwp1fPcVAc5kppiRiYlP1MkRXiEBqRnKEcJUUE+u30CD43Sh7GQpriGM/XrRI4SpcZJZDoTpIfqpzcV//J6mY7PgpzyNNOE4/miOGNQCzgNAvapJFizsSEIS2puhXiIJMLaxFUyIXx+Cv8n7Zrj1Z36db3agIs4imAfHIAj4IFT0ABXoAlaAIM7cA8ewZM1sR6sZ+tl3lqwFjN74Bus1w/ZYZLr</latexit>

�fo/b=0

<latexit sha1_base64="go1DVDF8UhPUsLOo1WYMRQCOdB0=">AAAB+3icdVDLSsNAFJ3UV62vWJduphbBVUxKRTdCQRcuK9gHNCFMppN26GQmzEzEEvorblwo4tYfceffOH0IPg9cOJxzL/feE6WMKu2671ZhaXllda24XtrY3NresXfLbSUyiUkLCyZkN0KKMMpJS1PNSDeVBCURI51odDH1O7dEKir4jR6nJEjQgNOYYqSNFNpl/5IwjWAciuPIr5z7FTe0q65TO3EN4G/iOe4MVbBAM7Tf/L7AWUK4xgwp1fPcVAc5kppiRiYlP1MkRXiEBqRnKEcJUUE+u30CD43Sh7GQpriGM/XrRI4SpcZJZDoTpIfqpzcV//J6mY7PgpzyNNOE4/miOGNQCzgNAvapJFizsSEIS2puhXiIJMLaxFUyIXx+Cv8n7Zrj1Z36db3agIs4imAfHIAj4IFT0ABXoAlaAIM7cA8ewZM1sR6sZ+tl3lqwFjN74Bus1w/ZYZLr</latexit>

�1

<latexit sha1_base64="KIr1WZBwgECyDkmAftKuAuSFglY=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgxWU3RPQY8OIxiomBZAmzk9lkyOzsMtMrhCV/4MWDIl79I2/+jZOH4LOgoajqprsrTKUw6HnvTmFpeWV1rbhe2tjc2t4p7+61TJJpxpsskYluh9RwKRRvokDJ26nmNA4lvw1HF1P/9o5rIxJ1g+OUBzEdKBEJRtFK1yd+r1zx3OqpZ0F+E9/1ZqjAAo1e+a3bT1gWc4VMUmM6vpdikFONgkk+KXUzw1PKRnTAO5YqGnMT5LNLJ+TIKn0SJdqWQjJTv07kNDZmHIe2M6Y4ND+9qfiX18kwOg9yodIMuWLzRVEmCSZk+jbpC80ZyrEllGlhbyVsSDVlaMMp2RA+PyX/k1bV9Wtu7apWqZNFHEU4gEM4Bh/OoA6X0IAmMIjgHh7hyRk5D86z8zJvLTiLmX34Buf1A/p4jOY=</latexit>

+1

<latexit sha1_base64="s3SEhq1GT1hDWYsnXJTGYZ9e7yg=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoMgCMtuiOgx4MVjFBMDyRJmJ7PJkNnZZaZXCEv+wIsHRbz6R978GycPwWdBQ1HVTXdXmEph0PPencLS8srqWnG9tLG5tb1T3t1rmSTTjDdZIhPdDqnhUijeRIGSt1PNaRxKfhuOLqb+7R3XRiTqBscpD2I6UCISjKKVrk/8XrniudVTz4L8Jr7rzVCBBRq98lu3n7As5gqZpMZ0fC/FIKcaBZN8UupmhqeUjeiAdyxVNOYmyGeXTsiRVfokSrQthWSmfp3IaWzMOA5tZ0xxaH56U/Evr5NhdB7kQqUZcsXmi6JMEkzI9G3SF5ozlGNLKNPC3krYkGrK0IZTsiF8fkr+J62q69fc2lWtUieLOIpwAIdwDD6cQR0uoQFNYBDBPTzCkzNyHpxn52XeWnAWM/vwDc7rB/dujOQ=</latexit>

�fo/b=0

<latexit sha1_base64="go1DVDF8UhPUsLOo1WYMRQCOdB0=">AAAB+3icdVDLSsNAFJ3UV62vWJduphbBVUxKRTdCQRcuK9gHNCFMppN26GQmzEzEEvorblwo4tYfceffOH0IPg9cOJxzL/feE6WMKu2671ZhaXllda24XtrY3NresXfLbSUyiUkLCyZkN0KKMMpJS1PNSDeVBCURI51odDH1O7dEKir4jR6nJEjQgNOYYqSNFNpl/5IwjWAciuPIr5z7FTe0q65TO3EN4G/iOe4MVbBAM7Tf/L7AWUK4xgwp1fPcVAc5kppiRiYlP1MkRXiEBqRnKEcJUUE+u30CD43Sh7GQpriGM/XrRI4SpcZJZDoTpIfqpzcV//J6mY7PgpzyNNOE4/miOGNQCzgNAvapJFizsSEIS2puhXiIJMLaxFUyIXx+Cv8n7Zrj1Z36db3agIs4imAfHIAj4IFT0ABXoAlaAIM7cA8ewZM1sR6sZ+tl3lqwFjN74Bus1w/ZYZLr</latexit>

�1

<latexit sha1_base64="KIr1WZBwgECyDkmAftKuAuSFglY=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgxWU3RPQY8OIxiomBZAmzk9lkyOzsMtMrhCV/4MWDIl79I2/+jZOH4LOgoajqprsrTKUw6HnvTmFpeWV1rbhe2tjc2t4p7+61TJJpxpsskYluh9RwKRRvokDJ26nmNA4lvw1HF1P/9o5rIxJ1g+OUBzEdKBEJRtFK1yd+r1zx3OqpZ0F+E9/1ZqjAAo1e+a3bT1gWc4VMUmM6vpdikFONgkk+KXUzw1PKRnTAO5YqGnMT5LNLJ+TIKn0SJdqWQjJTv07kNDZmHIe2M6Y4ND+9qfiX18kwOg9yodIMuWLzRVEmCSZk+jbpC80ZyrEllGlhbyVsSDVlaMMp2RA+PyX/k1bV9Wtu7apWqZNFHEU4gEM4Bh/OoA6X0IAmMIjgHh7hyRk5D86z8zJvLTiLmX34Buf1A/p4jOY=</latexit>

+1

<latexit sha1_base64="s3SEhq1GT1hDWYsnXJTGYZ9e7yg=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoMgCMtuiOgx4MVjFBMDyRJmJ7PJkNnZZaZXCEv+wIsHRbz6R978GycPwWdBQ1HVTXdXmEph0PPencLS8srqWnG9tLG5tb1T3t1rmSTTjDdZIhPdDqnhUijeRIGSt1PNaRxKfhuOLqb+7R3XRiTqBscpD2I6UCISjKKVrk/8XrniudVTz4L8Jr7rzVCBBRq98lu3n7As5gqZpMZ0fC/FIKcaBZN8UupmhqeUjeiAdyxVNOYmyGeXTsiRVfokSrQthWSmfp3IaWzMOA5tZ0xxaH56U/Evr5NhdB7kQqUZcsXmi6JMEkzI9G3SF5ozlGNLKNPC3krYkGrK0IZTsiF8fkr+J62q69fc2lWtUieLOIpwAIdwDD6cQR0uoQFNYBDBPTzCkzNyHpxn52XeWnAWM/vwDc7rB/dujOQ=</latexit>

�fo/b=+1

<latexit sha1_base64="S/+ZjaKzjHNHNb+/7PSy1S/RjZ8=">AAAB/HicdVDLSsNAFJ3UV62vaJduphZBEGpSKroRCrpwWcE+oAlhMp20g5OZMDMRQqi/4saFIm79EHf+jdOH4PPAhcM593LvPWHCqNKO824VFhaXlleKq6W19Y3NLXt7p6NEKjFpY8GE7IVIEUY5aWuqGeklkqA4ZKQb3pxP/O4tkYoKfq2zhPgxGnIaUYy0kQK77F0QphGMAnEUepUzr3LoBnbVqdWPHQP4m7g1Z4oqmKMV2G/eQOA0JlxjhpTqu06i/RxJTTEj45KXKpIgfIOGpG8oRzFRfj49fgz3jTKAkZCmuIZT9etEjmKlsjg0nTHSI/XTm4h/ef1UR6d+TnmSasLxbFGUMqgFnCQBB1QSrFlmCMKSmlshHiGJsDZ5lUwIn5/C/0mnXnMbtcZVo9qE8ziKYBfsgQPgghPQBJegBdoAgwzcg0fwZN1ZD9az9TJrLVjzmTL4Buv1A0bSkyE=</latexit>

�fo/b=+1

<latexit sha1_base64="S/+ZjaKzjHNHNb+/7PSy1S/RjZ8=">AAAB/HicdVDLSsNAFJ3UV62vaJduphZBEGpSKroRCrpwWcE+oAlhMp20g5OZMDMRQqi/4saFIm79EHf+jdOH4PPAhcM593LvPWHCqNKO824VFhaXlleKq6W19Y3NLXt7p6NEKjFpY8GE7IVIEUY5aWuqGeklkqA4ZKQb3pxP/O4tkYoKfq2zhPgxGnIaUYy0kQK77F0QphGMAnEUepUzr3LoBnbVqdWPHQP4m7g1Z4oqmKMV2G/eQOA0JlxjhpTqu06i/RxJTTEj45KXKpIgfIOGpG8oRzFRfj49fgz3jTKAkZCmuIZT9etEjmKlsjg0nTHSI/XTm4h/ef1UR6d+TnmSasLxbFGUMqgFnCQBB1QSrFlmCMKSmlshHiGJsDZ5lUwIn5/C/0mnXnMbtcZVo9qE8ziKYBfsgQPgghPQBJegBdoAgwzcg0fwZN1ZD9az9TJrLVjzmTL4Buv1A0bSkyE=</latexit>

�fo/b=0

<latexit sha1_base64="go1DVDF8UhPUsLOo1WYMRQCOdB0=">AAAB+3icdVDLSsNAFJ3UV62vWJduphbBVUxKRTdCQRcuK9gHNCFMppN26GQmzEzEEvorblwo4tYfceffOH0IPg9cOJxzL/feE6WMKu2671ZhaXllda24XtrY3NresXfLbSUyiUkLCyZkN0KKMMpJS1PNSDeVBCURI51odDH1O7dEKir4jR6nJEjQgNOYYqSNFNpl/5IwjWAciuPIr5z7FTe0q65TO3EN4G/iOe4MVbBAM7Tf/L7AWUK4xgwp1fPcVAc5kppiRiYlP1MkRXiEBqRnKEcJUUE+u30CD43Sh7GQpriGM/XrRI4SpcZJZDoTpIfqpzcV//J6mY7PgpzyNNOE4/miOGNQCzgNAvapJFizsSEIS2puhXiIJMLaxFUyIXx+Cv8n7Zrj1Z36db3agIs4imAfHIAj4IFT0ABXoAlaAIM7cA8ewZM1sR6sZ+tl3lqwFjN74Bus1w/ZYZLr</latexit>

+1

<latexit sha1_base64="s3SEhq1GT1hDWYsnXJTGYZ9e7yg=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoMgCMtuiOgx4MVjFBMDyRJmJ7PJkNnZZaZXCEv+wIsHRbz6R978GycPwWdBQ1HVTXdXmEph0PPencLS8srqWnG9tLG5tb1T3t1rmSTTjDdZIhPdDqnhUijeRIGSt1PNaRxKfhuOLqb+7R3XRiTqBscpD2I6UCISjKKVrk/8XrniudVTz4L8Jr7rzVCBBRq98lu3n7As5gqZpMZ0fC/FIKcaBZN8UupmhqeUjeiAdyxVNOYmyGeXTsiRVfokSrQthWSmfp3IaWzMOA5tZ0xxaH56U/Evr5NhdB7kQqUZcsXmi6JMEkzI9G3SF5ozlGNLKNPC3krYkGrK0IZTsiF8fkr+J62q69fc2lWtUieLOIpwAIdwDD6cQR0uoQFNYBDBPTzCkzNyHpxn52XeWnAWM/vwDc7rB/dujOQ=</latexit>

102

<latexit sha1_base64="h+QZjwh736hzjh3sg/UN7b7qrDo=">AAAB63icdVDLSgNBEOyNrxhfUY96GAyCp2U3JOgx4MVjBPOAZA2zk9lkyMzsMjMrhCW/4MWDIl79IW/+jbNJBJ8FDUVVN91dYcKZNp737hRWVtfWN4qbpa3tnd298v5BW8epIrRFYh6rbog15UzSlmGG026iKBYhp51wcpn7nTuqNIvljZkmNBB4JFnECDa55Hu31UG54rnVumeBfhPf9eaowBLNQfmtP4xJKqg0hGOte76XmCDDyjDC6azUTzVNMJngEe1ZKrGgOsjmt87QqVWGKIqVLWnQXP06kWGh9VSEtlNgM9Y/vVz8y+ulJroIMiaT1FBJFouilCMTo/xxNGSKEsOnlmCimL0VkTFWmBgbT8mG8Pkp+p+0q65fc2vXtUrjeBlHEY7gBM7Ah3NowBU0oQUExnAPj/DkCOfBeXZeFq0FZzlzCN/gvH4AIyCNiQ==</latexit>

104

<latexit sha1_base64="ogJND8EpkdpcnHATjzZbjfXpg98=">AAAB63icdVBNS8NAEJ3Ur1q/qh71sFgETyEpET0WvHisYFuhjWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoKfj4YeLw3w8y8KOVMG897d0pLyyura+X1ysbm1vZOdXevrZNMEdoiCU/UTYQ15UzSlmGG05tUUSwiTjvR+KLwO3dUaZbIazNJaSjwULKYEWwKyfdug3615rn1U88C/Sa+681QgwWa/epbb5CQTFBpCMdad30vNWGOlWGE02mll2maYjLGQ9q1VGJBdZjPbp2iY6sMUJwoW9Kgmfp1IsdC64mIbKfAZqR/eoX4l9fNTHwe5kymmaGSzBfFGUcmQcXjaMAUJYZPLMFEMXsrIiOsMDE2nooN4fNT9D9p110/cIOroNY4XMRRhgM4ghPw4QwacAlNaAGBEdzDIzw5wnlwnp2XeWvJWczswzc4rx8mKI2L</latexit>

106

<latexit sha1_base64="ckTxgLdjFQI/poiHVLDLUseHW9k=">AAAB63icdVDJSgNBEK2JW4xb1KMeGoPgaZgJcTkGvHiMYBZIxtDT6UmadPcM3T1CGPILXjwo4tUf8ubf2JNEcH1Q8Hiviqp6YcKZNp737hSWlldW14rrpY3Nre2d8u5eS8epIrRJYh6rTog15UzSpmGG006iKBYhp+1wfJn77TuqNIvljZkkNBB4KFnECDa55Hu3Z/1yxXOrp54F+k1815uhAgs0+uW33iAmqaDSEI617vpeYoIMK8MIp9NSL9U0wWSMh7RrqcSC6iCb3TpFx1YZoChWtqRBM/XrRIaF1hMR2k6BzUj/9HLxL6+bmugiyJhMUkMlmS+KUo5MjPLH0YApSgyfWIKJYvZWREZYYWJsPCUbwuen6H/Sqrp+za1d1yr1w0UcRTiAIzgBH86hDlfQgCYQGME9PMKTI5wH59l5mbcWnMXMPnyD8/oBKTCNjQ==</latexit>

108

<latexit sha1_base64="L/vDSTAOMhLDnLfRyeD5mfbY6tw=">AAAB63icdVDLSgNBEOyNrxhfUY96GAyCp2U3RMwx4MVjBPOAZA2zk9lkyMzsMjMrhCW/4MWDIl79IW/+jbNJBJ8FDUVVN91dYcKZNp737hRWVtfWN4qbpa3tnd298v5BW8epIrRFYh6rbog15UzSlmGG026iKBYhp51wcpn7nTuqNIvljZkmNBB4JFnECDa55Hu39UG54rnVc88C/Sa+681RgSWag/JbfxiTVFBpCMda93wvMUGGlWGE01mpn2qaYDLBI9qzVGJBdZDNb52hU6sMURQrW9Kgufp1IsNC66kIbafAZqx/ern4l9dLTVQPMiaT1FBJFouilCMTo/xxNGSKEsOnlmCimL0VkTFWmBgbT8mG8Pkp+p+0q65fc2vXtUrjeBlHEY7gBM7AhwtowBU0oQUExnAPj/DkCOfBeXZeFq0FZzlzCN/gvH4ALDiNjw==</latexit>

1

<latexit sha1_base64="eCNB/2foWwK1HalzlClzeMr11fA=">AAAB6HicdVDJSgNBEK2JW4xb1KMeGoPgaZgJET0GvHhMwCyQDKGnU5O06ekZunuEEPIFXjwo4tVP8ubf2FkE1wcFj/eqqKoXpoJr43nvTm5ldW19I79Z2Nre2d0r7h80dZIphg2WiES1Q6pRcIkNw43AdqqQxqHAVji6mvmtO1SaJ/LGjFMMYjqQPOKMGivV/V6x5Lnlc8+C/Ca+681RgiVqveJbt5+wLEZpmKBad3wvNcGEKsOZwGmhm2lMKRvRAXYslTRGHUzmh07JqVX6JEqULWnIXP06MaGx1uM4tJ0xNUP905uJf3mdzESXwYTLNDMo2WJRlAliEjL7mvS5QmbE2BLKFLe3EjakijJjsynYED4/Jf+TZtn1K26lXilVj5dx5OEITuAMfLiAKlxDDRrAAOEeHuHJuXUenGfnZdGac5Yzh/ANzusHj/+Mqw==</latexit>

1010

<latexit sha1_base64="QcnoxiIDVyP4BY/dJnXfRrN+W9Q=">AAAB7nicdVDLSgMxFL1TX7W+qi51ESyCqyFTKrosuHFZwbZCO5ZMmmlDM8mQZIQy9CPcuFDErd/jzr8xfQg+D1w4nHMv994TpYIbi/G7V1haXlldK66XNja3tnfKu3stozJNWZMqofRNRAwTXLKm5Vawm1QzkkSCtaPRxdRv3zFtuJLXdpyyMCEDyWNOiXVSO8C3eYAnvXIF+9VT7IB+k8DHM1RggUav/NbtK5olTFoqiDGdAKc2zIm2nAo2KXUzw1JCR2TAOo5KkjAT5rNzJ+jYKX0UK+1KWjRTv07kJDFmnESuMyF2aH56U/Evr5PZ+DzMuUwzyySdL4ozgaxC099Rn2tGrRg7Qqjm7lZEh0QTal1CJRfC56fof9Kq+kHNr13VKvXDRRxFOIAjOIEAzqAOl9CAJlAYwT08wpOXeg/es/cyby14i5l9+Abv9QNVXo7O</latexit>

�fo/b=0

<latexit sha1_base64="go1DVDF8UhPUsLOo1WYMRQCOdB0=">AAAB+3icdVDLSsNAFJ3UV62vWJduphbBVUxKRTdCQRcuK9gHNCFMppN26GQmzEzEEvorblwo4tYfceffOH0IPg9cOJxzL/feE6WMKu2671ZhaXllda24XtrY3NresXfLbSUyiUkLCyZkN0KKMMpJS1PNSDeVBCURI51odDH1O7dEKir4jR6nJEjQgNOYYqSNFNpl/5IwjWAciuPIr5z7FTe0q65TO3EN4G/iOe4MVbBAM7Tf/L7AWUK4xgwp1fPcVAc5kppiRiYlP1MkRXiEBqRnKEcJUUE+u30CD43Sh7GQpriGM/XrRI4SpcZJZDoTpIfqpzcV//J6mY7PgpzyNNOE4/miOGNQCzgNAvapJFizsSEIS2puhXiIJMLaxFUyIXx+Cv8n7Zrj1Z36db3agIs4imAfHIAj4IFT0ABXoAlaAIM7cA8ewZM1sR6sZ+tl3lqwFjN74Bus1w/ZYZLr</latexit>

+1

<latexit sha1_base64="s3SEhq1GT1hDWYsnXJTGYZ9e7yg=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoMgCMtuiOgx4MVjFBMDyRJmJ7PJkNnZZaZXCEv+wIsHRbz6R978GycPwWdBQ1HVTXdXmEph0PPencLS8srqWnG9tLG5tb1T3t1rmSTTjDdZIhPdDqnhUijeRIGSt1PNaRxKfhuOLqb+7R3XRiTqBscpD2I6UCISjKKVrk/8XrniudVTz4L8Jr7rzVCBBRq98lu3n7As5gqZpMZ0fC/FIKcaBZN8UupmhqeUjeiAdyxVNOYmyGeXTsiRVfokSrQthWSmfp3IaWzMOA5tZ0xxaH56U/Evr5NhdB7kQqUZcsXmi6JMEkzI9G3SF5ozlGNLKNPC3krYkGrK0IZTsiF8fkr+J62q69fc2lWtUieLOIpwAIdwDD6cQR0uoQFNYBDBPTzCkzNyHpxn52XeWnAWM/vwDc7rB/dujOQ=</latexit>

�fo/b=0

<latexit sha1_base64="go1DVDF8UhPUsLOo1WYMRQCOdB0=">AAAB+3icdVDLSsNAFJ3UV62vWJduphbBVUxKRTdCQRcuK9gHNCFMppN26GQmzEzEEvorblwo4tYfceffOH0IPg9cOJxzL/feE6WMKu2671ZhaXllda24XtrY3NresXfLbSUyiUkLCyZkN0KKMMpJS1PNSDeVBCURI51odDH1O7dEKir4jR6nJEjQgNOYYqSNFNpl/5IwjWAciuPIr5z7FTe0q65TO3EN4G/iOe4MVbBAM7Tf/L7AWUK4xgwp1fPcVAc5kppiRiYlP1MkRXiEBqRnKEcJUUE+u30CD43Sh7GQpriGM/XrRI4SpcZJZDoTpIfqpzcV//J6mY7PgpzyNNOE4/miOGNQCzgNAvapJFizsSEIS2puhXiIJMLaxFUyIXx+Cv8n7Zrj1Z36db3agIs4imAfHIAj4IFT0ABXoAlaAIM7cA8ewZM1sR6sZ+tl3lqwFjN74Bus1w/ZYZLr</latexit>

�1

<latexit sha1_base64="KIr1WZBwgECyDkmAftKuAuSFglY=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgxWU3RPQY8OIxiomBZAmzk9lkyOzsMtMrhCV/4MWDIl79I2/+jZOH4LOgoajqprsrTKUw6HnvTmFpeWV1rbhe2tjc2t4p7+61TJJpxpsskYluh9RwKRRvokDJ26nmNA4lvw1HF1P/9o5rIxJ1g+OUBzEdKBEJRtFK1yd+r1zx3OqpZ0F+E9/1ZqjAAo1e+a3bT1gWc4VMUmM6vpdikFONgkk+KXUzw1PKRnTAO5YqGnMT5LNLJ+TIKn0SJdqWQjJTv07kNDZmHIe2M6Y4ND+9qfiX18kwOg9yodIMuWLzRVEmCSZk+jbpC80ZyrEllGlhbyVsSDVlaMMp2RA+PyX/k1bV9Wtu7apWqZNFHEU4gEM4Bh/OoA6X0IAmMIjgHh7hyRk5D86z8zJvLTiLmX34Buf1A/p4jOY=</latexit>

+1

<latexit sha1_base64="s3SEhq1GT1hDWYsnXJTGYZ9e7yg=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoMgCMtuiOgx4MVjFBMDyRJmJ7PJkNnZZaZXCEv+wIsHRbz6R978GycPwWdBQ1HVTXdXmEph0PPencLS8srqWnG9tLG5tb1T3t1rmSTTjDdZIhPdDqnhUijeRIGSt1PNaRxKfhuOLqb+7R3XRiTqBscpD2I6UCISjKKVrk/8XrniudVTz4L8Jr7rzVCBBRq98lu3n7As5gqZpMZ0fC/FIKcaBZN8UupmhqeUjeiAdyxVNOYmyGeXTsiRVfokSrQthWSmfp3IaWzMOA5tZ0xxaH56U/Evr5NhdB7kQqUZcsXmi6JMEkzI9G3SF5ozlGNLKNPC3krYkGrK0IZTsiF8fkr+J62q69fc2lWtUieLOIpwAIdwDD6cQR0uoQFNYBDBPTzCkzNyHpxn52XeWnAWM/vwDc7rB/dujOQ=</latexit>

�fo/b=0

<latexit sha1_base64="go1DVDF8UhPUsLOo1WYMRQCOdB0=">AAAB+3icdVDLSsNAFJ3UV62vWJduphbBVUxKRTdCQRcuK9gHNCFMppN26GQmzEzEEvorblwo4tYfceffOH0IPg9cOJxzL/feE6WMKu2671ZhaXllda24XtrY3NresXfLbSUyiUkLCyZkN0KKMMpJS1PNSDeVBCURI51odDH1O7dEKir4jR6nJEjQgNOYYqSNFNpl/5IwjWAciuPIr5z7FTe0q65TO3EN4G/iOe4MVbBAM7Tf/L7AWUK4xgwp1fPcVAc5kppiRiYlP1MkRXiEBqRnKEcJUUE+u30CD43Sh7GQpriGM/XrRI4SpcZJZDoTpIfqpzcV//J6mY7PgpzyNNOE4/miOGNQCzgNAvapJFizsSEIS2puhXiIJMLaxFUyIXx+Cv8n7Zrj1Z36db3agIs4imAfHIAj4IFT0ABXoAlaAIM7cA8ewZM1sR6sZ+tl3lqwFjN74Bus1w/ZYZLr</latexit>

�1

<latexit sha1_base64="KIr1WZBwgECyDkmAftKuAuSFglY=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgxWU3RPQY8OIxiomBZAmzk9lkyOzsMtMrhCV/4MWDIl79I2/+jZOH4LOgoajqprsrTKUw6HnvTmFpeWV1rbhe2tjc2t4p7+61TJJpxpsskYluh9RwKRRvokDJ26nmNA4lvw1HF1P/9o5rIxJ1g+OUBzEdKBEJRtFK1yd+r1zx3OqpZ0F+E9/1ZqjAAo1e+a3bT1gWc4VMUmM6vpdikFONgkk+KXUzw1PKRnTAO5YqGnMT5LNLJ+TIKn0SJdqWQjJTv07kNDZmHIe2M6Y4ND+9qfiX18kwOg9yodIMuWLzRVEmCSZk+jbpC80ZyrEllGlhbyVsSDVlaMMp2RA+PyX/k1bV9Wtu7apWqZNFHEU4gEM4Bh/OoA6X0IAmMIjgHh7hyRk5D86z8zJvLTiLmX34Buf1A/p4jOY=</latexit>

+1

<latexit sha1_base64="s3SEhq1GT1hDWYsnXJTGYZ9e7yg=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoMgCMtuiOgx4MVjFBMDyRJmJ7PJkNnZZaZXCEv+wIsHRbz6R978GycPwWdBQ1HVTXdXmEph0PPencLS8srqWnG9tLG5tb1T3t1rmSTTjDdZIhPdDqnhUijeRIGSt1PNaRxKfhuOLqb+7R3XRiTqBscpD2I6UCISjKKVrk/8XrniudVTz4L8Jr7rzVCBBRq98lu3n7As5gqZpMZ0fC/FIKcaBZN8UupmhqeUjeiAdyxVNOYmyGeXTsiRVfokSrQthWSmfp3IaWzMOA5tZ0xxaH56U/Evr5NhdB7kQqUZcsXmi6JMEkzI9G3SF5ozlGNLKNPC3krYkGrK0IZTsiF8fkr+J62q69fc2lWtUieLOIpwAIdwDD6cQR0uoQFNYBDBPTzCkzNyHpxn52XeWnAWM/vwDc7rB/dujOQ=</latexit>

Sup.Fig 2

<latexit sha1_base64="lzLtljJn7hmT5Ej/7JOOtbtyQRg=">AAAB+nicbZBLSwMxFIUz9VXra6pLN8EiuBqmtWq7KwjisqJ9QDuUTJppQzMPkjtqGftT3LhQxK2/xJ3/xnRaQa0HAodz7iWXz40EV2Dbn0ZmaXlldS27ntvY3NreMfO7TRXGkrIGDUUo2y5RTPCANYCDYO1IMuK7grXc0fm0b90yqXgY3MA4Yo5PBgH3OCWgo56Z7wK7h+Q6jqwLPsClCe6ZBdsqndhaeNEULTtVAc1V75kf3X5IY58FQAVRqlO0I3ASIoFTwSa5bqxYROiIDFhH24D4TDlJevoEH+qkj71Q6hcATtOfGwnxlRr7rp70CQzV324a/td1YvAqTsKDKAYW0NlHXiwwhHjKAfe5ZBTEWBtCJde3YjokklDQtHIphGqlemyf4kXzDaFZsoplq3xVLtTwHEcW7aMDdISK6AzV0CWqowai6A49omf0YjwYT8ar8TYbzRjznT30S8b7F5LHk7w=</latexit>

⇥ Fig 1.1

<latexit sha1_base64="42cCPPR2j8WdbtVHQ1A8+FwadBY=">AAACE3icbVDLSgMxFM34rPU16tJNsAjiYpipVdtdQRCXFewDOqVk0rQNzWSG5I5Yhv6DG3/FjQtF3Lpx59+YPgS1HkhyOOde7s0JYsE1uO6ntbC4tLyymlnLrm9sbm3bO7s1HSWKsiqNRKQaAdFMcMmqwEGwRqwYCQPB6sHgYuzXb5nSPJI3MIxZKyQ9ybucEjBS2z72g0h09DA0T+oDl0NzhUyPsA/sDlKML3kPe443wm075zr5U9cAzxPPcSfIoRkqbfvD70Q0CZkEKojWTc+NoZUSBZwKNsr6iWYxoQPSY01DJTFzW+nkTyN8aJQO7kbKHAl4ov7sSEmox2ubypBAX//1xuJ/XjOBbrGVchknwCSdDuomAkOExwHhDleMghgaQqjiZldM+0QRCibG7CSEUrF04p7hefIdQi3veAWncF3IlfEsjgzaRwfoCHnoHJXRFaqgKqLoHj2iZ/RiPVhP1qv1Ni1dsGY9e+gXrPcvxE6eNw==</latexit>

Sup.Fig 3

<latexit sha1_base64="KFkDf3xz6o5n/bFWqytO1BDDBmo=">AAAB/HicbZBLSwMxFIUz9VXra7RLN8EiuBqmD7XdFQRxWdE+oB1KJs20oZkHyR1xGOpfceNCEbf+EHf+G9OHoNYDgcM595LL50aCK7DtTyOzsrq2vpHdzG1t7+zumfsHLRXGkrImDUUoOy5RTPCANYGDYJ1IMuK7grXd8cW0b98xqXgY3EISMccnw4B7nBLQUd/M94DdQ4rxTRxZl3yIyxPcNwu2VTq1tfCyKVr2TAW0UKNvfvQGIY19FgAVRKlu0Y7ASYkETgWb5HqxYhGhYzJkXW0D4jPlpLPjJ/hYJwPshVK/APAs/bmREl+pxHf1pE9gpP520/C/rhuDV3VSHkQxsIDOP/JigSHEUxJ4wCWjIBJtCJVc34rpiEhCQfPKzSDUqrWyfYaXzTeEVskqVqzKdaVQxwscWXSIjtAJKqJzVEdXqIGaiKIEPaJn9GI8GE/Gq/E2H80Yi508+iXj/QtHvJQR</latexit>

pulse-like

<latexit sha1_base64="q9sIUaiEEYGu0YPR1FlGT9+mlj0=">AAAB+3icbZBNS0JBFIbn2pfZ182WbYYkaJNczUp3QpuWBvkBKjJ3POrg3A9mzg3l4l9p06KItv2Rdv2bxqtBZS8MvLzvOczhcUMpNDrOp5VaW9/Y3EpvZ3Z29/YP7MNsQweR4lDngQxUy2UapPChjgIltEIFzHMlNN3xzbxvPoDSIvDvcRpC12NDXwwEZ2iinp3tIEwwDiOp4VyKMcxoz845+eKlY0RXTSHvJMqRpWo9+6PTD3jkgY9cMq3bBSfEbswUCi5hlulEGkLGx2wIbWN95oHuxsntM3pqkj4dBMo8H2mS/tyImaf11HPNpMdwpP928/C/rh3hoNyNhR9GCD5ffDSIJMWAzkHQvlDAUU6NYVwJcyvlI6YYR4Mrk0ColCsXzhVdNd8QGsV8oZQv3ZVyVbrEkSbH5ISckQK5JlVyS2qkTjiZkEfyTF6smfVkvVpvi9GUtdw5Ir9kvX8BiwyU8w==</latexit>

Figure 5: Equation of motion for constant Coulomb hypocentral force - phase plot of the rupture
front speed vr (scaled by vo = (µ/bσ̄)Vo) vs. half-rupture-length ` (scaled by `b = (µ/bσ̄)L) for
a symmetric rupture on a fault with rate-state (slip law) friction characterized by rate-weakening
(RW, left), rate-neutral (RN, middle), and rate-strengthening (RS, right) steady-state behaviour,
and different initial overstress ∆fo/b = −1, 0,+1. Top to bottom panels correspond to different
values of Coulomb force ∆T/µL = 0 (top), 2, 10, and 50 (bottom). The effective slip rate magni-
tude within the bulk of the slipping patch is shown by color gradient. Several examples of vr vs.
` evolution in full numerical solutions of fault slip transients driven by localized pore overpressure
due to the fixed volume injection (such as in Figure 1.1) are shown by ‘×’ for comparison.
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RS, a/b = 1.1

<latexit sha1_base64="rB5LW4ukTDscB9E/egt+GSuUjuY=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovQhcRECroRCm5c1kcf0IYymU7aoZMHMzdiCPVX3LhQxK0f4s6/cdpmoa0HLhzOuZd77/FiwRXY9rdRWFldW98obpa2tnd298z9g5aKEklZk0Yikh2PKCZ4yJrAQbBOLBkJPMHa3vhq6rcfmFQ8Cu8hjZkbkGHIfU4JaKlvlnvAHiG7vTvBE0xOvUvHcvpmxbbsGfAycXJSQTkaffOrN4hoErAQqCBKdR07BjcjEjgVbFLqJYrFhI7JkHU1DUnAlJvNjp/gY60MsB9JXSHgmfp7IiOBUmng6c6AwEgtelPxP6+bgH/hZjyME2AhnS/yE4EhwtMk8IBLRkGkmhAqub4V0xGRhILOq6RDcBZfXiatM8upWbWbWqVezeMookN0hKrIQeeojq5RAzURRSl6Rq/ozXgyXox342PeWjDymTL6A+PzB280kz8=</latexit>

Neutral, a/b = 1

<latexit sha1_base64="QBz+xLZkeSxq0D25BNeSZlVMGi0=">AAAB/3icbVDJSgNBEO2JW4xbVPDipTEIOUickYBehIAXTxLBLJAMoadTkzTpWeiuEcOYg7/ixYMiXv0Nb/6NneWgiQ8KHu9VUVXPi6XQaNvfVmZpeWV1Lbue29jc2t7J7+7VdZQoDjUeyUg1PaZBihBqKFBCM1bAAk9Cwxtcjf3GPSgtovAOhzG4AeuFwhecoZE6+YM2wgOmN5CgYvKEjig79S6dTr5gl+wJ6CJxZqRAZqh28l/tbsSTAELkkmndcuwY3ZQpFFzCKNdONMSMD1gPWoaGLADtppP7R/TYKF3qR8pUiHSi/p5IWaD1MPBMZ8Cwr+e9sfif10rQv3BTEcYJQsini/xEUozoOAzaFQo4yqEhjCthbqW8zxTjaCLLmRCc+ZcXSf2s5JRL5dtyoVKcxZElh+SIFIlDzkmFXJMqqRFOHskzeSVv1pP1Yr1bH9PWjDWb2Sd/YH3+AMZYlTQ=</latexit>

RW, a/b = 0.9

<latexit sha1_base64="Te8ztFxc0XQ81pJL5Agope5+Ww0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovQhcRECupCKLhxWcU+oA1lMp20QycPZm7EEOqvuHGhiFs/xJ1/47TNQlsPXDiccy/33uPFgiuw7W+jsLK6tr5R3Cxtbe/s7pn7By0VJZKyJo1EJDseUUzwkDWBg2CdWDISeIK1vfH11G8/MKl4FN5DGjM3IMOQ+5wS0FLfLPeAPUJ21z7BE0xOvSvbuuybFduyZ8DLxMlJBeVo9M2v3iCiScBCoIIo1XXsGNyMSOBUsEmplygWEzomQ9bVNCQBU242O36Cj7UywH4kdYWAZ+rviYwESqWBpzsDAiO16E3F/7xuAv6Fm/EwToCFdL7ITwSGCE+TwAMuGQWRakKo5PpWTEdEEgo6r5IOwVl8eZm0ziynZtVua5V6NY+jiA7REaoiB52jOrpBDdREFKXoGb2iN+PJeDHejY95a8HIZ8roD4zPH4AKk0o=</latexit>

crack half-length `/`b

<latexit sha1_base64="5jyyeaCQbGn0WnvrOBEBDez8AOk=">AAACD3icbVBNS8NAEN34WetX1aOXxaKIaE2koMeCF48VbBWaUDbbSbu42YTdiVhC/4EX/4oXD4p49erNf+Om9uDXg10e780wMy9MpTDouh/O1PTM7Nx8aaG8uLS8slpZW2+bJNMcWjyRib4KmQEpFLRQoISrVAOLQwmX4fVp4V/egDYiURc4TCGIWV+JSHCGVupWdnyEW8y5ZvyaDpiMDiSoPg7oyN/3QcrD4uuG3UrVrblj0L/Em5AqmaDZrbz7vYRnMSjkkhnT8dwUg5xpFFzCqOxnBlI7k/WhY6liMZggH98zottW6dEo0fYppGP1e0fOYmOGcWgrY4YD89srxP+8TobRSZALlWYIin8NijJJMaFFOLQnNHCUQ0sY18LuSvmA2WzQRli2IXi/T/5L2kc1r16rn9erjb1JHCWySbbILvHIMWmQM9IkLcLJHXkgT+TZuXcenRfn9at0ypn0bJAfcN4+AcPVnGc=</latexit>

cr
a
ck

fr
on
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sp

ee
d

v r
/
v o

<latexit sha1_base64="XnPFGxIF36DbSZ/b9Oe9YD2czmw=">AAACC3icbVBNS8NAEN34WetX1aOXxSKISE2koMeCF48VbBWaEjbbiS5usmF3Uiyhdy/+FS8eFPHqH/Dmv3Hb5qCtDwYe780wMy9MpTDout/O3PzC4tJyaaW8ura+sVnZ2m4blWkOLa6k0jchMyBFAi0UKOEm1cDiUMJ1eH8+8q/7oI1QyRUOUujG7DYRkeAMrRRU9nyEB8y5ZvyeRlolSE0K0KND/6gf6ON+oIJK1a25Y9BZ4hWkSgo0g8qX31M8iyFBLpkxHc9NsZszjYJLGJb9zEBq97Fb6FiasBhMNx//MqT7VunRSGlb9pix+nsiZ7Exgzi0nTHDOzPtjcT/vE6G0Vk3F0maISR8sijKJEVFR8HQntDAUQ4sYVwLeyvld8zmgja+sg3Bm355lrRPal69Vr+sVxuHRRwlskv2yAHxyClpkAvSJC3CySN5Jq/kzXlyXpx352PSOucUMzvkD5zPH/Ibmuc=</latexit>

cs

<latexit sha1_base64="DTXcy1h62+vqSoM3AzIlbDbUxvk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbFU0mkUI8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpgQ30oFxxq+4CZJ14OalAjuag/NUfxiyNUBomqNY9z02Mn1FlOBM4K/VTjQllEzrCnqWSRqj9bHHqjFxYZUjCWNmShizU3xMZjbSeRoHtjKgZ61VvLv7n9VIT3vgZl0lqULLlojAVxMRk/jcZcoXMiKkllClubyVsTBVlxqZTsiF4qy+vk/Z11atVa/e1SuMyj6MIZ3AOV+BBHRpwB01oAYMRPMMrvDnCeXHenY9la8HJZ07hD5zPH0mUjbg=</latexit>

+1

<latexit sha1_base64="s3SEhq1GT1hDWYsnXJTGYZ9e7yg=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoMgCMtuiOgx4MVjFBMDyRJmJ7PJkNnZZaZXCEv+wIsHRbz6R978GycPwWdBQ1HVTXdXmEph0PPencLS8srqWnG9tLG5tb1T3t1rmSTTjDdZIhPdDqnhUijeRIGSt1PNaRxKfhuOLqb+7R3XRiTqBscpD2I6UCISjKKVrk/8XrniudVTz4L8Jr7rzVCBBRq98lu3n7As5gqZpMZ0fC/FIKcaBZN8UupmhqeUjeiAdyxVNOYmyGeXTsiRVfokSrQthWSmfp3IaWzMOA5tZ0xxaH56U/Evr5NhdB7kQqUZcsXmi6JMEkzI9G3SF5ozlGNLKNPC3krYkGrK0IZTsiF8fkr+J62q69fc2lWtUieLOIpwAIdwDD6cQR0uoQFNYBDBPTzCkzNyHpxn52XeWnAWM/vwDc7rB/dujOQ=</latexit>

�fo/b=�1

<latexit sha1_base64="4mmo5jr3mH/f709JLP66Cm0XCeU=">AAAB/HicdVDLSsNAFJ3UV62vaJduphbBjTUpFd0IBV24rGAf0IQwmU7awclMmJkIIdRfceNCEbd+iDv/xulD8HngwuGce7n3njBhVGnHebcKC4tLyyvF1dLa+sbmlr2901EilZi0sWBC9kKkCKOctDXVjPQSSVAcMtINb84nfveWSEUFv9ZZQvwYDTmNKEbaSIFd9i4I0whGgTgKvcqZVzl0A7vq1OrHjgH8TdyaM0UVzNEK7DdvIHAaE64xQ0r1XSfRfo6kppiRcclLFUkQvkFD0jeUo5goP58eP4b7RhnASEhTXMOp+nUiR7FSWRyazhjpkfrpTcS/vH6qo1M/pzxJNeF4tihKGdQCTpKAAyoJ1iwzBGFJza0Qj5BEWJu8SiaEz0/h/6RTr7mNWuOqUW3CeRxFsAv2wAFwwQlogkvQAm2AQQbuwSN4su6sB+vZepm1Fqz5TBl8g/X6AUnckyM=</latexit>

�
f o

/b
=

+
1

<latexit sha1_base64="S/+ZjaKzjHNHNb+/7PSy1S/RjZ8=">AAAB/HicdVDLSsNAFJ3UV62vaJduphZBEGpSKroRCrpwWcE+oAlhMp20g5OZMDMRQqi/4saFIm79EHf+jdOH4PPAhcM593LvPWHCqNKO824VFhaXlleKq6W19Y3NLXt7p6NEKjFpY8GE7IVIEUY5aWuqGeklkqA4ZKQb3pxP/O4tkYoKfq2zhPgxGnIaUYy0kQK77F0QphGMAnEUepUzr3LoBnbVqdWPHQP4m7g1Z4oqmKMV2G/eQOA0JlxjhpTqu06i/RxJTTEj45KXKpIgfIOGpG8oRzFRfj49fgz3jTKAkZCmuIZT9etEjmKlsjg0nTHSI/XTm4h/ef1UR6d+TnmSasLxbFGUMqgFnCQBB1QSrFlmCMKSmlshHiGJsDZ5lUwIn5/C/0mnXnMbtcZVo9qE8ziKYBfsgQPgghPQBJegBdoAgwzcg0fwZN1ZD9az9TJrLVjzmTL4Buv1A0bSkyE=</latexit>

102

<latexit sha1_base64="h+QZjwh736hzjh3sg/UN7b7qrDo=">AAAB63icdVDLSgNBEOyNrxhfUY96GAyCp2U3JOgx4MVjBPOAZA2zk9lkyMzsMjMrhCW/4MWDIl79IW/+jbNJBJ8FDUVVN91dYcKZNp737hRWVtfWN4qbpa3tnd298v5BW8epIrRFYh6rbog15UzSlmGG026iKBYhp51wcpn7nTuqNIvljZkmNBB4JFnECDa55Hu31UG54rnVumeBfhPf9eaowBLNQfmtP4xJKqg0hGOte76XmCDDyjDC6azUTzVNMJngEe1ZKrGgOsjmt87QqVWGKIqVLWnQXP06kWGh9VSEtlNgM9Y/vVz8y+ulJroIMiaT1FBJFouilCMTo/xxNGSKEsOnlmCimL0VkTFWmBgbT8mG8Pkp+p+0q65fc2vXtUrjeBlHEY7gBM7Ah3NowBU0oQUExnAPj/DkCOfBeXZeFq0FZzlzCN/gvH4AIyCNiQ==</latexit>

104

<latexit sha1_base64="ogJND8EpkdpcnHATjzZbjfXpg98=">AAAB63icdVBNS8NAEJ3Ur1q/qh71sFgETyEpET0WvHisYFuhjWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoKfj4YeLw3w8y8KOVMG897d0pLyyura+X1ysbm1vZOdXevrZNMEdoiCU/UTYQ15UzSlmGG05tUUSwiTjvR+KLwO3dUaZbIazNJaSjwULKYEWwKyfdug3615rn1U88C/Sa+681QgwWa/epbb5CQTFBpCMdad30vNWGOlWGE02mll2maYjLGQ9q1VGJBdZjPbp2iY6sMUJwoW9Kgmfp1IsdC64mIbKfAZqR/eoX4l9fNTHwe5kymmaGSzBfFGUcmQcXjaMAUJYZPLMFEMXsrIiOsMDE2nooN4fNT9D9p110/cIOroNY4XMRRhgM4ghPw4QwacAlNaAGBEdzDIzw5wnlwnp2XeWvJWczswzc4rx8mKI2L</latexit>

106

<latexit sha1_base64="ckTxgLdjFQI/poiHVLDLUseHW9k=">AAAB63icdVDJSgNBEK2JW4xb1KMeGoPgaZgJcTkGvHiMYBZIxtDT6UmadPcM3T1CGPILXjwo4tUf8ubf2JNEcH1Q8Hiviqp6YcKZNp737hSWlldW14rrpY3Nre2d8u5eS8epIrRJYh6rTog15UzSpmGG006iKBYhp+1wfJn77TuqNIvljZkkNBB4KFnECDa55Hu3Z/1yxXOrp54F+k1815uhAgs0+uW33iAmqaDSEI617vpeYoIMK8MIp9NSL9U0wWSMh7RrqcSC6iCb3TpFx1YZoChWtqRBM/XrRIaF1hMR2k6BzUj/9HLxL6+bmugiyJhMUkMlmS+KUo5MjPLH0YApSgyfWIKJYvZWREZYYWJsPCUbwuen6H/Sqrp+za1d1yr1w0UcRTiAIzgBH86hDlfQgCYQGME9PMKTI5wH59l5mbcWnMXMPnyD8/oBKTCNjQ==</latexit>

108

<latexit sha1_base64="L/vDSTAOMhLDnLfRyeD5mfbY6tw=">AAAB63icdVDLSgNBEOyNrxhfUY96GAyCp2U3RMwx4MVjBPOAZA2zk9lkyMzsMjMrhCW/4MWDIl79IW/+jbNJBJ8FDUVVN91dYcKZNp737hRWVtfWN4qbpa3tnd298v5BW8epIrRFYh6rbog15UzSlmGG026iKBYhp51wcpn7nTuqNIvljZkmNBB4JFnECDa55Hu39UG54rnVc88C/Sa+681RgSWag/JbfxiTVFBpCMda93wvMUGGlWGE01mpn2qaYDLBI9qzVGJBdZDNb52hU6sMURQrW9Kgufp1IsNC66kIbafAZqx/ern4l9dLTVQPMiaT1FBJFouilCMTo/xxNGSKEsOnlmCimL0VkTFWmBgbT8mG8Pkp+p+0q65fc2vXtUrjeBlHEY7gBM7AhwtowBU0oQUExnAPj/DkCOfBeXZeFq0FZzlzCN/gvH4ALDiNjw==</latexit>

1

<latexit sha1_base64="eCNB/2foWwK1HalzlClzeMr11fA=">AAAB6HicdVDJSgNBEK2JW4xb1KMeGoPgaZgJET0GvHhMwCyQDKGnU5O06ekZunuEEPIFXjwo4tVP8ubf2FkE1wcFj/eqqKoXpoJr43nvTm5ldW19I79Z2Nre2d0r7h80dZIphg2WiES1Q6pRcIkNw43AdqqQxqHAVji6mvmtO1SaJ/LGjFMMYjqQPOKMGivV/V6x5Lnlc8+C/Ca+681RgiVqveJbt5+wLEZpmKBad3wvNcGEKsOZwGmhm2lMKRvRAXYslTRGHUzmh07JqVX6JEqULWnIXP06MaGx1uM4tJ0xNUP905uJf3mdzESXwYTLNDMo2WJRlAliEjL7mvS5QmbE2BLKFLe3EjakijJjsynYED4/Jf+TZtn1K26lXilVj5dx5OEITuAMfLiAKlxDDRrAAOEeHuHJuXUenGfnZdGac5Yzh/ANzusHj/+Mqw==</latexit>

1010

<latexit sha1_base64="QcnoxiIDVyP4BY/dJnXfRrN+W9Q=">AAAB7nicdVDLSgMxFL1TX7W+qi51ESyCqyFTKrosuHFZwbZCO5ZMmmlDM8mQZIQy9CPcuFDErd/jzr8xfQg+D1w4nHMv994TpYIbi/G7V1haXlldK66XNja3tnfKu3stozJNWZMqofRNRAwTXLKm5Vawm1QzkkSCtaPRxdRv3zFtuJLXdpyyMCEDyWNOiXVSO8C3eYAnvXIF+9VT7IB+k8DHM1RggUav/NbtK5olTFoqiDGdAKc2zIm2nAo2KXUzw1JCR2TAOo5KkjAT5rNzJ+jYKX0UK+1KWjRTv07kJDFmnESuMyF2aH56U/Evr5PZ+DzMuUwzyySdL4ozgaxC099Rn2tGrRg7Qqjm7lZEh0QTal1CJRfC56fof9Kq+kHNr13VKvXDRRxFOIAjOIEAzqAOl9CAJlAYwT08wpOXeg/es/cyby14i5l9+Abv9QNVXo7O</latexit>

�̇T

<latexit sha1_base64="Y0DkRZstQPs7zdfMJ1OTFDXMsCM=">AAAB9XicbZDLSsNAFIYnXmu9VV26GSyCq5JIoXZX0IXLCr1BG8tketIOnVyYOVFK6Hu4caGIW9/FnW/jNA3i7YeBj/9c5vB7sRQabfvDWlldW9/YLGwVt3d29/ZLB4cdHSWKQ5tHMlI9j2mQIoQ2CpTQixWwwJPQ9aaXi3r3DpQWUdjCWQxuwMah8AVnaKzbwSjCdHAFEhltzYelsl2xM9G/4ORQJrmaw9K7WcCTAELkkmndd+wY3ZQpFFzCvDhINMSMT9kY+gZDFoB20+zqOT01zoj6kTIvRJq53ydSFmg9CzzTGTCc6N+1hflfrZ+gf+GmIowThJAvP/ITSTGiiwjoSCjgKGcGGFfC3Er5hCnG0QRVzEKoZ6JLqFVzqDtfIXTOK061Ur2plhs0j6NAjskJOSMOqZEGuSZN0iacKPJAnsizdW89Wi/W67J1xcpnjsgPWW+ff66S0A==</latexit>

�fo/b=�1

<latexit sha1_base64="4mmo5jr3mH/f709JLP66Cm0XCeU=">AAAB/HicdVDLSsNAFJ3UV62vaJduphbBjTUpFd0IBV24rGAf0IQwmU7awclMmJkIIdRfceNCEbd+iDv/xulD8HngwuGce7n3njBhVGnHebcKC4tLyyvF1dLa+sbmlr2901EilZi0sWBC9kKkCKOctDXVjPQSSVAcMtINb84nfveWSEUFv9ZZQvwYDTmNKEbaSIFd9i4I0whGgTgKvcqZVzl0A7vq1OrHjgH8TdyaM0UVzNEK7DdvIHAaE64xQ0r1XSfRfo6kppiRcclLFUkQvkFD0jeUo5goP58eP4b7RhnASEhTXMOp+nUiR7FSWRyazhjpkfrpTcS/vH6qo1M/pzxJNeF4tihKGdQCTpKAAyoJ1iwzBGFJza0Qj5BEWJu8SiaEz0/h/6RTr7mNWuOqUW3CeRxFsAv2wAFwwQlogkvQAm2AQQbuwSN4su6sB+vZepm1Fqz5TBl8g/X6AUnckyM=</latexit>

�fo/b=0

<latexit sha1_base64="go1DVDF8UhPUsLOo1WYMRQCOdB0=">AAAB+3icdVDLSsNAFJ3UV62vWJduphbBVUxKRTdCQRcuK9gHNCFMppN26GQmzEzEEvorblwo4tYfceffOH0IPg9cOJxzL/feE6WMKu2671ZhaXllda24XtrY3NresXfLbSUyiUkLCyZkN0KKMMpJS1PNSDeVBCURI51odDH1O7dEKir4jR6nJEjQgNOYYqSNFNpl/5IwjWAciuPIr5z7FTe0q65TO3EN4G/iOe4MVbBAM7Tf/L7AWUK4xgwp1fPcVAc5kppiRiYlP1MkRXiEBqRnKEcJUUE+u30CD43Sh7GQpriGM/XrRI4SpcZJZDoTpIfqpzcV//J6mY7PgpzyNNOE4/miOGNQCzgNAvapJFizsSEIS2puhXiIJMLaxFUyIXx+Cv8n7Zrj1Z36db3agIs4imAfHIAj4IFT0ABXoAlaAIM7cA8ewZM1sR6sZ+tl3lqwFjN74Bus1w/ZYZLr</latexit>

�fo/b=�1

<latexit sha1_base64="4mmo5jr3mH/f709JLP66Cm0XCeU=">AAAB/HicdVDLSsNAFJ3UV62vaJduphbBjTUpFd0IBV24rGAf0IQwmU7awclMmJkIIdRfceNCEbd+iDv/xulD8HngwuGce7n3njBhVGnHebcKC4tLyyvF1dLa+sbmlr2901EilZi0sWBC9kKkCKOctDXVjPQSSVAcMtINb84nfveWSEUFv9ZZQvwYDTmNKEbaSIFd9i4I0whGgTgKvcqZVzl0A7vq1OrHjgH8TdyaM0UVzNEK7DdvIHAaE64xQ0r1XSfRfo6kppiRcclLFUkQvkFD0jeUo5goP58eP4b7RhnASEhTXMOp+nUiR7FSWRyazhjpkfrpTcS/vH6qo1M/pzxJNeF4tihKGdQCTpKAAyoJ1iwzBGFJza0Qj5BEWJu8SiaEz0/h/6RTr7mNWuOqUW3CeRxFsAv2wAFwwQlogkvQAm2AQQbuwSN4su6sB+vZepm1Fqz5TBl8g/X6AUnckyM=</latexit>

�̇T

<latexit sha1_base64="Y0DkRZstQPs7zdfMJ1OTFDXMsCM=">AAAB9XicbZDLSsNAFIYnXmu9VV26GSyCq5JIoXZX0IXLCr1BG8tketIOnVyYOVFK6Hu4caGIW9/FnW/jNA3i7YeBj/9c5vB7sRQabfvDWlldW9/YLGwVt3d29/ZLB4cdHSWKQ5tHMlI9j2mQIoQ2CpTQixWwwJPQ9aaXi3r3DpQWUdjCWQxuwMah8AVnaKzbwSjCdHAFEhltzYelsl2xM9G/4ORQJrmaw9K7WcCTAELkkmndd+wY3ZQpFFzCvDhINMSMT9kY+gZDFoB20+zqOT01zoj6kTIvRJq53ydSFmg9CzzTGTCc6N+1hflfrZ+gf+GmIowThJAvP/ITSTGiiwjoSCjgKGcGGFfC3Er5hCnG0QRVzEKoZ6JLqFVzqDtfIXTOK061Ur2plhs0j6NAjskJOSMOqZEGuSZN0iacKPJAnsizdW89Wi/W67J1xcpnjsgPWW+ff66S0A==</latexit>

�̇T

<latexit sha1_base64="Y0DkRZstQPs7zdfMJ1OTFDXMsCM=">AAAB9XicbZDLSsNAFIYnXmu9VV26GSyCq5JIoXZX0IXLCr1BG8tketIOnVyYOVFK6Hu4caGIW9/FnW/jNA3i7YeBj/9c5vB7sRQabfvDWlldW9/YLGwVt3d29/ZLB4cdHSWKQ5tHMlI9j2mQIoQ2CpTQixWwwJPQ9aaXi3r3DpQWUdjCWQxuwMah8AVnaKzbwSjCdHAFEhltzYelsl2xM9G/4ORQJrmaw9K7WcCTAELkkmndd+wY3ZQpFFzCvDhINMSMT9kY+gZDFoB20+zqOT01zoj6kTIvRJq53ydSFmg9CzzTGTCc6N+1hflfrZ+gf+GmIowThJAvP/ITSTGiiwjoSCjgKGcGGFfC3Er5hCnG0QRVzEKoZ6JLqFVzqDtfIXTOK061Ur2plhs0j6NAjskJOSMOqZEGuSZN0iacKPJAnsizdW89Wi/W67J1xcpnjsgPWW+ff66S0A==</latexit>

�fo/b

<latexit sha1_base64="CWdjE/QKxQVd9MN4p5821C/y6KY=">AAAB83icbZBLS8NAFIUn9VXrq+rSzWARXNVEi7a7gi5cVrAPaEKZTCft0EkmzNwIJfRvuHGhiFv/jDv/jdM0gloPDHyccy9zOX4suAbb/rQKK6tr6xvFzdLW9s7uXnn/oKNloihrUymk6vlEM8Ej1gYOgvVixUjoC9b1J9fzvPvAlOYyuodpzLyQjCIecErAWK57wwQQHAzkmT8oV+yqnQkvg5NDBeVqDcof7lDSJGQRUEG07jt2DF5KFHAq2KzkJprFhE7IiPUNRiRk2kuzm2f4xDhDHEhlXgQ4c39upCTUehr6ZjIkMNZ/s7n5X9ZPIKh7KY/iBFhEFx8FicAg8bwAPOSKURBTA4Qqbm7FdEwUoWBqKmUlNOqNC/sSL8N3CZ3zqlOr1u5qlSbO6yiiI3SMTpGDrlAT3aIWaiOKYvSIntGLlVhP1qv1thgtWPnOIfol6/0LU3eRaA==</latexit>

�fo/b
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Figure 6: Equation of motion (31) for constant rate of Coulomb hypocentral force - phase plot
of vr vs. ` for a symmetric rupture on a fault with rate-state (slip law) friction characterized
by rate-weakening (left), rate-neutral (middle), and rate-strengthening (right) behaviour, various
initial overstress ∆fo/b = −1, 0,+1, and various values of the Coulomb force rate ∆̇T/µVo =
103, 104, 105. The effective slip rate magnitude within the bulk of the slipping patch is shown by
color gradient. Terminal (large run-out) rupture velocity vr,lim for the rate neutral (middle panel)
and strengthening (right panel) friction is shown by horizontal dashed lines.

4 Implications for slip induced by fluid injection
The EoM can be applied to study the fluid-injection induced slip, e.g., in the context of the two
Scenarios discussed in the Introduction and Figure 1, provided that the hypocentral Coulomb force
(21) and its evolution can be evaluated based on the history of fluid injection and its associated pore
pressure perturbation on the fault. In the absence of the shear stress perturbation, ∆Tbg = 0, the
Coulomb force is ∆T (t) = f0

∫
∆p(z, t)dz where the pore pressure perturbation is approximately

confined to a hypocentral region along the fault, |z| < `0(t), with half-length `0(t).
In the injection scenario 1 (Figure 1.1), when injecting into a hydraulically sealed reservoir

abated by a fault, 2`0 = h = the thickness of the reservoir, while the pore pressure perturbation
is proportional to the injected fluid volume Vinj, ∆p = Vinj/βVreservoir, [23], where β is the pore
compressibility of the reservoir rock, thus, yielding, ∆T = f0Vinj/(βVreservoir/h) [N/m].

In the injection scenario 2 (Figure 1.2), when injecting directly into or nearby the perme-
able fault zone, `0 =

√
4αt = pore pressure diffusion front run-out along the 1D-fault, and

pore pressure can be found by convolution ∆p(z, t) =
∫ t

0
(dq/dt′)pG(z, t − t′)dt′ of the injec-

tion rate q(t) = (dVinj/dt)/(wFZLinj) [m/s] (per unit permeable fault zone thickness wFZ and
unit out-of-plane length of the fluid line-source, a segment of a horizontal injection wellbore
parallel to the fault plane, Linj) with the Green’s function given by the q = 1 solution[36],
pG(z, t) = (2

√
παβ)−1`0(t) Π(|z|/`0(t)) and Π(ξ) = exp(−ξ2) − √πξerfc(ξ). Integrating the pore

pressure perturbation over the fault, one gets a very useful result that the Coulomb force is simply
proportional to the currently injected fluid volume, ∆T (t) = f0Vinj(t)/(βwFZLinj) [N/m], irrespec-
tive of the injection history. Furthermore, this result is not restricted to the 1-D geometry of the
problem, such that, e.g., for fluid injection into a 2D-fault one finds ∆T (t) = f0Vinj(t)/(βwFZ) [N].
.

The full numerical solution of slip transients in the two scenarios corresponding to fixed-volume
(stopped) and fixed-volume-rate (continuing) injection are given in Figure 1 for the case of zero
ambient overstress ∆fo = 0 and the choice of injection parameters for which, in scaling (28), the



Fracture of faults with rate-state friction 17

Coulomb force ∆T ≈ 50 and the Coulomb-force-rate ∆̇T ≈ 104, respectively. When evaluating
∆T in these and other examples, we approximated the hypocentral friction f0 = fss(Veff,0) by
a representative constant15, which particular value has been chosen as the mean fo − ∆fo/2 of
the background stress-ratio value fo and the steady-state friction value at the ambient slip rate
fss(Vo) = fo − ∆fo. (We note though that this approximation likely breaks down in case of
an earthquake slip instability, manifested by slip rate changes of many orders of magnitude, in
which case rigorous evaluation of f0 = fss(Veff,0) will be likely required, see Sup. Materials). The
numerical rupture dynamics in the two scenarios (see Figure 1d,d′ for the rupture half-length vs.
time) is contrasted to the EoM predictions in the phase plot of the rupture speed vs. rupture half-
length in Figures 5 (bottom-right) and Figure 6c, respectively, where the numerical solutions are
shown by ‘×’. We observe that EoM provides generally very good approximation of the decelerating
(fixed-fluid-volume) and continuously accelerating (fixed-fluid-volume-rate) rupture dynamics in
these two scenarios once the rupture is grown large enough compared to its hypocentral region.
The EoM is seen to somewhat underpredict the rupture velocity in the fixed-volume case, which
is attributed to the influence of the direct friction effect which tends to slightly reduce the friction
in bulk of a decelerating rupture when compared to the its steady-state value (see Sup. Figure 8)
and, thus, ‘ease’ the rupture propagation compared to the EoM prediction, where the direct effect
is neglected in the bulk of the crack.

The EoM also provides a good approximation of the rupture dynamics (Figures 5, 6) when
injecting into initially overstressed (∆fo > 0), rate-strengthening faults (see Sup. Figure 2 for
the full numerical solutions). The only attempted numerical example which the EoM failed to
approximate corresponds to the accelerating aseismic rupture on overstressed (∆fo/b = 1), rate-
neutral fault (a/b = 1) with slip-law friction subject to perturbative force ∆T = 2 (Figures 5),
which propagates as a slip pulse rather than a crack (see Figure 3a). The pulse-like propagation
mode has been previously observed on rate-weakening, slip-law faults by [10]. When considering
the same injection scenario and loading conditions, but on the ageing-law fault, the propagation
is crack-like (Figure 3a′) and the EoM prediction is adequate (Sup. Figure 5).

5 Conclusions
In this work, we have developed a universal solution near the leading edge of a slip transient
propagating on a fault with rate-state dependent friction. This ‘tip solution’ quantifies evolution
of the slip velocity associated with the passage of the rupture front, characterized by the initial
dramatic slip acceleration followed by deceleration towards the steady-state sliding in the bulk
of the slipping patch. The corresponding maximum values of the slip velocity and shear stress
perturbation carried by the rupture front (the latter related to the maximum excursion ∆fp of
friction from the steady-state) are established as functions of the instantaneous rupture front
velocity vr. The characteristic size `c(vr) of this near tip process zone, shown to be a small
fraction (e.g., given by b/∆fp(vr) for the slip-law of the rate-state friction) of the classical frictional
lengthscale `b = (µ/bσ̄)L, provides an upper bound for the fault discretization size necessary to
resolve slip transients by numerical approaches [15, 19].

Developed tip solution allows for explicit evaluation of the fracture energy Gc(vr) dissipated
within the near tip process zone when overcoming the frictional resistance ∆f in excess of the
steady-state value. This opens a possibility to model slip transients on rate-state faults as singular

15in lieu of the weak dependence of the steady-state friction fss on V , which typically amounts to a percent or
less change in fss over few orders of magnitude change of V
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cracks characterized by the simplified, steady-state frictional resistance in the bulk of the fracture,
and by a stress singularity at the fracture tip which intensity is given by Gc(vr). We have pursued
this route and developed an analytical equation of motion for 1D slip transients driven by a
combination of an uniformly-distributed background overstress ∆fo and a localized fault strength
perturbation at the hypocentral region, quantified by the net Coulomb force ∆T (t).

We have studied general properties of slip transients predicted by the equation of motion and
further validated by a number of fully numerical slip simulations. Particularly, we have established
that the maximum run-out distance of an aseismic slip transient on a rate-strengthening fault is
∝ ∆T 2 when the Coulomb force ∆T is a constant (∆̇T = 0), and that the long-term rupture
speed vr,lim of the transients is ∝ ∆̇T when ∆̇T > 0. In the context of slip induced by fluid
injection, the hypocentral Coulomb force is shown to be proportional to the injected fluid volume,
e.g., ∆T (t) = f0Vinj(t)/βwFZLinj in the case of injection into the permeable/damaged fault zone of
thickness wFZ over injection interval length Linj, where β is the pore compressibility of the fault rock
and f0 a representative value of fault friction. The EoM solution then provides (i) a time-dependent
upper bound for aseismic slip propagation on a frictionally-stable fault `lim(t) ∼

∫
vr,limdt ∝ Vinj(t)

while the injection is ongoing, and (ii) the maximum run-out of the induced slip, `max ∝ V 2
inj,total,

once injection has been stopped.
Developed slip equation of motion and its possible extension to 2D slip, provide a relatively

simple analytical tool which can be applied to study a variety of transient fault slip phenomena,
slow and fast, natural and induced by anthropogenic activities.
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A Supplementary Material

A.1 Small scale yielding rational for rate-state fault ruptures
The above treatment of the near rupture tip region suggests that the way for approximate s.s.y.
modeling of the rupture propagation, when the rupture process is such that the frictional evolution
away from the frictional steady-state is mostly confined to the region adjacent to the advancing
front, while the friction is approximately at the steady-state within the rest of the slipping patch,
as previously suggested by [25]. If so, the rupture can be modeled by that overcoming the steady-
state frictional fault strength in the bulk of the slipping region and the finite fracture energy at
the advancing front.

Consider therefore the ’outer’ solution for the slipping patch sliding at the steady-state fault
friction τout(x) = fss(V

out(x)) σ̄ valid in the bulk of the crack, i.e. away from the tip x � `c,
where x = `− |X| denotes the distance from the crack tip, and `c is the small spatial scale of the
tip process zone, `c � `. While within the fracture tip process zone, x � `, the corresponding
’tip’ solution τ tip(x) = f tip(x) σ̄ is to describe the away-from-steady-state slip there. For such a
composite solution structure to be realized, the two solutions have to match over the intermediate
distances from the tip `c � x � `, where both solutions reduce to the intermediate asymptote
corresponding to the LEFM solution with a finite fracture energy Gc,

`c � x� ` : V out(x) ≈ V tip(x) ≈ V LEFM(x) = Vc
2√
π x/`c

(The slip Vc rate and distance `c scales defined in the main text in terms of Gc. With this definitions
the LEFM asymptote takes a familiar form V LEFM/vr = (dδ/dx)LEFM =

√
2Gc/πµ̄x).

A.2 The rupture tip (process zone) solution
Let us henthforth focus on the tip solution and drop the subscript tip for brevity. In view of the
above, the inner solution has to satisfy the equation of elastic shear stress transfer, modeled by that
of a semi-infinite crack with background stress-level corresponding to the intermediate (LEFM)
stress asymptote

f(x)− fss(V LEFM(x)) =
µ̄(vr)

2πσ̄

∫ ∞
0

dδ/dx′

x′ − x dx
′, V = vr

dδ

dx
,

and by the reduced form of the friction law within the tip process zone, as given by the slip-
weakening relation (9) for the friction departure from the steady-state ∆f = f − fss(V )

∆f = ∆f(δ)

In view of the above, the stress transfer equation along the crack can then be rewritten

∆f(δ(x)) +
[
fss(V (x))− fss(V LEFM(x))

]
=
µ̄(vr)

2πσ̄

∫ ∞
0

dδ/dx′

x′ − x dx
′ (33)

and the fracture energy as

Gc/σ̄ =

∫ ∞
0

(f(x)−fss(V LEFM(x))) dδ(x) =

∫ ∞
0

∆f(δ) dδ+

∫ ∞
0

[
fss(V (x))− fss(V LEFM(x))

]
dδ(x)

(34)
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In solving the inner problem formulated in the above, we further neglect the bracketed terms
under assumption that the variation of the steady-state value of friction in the process zone from
its far-field (LEFM) value is small compared to the friction departure from the steady-state, i.e.
fss(V )− fss(V LEFM)� f − fss(V ). The tip solution under the above assumptions is given in the
main text.

Consider estimating the goodness of the approximations taken in deriving the sharp-tip rupture
solution and associated fracture energy Gc. The approximations were twofold.

Firstly, the direct friction effect has been neglected in the near tip friction evolution. While the
assumption is plausible when friction undergoes relatively large changes driven by the evolution
of the state (i.e. away from the steady-state), it is expected to break down in the far field of the
tip solution, as the latter approaches the steady state (∆f → 0 as x/`c → ∞). To evaluate the
associated error, we use the obtained tip solution for the slip δ and slip rate V to integrate the full
rate-state friction equation (6), and compare the result, denoted as ∆f r-s, to the tip solution value
∆f (see Figure 7a for the case of slip law rate-state friction solution). The corresponding relative
error associated with the use of the approximate fracture energy Gc = σ̄

∫∞
0

∆f(δ) dδ = ∆fpσ̄δc
can be defined as

E r-s(Gc) =
1

Gc
σ̄

∫ ∞
0

[∆f r-s(δ)−∆f(δ)] dδ (35)

It can be seen from Figure 7a, that the direct effect slightly modifies how the friction change ∆f
vanishes at large slip, specifically, ∆f r-s is seen to dip below zero before returning asymptotically
to zero as ∼ −δc/δ at large slip (the feature observed before in the rupture tip solution accounting
for direct effect [Viesca&Garagash, 2012/3?). As the result, the integral in E r-s(Gc) is actually
diverging logarithmically with large slip. We are not that interested in (or discouraged by :)
this logarithmic “tail” of the fracture energy at large slip (since most of the fault weakening is
accomplished over slip distances ∼ δc), and replace the upper (infinite) limit of integration in (35)
by the slip value at the min ∆f r-s in evaluating the fracture energy error E r-s(Gc). The resulting
error estimate is plotted as function of ∆fp/b on Figure 7b for the slip law rate-state friction case.

Secondly, the bracketed term in (33) and (34), corresponding to the variability of the steady-
state friction value within the process zone, has been neglected in the near tip solution. To evaluate
the validity of this assumption we use the tip solution to evaluate the bracketed term contribution
to the full expression for the fracture energy (34), and defining the relative error associated with
the approximate fracture energy Gc = ∆fpσ̄δc as,

E (Gc) =
1

Gc
σ̄

∫ ∞
0

[
fss(V (x))− fss(V LEFM(x))

]
dδ(x) = χ

a− b
∆fp

with χ =

∫ ∞
0

ln

[
V/Vc

2/
√
πx/`c

]
dδ

δc

(36)
Prefactor χ = χ(∆fp/b) can be evaluated from the sharp-tip solution: it is a constant ≈ 0.816 for
the slip law rate-state friction, and is a function with values between χ(0) ≈ 0.816 and χ(∞) ≈
0.936 for the ageing law. Error E (Gc) is shown as a function of ∆fp/b by a dashed line in Figure
7b for the slip law rate-state friction case with a/b = 1.1.

A.3 Hypocentral slip rate
Considerations similar to those for the bulk effective slip rate lead to the following expression for
the hypocentral effective slip rate
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Veff,0 = F0

(
1

P
− ln

`0
2`

)
× 2∆̇T

µ̂
with F0(z) = z e−e

z Ei(−z) (37)

It can be established that Veff,0 varies between the toughness-dominated V (∆̇T=0)
eff,0 = 2 Kc

˙̀

µ̂
√
π`

(a half

of the corresponding bulk value (25)) and the point-force-rate-dominated V (Kc=0)
eff,0 = F0

(
− ln `0

2`

)
2∆̇T
µ̂

limits with increasing P. Substituting (37) into ∆T = ∆Tbg − fss(Veff,0)∆N , (21), allows to
solve for ∆T . Consider a simplified approach to the solution, where we differentiate the latter
with respect to time while assuming that fss(Veff,0) is a slowly varying quantity, resulting in
∆̇T ≈ ∆̇T bg − fss(Veff,0) ˙∆N . The latter together with (37) provides implicit algebraic equation
to solve for ∆̇T and Veff,0 as function of ` and ˙̀ (while extent `0 of the hypocentral region and
corresponding normal ∆N and shear ∆Tbg perturbative forces and their rates are known).
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<latexit sha1_base64="R+qN0X+oIYso2smyHRvxdOJSdrA=">AAAB9HicbZBLS8NAFIUnPmt9VV26GayCC6mJBGp3BTcuK9gHtKFMppN26MwkztwUS+jvcONCEbf+GHf+G9M0iK8DAx/n3Mtcjh8JbsC2P6yl5ZXVtfXCRnFza3tnt7S33zJhrClr0lCEuuMTwwRXrAkcBOtEmhHpC9b2x1fzvD1h2vBQ3cI0Yp4kQ8UDTgmkltfqAbuH5AzLczPrl8p2xc6E/4KTQxnlavRL771BSGPJFFBBjOk6dgReQjRwKtis2IsNiwgdkyHrpqiIZMZLsqNn+CR1BjgIdfoU4Mz9vpEQacxU+umkJDAyv7O5+V/WjSG49BKuohiYoouPglhgCPG8ATzgmlEQ0xQI1Ty9FdMR0YRC2lMxK6GWCS+g6uZQc75KaF1UHLfi3rjl+nFeRwEdoiN0ihxURXV0jRqoiSi6Qw/oCT1bE+vRerFeF6NLVr5zgH7IevsEgsWSPw==</latexit>

�f/b

<latexit sha1_base64="ysa2bQ3y/4Ef+xknX9PwUlsS9Bc=">AAAB8XicbZDLSsNAFIZPvNZ6q7p0M1gFVzWRQO2uoAuXFewF21Am05N26GQSZiZCKX0LNy4UcevbuPNtTNMg3n4Y+PjPOZwzvx8Lro1tf1hLyyura+uFjeLm1vbObmlvv6WjRDFsskhEquNTjYJLbBpuBHZihTT0Bbb98eW83r5HpXkkb80kRi+kQ8kDzqhJrbveFQpDSXDm90tlu2JnIn/ByaEMuRr90ntvELEkRGmYoFp3HTs23pQqw5nAWbGXaIwpG9MhdlOUNETtTbOLZ+QkdQYkiFT6pCGZ+31iSkOtJ6GfdobUjPTv2tz8r9ZNTHDhTbmME4OSLRYFiSAmIvPvkwFXyIyYpECZ4umthI2oosykIRWzEGqZyAKqbg415yuE1nnFcSvujVuuH+dxFOAQjuAUHKhCHa6hAU1gIOEBnuDZ0taj9WK9LlqXrHzmAH7IevsE3POQtA==</latexit>

ageing law (a/b = 1.1)

<latexit sha1_base64="vbMWMu0waW4RjuRhDizFHD6CFVk=">AAACBXicbZDLSgMxFIYz9VbrrepSF8GiVJA6I4XahVBw47KCvUBbSiZN29BMZkjOqGXoxo2v4saFIm59B3e+jel0EG8/BD7+cw7n5HcDwTXY9oeVmptfWFxKL2dWVtfWN7KbW3Xth4qyGvWFr5ou0UxwyWrAQbBmoBjxXMEa7uh8Wm9cM6W5L69gHLCORwaS9zklYKxudrcN7BYiMmBcDrAgN+2jSZ4cu2dOwTnsZnN2wY6F/4KTQA4lqnaz7+2eT0OPSaCCaN1y7AA6EVHAqWCTTDvULCB0ZNa1DEriMd2J4l9M8L5xerjvK/Mk4Nj9PhERT+ux55pOj8BQ/65Nzf9qrRD6p52IyyAEJulsUT8UGHw8jQT3uGIUxNgAoYqbWzEdEkUomOAycQjlWHgGpWICZecrhPpJwSkWipfFXOUgiSONdtAeyiMHlVAFXaAqqiGK7tADekLP1r31aL1Yr7PWlJXMbKMfst4+AcDol74=</latexit>

�z

<latexit sha1_base64="phg0tE2SNEmlNvc69iFriUBghl0=">AAAB73icbVDLSsNAFJ3UV62vqks3Q4vgKiQSqd0VdOGygn1AG8pkOmmHTiZx5kaooT/hxoUibv0dd/6NSRrE14HLPZxzL3PneJHgGizrwyitrK6tb5Q3K1vbO7t71f2Drg5jRVmHhiJUfY9oJrhkHeAgWD9SjASeYD1vdpH5vTumNA/lDcwj5gZkIrnPKYFU6g8vmQCC70fVumWeWRnwX2KbebfqqEB7VH0fjkMaB0wCFUTrgW1F4CZEAaeCLSrDWLOI0BmZsEFKJQmYdpP83gU+TpUx9kOVlgScq983EhJoPQ+8dDIgMNW/vUz8zxvE4J+7CZdRDEzS5UN+LDCEOPs8HnPFKIh5SghVPL0V0ylRhEIaUSUPoZkDL0nDKUjT/gqhe2rajulcO/VWrYijjI5QDZ0gGzVQC12hNuogigR6QE/o2bg1Ho0X43U5WjKKnUP0A8bbJ+UEkDA=</latexit>

�T = 50, �fo = 0,

<latexit sha1_base64="FQp1r9gl2fq83ifZWSzL1JJXMAs=">AAACE3icbVDLSgMxFM34rPU16tJNsCgipUy1arsoFHThskJf0BlKJpNpQzOTIckIZeg/uPFX3LhQxK0bd/6NaTuCWg+EnJxzL/fmuBGjUlnWp7GwuLS8sppZy65vbG5tmzu7LcljgUkTc8ZFx0WSMBqSpqKKkU4kCApcRtru8Grit++IkJSHDTWKiBOgfkh9ipHSUs88sV3OPDkK9JUk9jVhCsHGeFw9t/J2Pn37PV618j0zZxWsKeA8KaYkB1LUe+aH7XEcByRUmCEpu0UrUk6ChKKYkXHWjiWJEB6iPulqGqKASCeZ/mkMD7XiQZ8LfUIFp+rPjgQFcrK2rgyQGsi/3kT8z+vGyi87CQ2jWJEQzwb5MYOKw0lA0KOCYMVGmiAsqN4V4gESCCsdY3YaQqVcObMu4Dz5DqF1WiiWCqXbUq52lMaRAfvgAByDIrgENXAD6qAJMLgHj+AZvBgPxpPxarzNSheMtGcP/ILx/gVsxJ1m</latexit>

1) Fixed-volume fluid injection:

<latexit sha1_base64="ksYZVCMltPMrYond52jyrb4R5ws=">AAACFHicbVDLSgMxFM3Ud31VXboJFkVRy4wWXytBEJcK1hbaoWQyd2o0kxmSTGkZ+hFu/BU3LhRx68Kdf2OmVlDrgcDhnHOT3OPFnClt2x9WbmR0bHxicio/PTM7N19YWLxSUSIpVGjEI1nziALOBFQ00xxqsQQSehyq3u1J5lfbIBWLxKXuxuCGpCVYwCjRRmoWNhsaOtoLUmcDn7IO+NvtiCch4IAnzMdM3ADNkkeNrV6zULRLdh94mDgDUkQDnDcL7w0/ouY2oSknStUdO9ZuSqRmlEMv30gUxITekhbUDRUkBOWm/aV6eNUoPg4iaY7QuK/+nEhJqFQ39EwyJPpa/fUy8T+vnujgwE2ZiBMNgn49FCQc6whnDWGfSbMz7xpCqGTmr5heE0moNj3m+yUcHhzu2nt4mHyXcLVTcsql8kW5eLw2qGMSLaMVtI4ctI+O0Rk6RxVE0R16QE/o2bq3Hq0X6/UrmrMGM0voF6y3T1I3npM=</latexit>
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(aʹ)

(dʹ) (fʹ)

`c

<latexit sha1_base64="9tHdwdT0BhsZw81KLsD9dfGLP4s=">AAAB7XicdVBNS8NAEN3Ur1q/qh69LBbBU0hqaOut4MVjBfsBbSib7aRdu9mE3Y1QQv+DFw+KePX/ePPfuGkrqOiDgcd7M8zMCxLOlHacD6uwtr6xuVXcLu3s7u0flA+POipOJYU2jXksewFRwJmAtmaaQy+RQKKAQzeYXuV+9x6kYrG41bME/IiMBQsZJdpInQFwPqTDcsWxLxu1qlfDju04dbfq5qRa9y487BolRwWt0BqW3wejmKYRCE05UarvOon2MyI1oxzmpUGqICF0SsbQN1SQCJSfLa6d4zOjjHAYS1NC44X6fSIjkVKzKDCdEdET9dvLxb+8fqrDhp8xkaQaBF0uClOOdYzz1/GISaCazwwhVDJzK6YTIgnVJqCSCeHrU/w/6VRt17O9G6/SxKs4iugEnaJz5KI6aqJr1EJtRNEdekBP6NmKrUfrxXpdthas1cwx+gHr7RPY/484</latexit>

(eʹ)

�, m

<latexit sha1_base64="99/9COYpr6W+4u2sq73HQQbe0fw=">AAAB+XicbZBLS8NAFIUnPmt9RV26GSxCF1ISCdTuCm5cVrAPaEOZTG7boZMHMzfFEvpP3LhQxK3/xJ3/xjQN4uvAwMc59zKX48VSaLSsD2NtfWNza7u0U97d2z84NI+OOzpKFIc2j2Skeh7TIEUIbRQooRcrYIEnoetNr5d5dwZKiyi8w3kMbsDGoRgJzjCzhqY58EEiGyDcY3pBg8XQrFg1Kxf9C3YBFVKoNTTfB37EkwBC5JJp3betGN2UKRRcwqI8SDTEjE/ZGPoZhiwA7ab55Qt6njk+HUUqeyHS3P2+kbJA63ngZZMBw4n+nS3N/7J+gqMrNxVhnCCEfPXRKJEUI7qsgfpCAUc5z4BxJbJbKZ8wxThmZZXzEhq56ArqTgEN+6uEzmXNdmrOrVNpVos6SuSUnJEqsUmdNMkNaZE24WRGHsgTeTZS49F4MV5Xo2tGsXNCfsh4+wSn/JQA</latexit>

(bʹ) (cʹ)

V , m/s

<latexit sha1_base64="R+qN0X+oIYso2smyHRvxdOJSdrA=">AAAB9HicbZBLS8NAFIUnPmt9VV26GayCC6mJBGp3BTcuK9gHtKFMppN26MwkztwUS+jvcONCEbf+GHf+G9M0iK8DAx/n3Mtcjh8JbsC2P6yl5ZXVtfXCRnFza3tnt7S33zJhrClr0lCEuuMTwwRXrAkcBOtEmhHpC9b2x1fzvD1h2vBQ3cI0Yp4kQ8UDTgmkltfqAbuH5AzLczPrl8p2xc6E/4KTQxnlavRL771BSGPJFFBBjOk6dgReQjRwKtis2IsNiwgdkyHrpqiIZMZLsqNn+CR1BjgIdfoU4Mz9vpEQacxU+umkJDAyv7O5+V/WjSG49BKuohiYoouPglhgCPG8ATzgmlEQ0xQI1Ty9FdMR0YRC2lMxK6GWCS+g6uZQc75KaF1UHLfi3rjl+nFeRwEdoiN0ihxURXV0jRqoiSi6Qw/oCT1bE+vRerFeF6NLVr5zgH7IevsEgsWSPw==</latexit>

�f/b

<latexit sha1_base64="ysa2bQ3y/4Ef+xknX9PwUlsS9Bc=">AAAB8XicbZDLSsNAFIZPvNZ6q7p0M1gFVzWRQO2uoAuXFewF21Am05N26GQSZiZCKX0LNy4UcevbuPNtTNMg3n4Y+PjPOZwzvx8Lro1tf1hLyyura+uFjeLm1vbObmlvv6WjRDFsskhEquNTjYJLbBpuBHZihTT0Bbb98eW83r5HpXkkb80kRi+kQ8kDzqhJrbveFQpDSXDm90tlu2JnIn/ByaEMuRr90ntvELEkRGmYoFp3HTs23pQqw5nAWbGXaIwpG9MhdlOUNETtTbOLZ+QkdQYkiFT6pCGZ+31iSkOtJ6GfdobUjPTv2tz8r9ZNTHDhTbmME4OSLRYFiSAmIvPvkwFXyIyYpECZ4umthI2oosykIRWzEGqZyAKqbg415yuE1nnFcSvujVuuH+dxFOAQjuAUHKhCHa6hAU1gIOEBnuDZ0taj9WK9LlqXrHzmAH7IevsE3POQtA==</latexit>

fa
u
lt

<latexit sha1_base64="6WR/voA0g+sJsgtC1TT15LYfS2Q=">AAAB83icbVBNS8NAEN34WetX1aOXYBF6KokU9Fjw4rGC/YAmlM120i7dbMLurFhC/4YXD4p49c9489+4bXPQ1gcDj/dmmJkXZYJr9LxvZ2Nza3tnt7RX3j84PDqunJx2dGoUgzZLRap6EdUguIQ2chTQyxTQJBLQjSa3c7/7CErzVD7gNIMwoSPJY84oWikIEJ4wj6kROBtUql7dW8BdJ35BqqRAa1D5CoYpMwlIZIJq3fe9DMOcKuRMwKwcGA0ZZRM6gr6lkiagw3xx88y9tMrQjVNlS6K7UH9P5DTReppEtjOhONar3lz8z+sbjG/CnMvMIEi2XBQb4WLqzgNwh1wBQzG1hDLF7a0uG1NFGdqYyjYEf/XlddK5qvuNeuO+UW3WijhK5JxckBrxyTVpkjvSIm3CSEaeySt5c4zz4rw7H8vWDaeYOSN/4Hz+AMHmkhQ=</latexit>

�(t, z)

<latexit sha1_base64="4vYnmLE/iSlUZ2idj9Yx263b8P4=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BKtQQcquFPRY8OKxgv2A7VKy2Wwbmk2WZFaopT/DiwdFvPprvPlvTNs9aOuDgcd7M8zMC1PBDbjut1NYW9/Y3Cpul3Z29/YPyodHbaMyTVmLKqF0NySGCS5ZCzgI1k01I0koWCcc3c78ziPThiv5AOOUBQkZSB5zSsBKfi9iAkgVLp8u+uWKW3PnwKvEy0kF5Wj2y1+9SNEsYRKoIMb4nptCMCEaOBVsWuplhqWEjsiA+ZZKkjATTOYnT/G5VSIcK21LAp6rvycmJDFmnIS2MyEwNMveTPzP8zOIb4IJl2kGTNLFojgTGBSe/Y8jrhkFMbaEUM3trZgOiSYUbEolG4K3/PIqaV/VvHqtfl+vNM7yOIroBJ2iKvLQNWqgO9RELUSRQs/oFb054Lw4787HorXg5DPH6A+czx94q5Ci</latexit>

z

<latexit sha1_base64="S7zso3tvtqXDQRbI3x/b8pxr7ss=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQY8FLx5bsB/QhrLZTtq1m03Y3Qg19Bd48aCIV3+SN/+N2zYHrT4YeLw3w8y8IBFcG9f9cgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPpzcLvPqDSPJZ3ZpagH9Gx5CFn1Fip9TgsV9yauwT5S7ycVCBHc1j+HIxilkYoDRNU677nJsbPqDKcCZyXBqnGhLIpHWPfUkkj1H62PHROLqwyImGsbElDlurPiYxGWs+iwHZG1Ez0urcQ//P6qQmv/YzLJDUo2WpRmApiYrL4moy4QmbEzBLKFLe3EjahijJjsynZELz1l/+SzmXNq9fqrXqlUc3jKMIZnEMVPLiCBtxCE9rAAOEJXuDVuXeenTfnfdVacPKZU/gF5+Mb47WM6w==</latexit>

`(t)

<latexit sha1_base64="tUWmg/dBVD5nb4xrGAdtti3M3rY=">AAAB7nicbVBNS8NAEN3Ur1q/qh69LC1CvZRECnosePFYwX5AG8pmO2mXbjZhdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ylsbe/s7hX3SweHR8cn5dOzjolTzaHNYxnrXsAMSKGgjQIl9BINLAokdIPp3cLvPoE2IlaPOEvAj9hYiVBwhlbqDkDKGl4Ny1W37i5BN4mXkyrJ0RqWvwajmKcRKOSSGdP33AT9jGkUXMK8NEgNJIxP2Rj6lioWgfGz5blzemmVEQ1jbUshXaq/JzIWGTOLAtsZMZyYdW8h/uf1Uwxv/UyoJEVQfLUoTCXFmC5+pyOhgaOcWcK4FvZWyidMM442oZINwVt/eZN0ruteo954aFSblTyOIrkgFVIjHrkhTXJPWqRNOJmSZ/JK3pzEeXHenY9Va8HJZ87JHzifP6UCjwU=</latexit>

H/2

<latexit sha1_base64="FPFEvmrOCx4uK2v8iChuihS+j9I=">AAAB6nicbVDLTgJBEOzFF+IL9ehlAjHxhLuERI8kXjhilEcCGzI7NDBhdnYzM2tCNnyCFw8a49Uv8ubfOMAeFKykk0pVd7q7glhwbVz328ltbe/s7uX3CweHR8cnxdOzto4SxbDFIhGpbkA1Ci6xZbgR2I0V0jAQ2Ammdwu/84RK80g+mlmMfkjHko84o8ZKD43r6qBYdivuEmSTeBkpQ4bmoPjVH0YsCVEaJqjWPc+NjZ9SZTgTOC/0E40xZVM6xp6lkoao/XR56pxcWmVIRpGyJQ1Zqr8nUhpqPQsD2xlSM9Hr3kL8z+slZnTrp1zGiUHJVotGiSAmIou/yZArZEbMLKFMcXsrYROqKDM2nYINwVt/eZO0qxWvVqnd18r1UhZHHi6gBFfgwQ3UoQFNaAGDMTzDK7w5wnlx3p2PVWvOyWbO4Q+czx9zu40o</latexit>

0

<latexit sha1_base64="9T6aUIpSHL4CgbOEG+LUykmVuUc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LC2Cp5JIQY8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSyx2Wq27NXYJsEi8nVcjRHJa/BqOYpRFKwwTVuu+5ifEzqgxnAuelQaoxoWxKx9i3VNIItZ8tD52TS6uMSBgrW9KQpfp7IqOR1rMosJ0RNRO97i3E/7x+asJbP+MySQ1KtloUpoKYmCy+JiOukBkxs4Qyxe2thE2ooszYbEo2BG/95U3Sua559Vq9Va82KnkcRbiAClyBBzfQgHtoQhsYIDzDK7w5j86L8+58rFoLTj5zDn/gfP4Acb+Mmw==</latexit>

⌦ �

vr = ˙̀

<latexit sha1_base64="wyotsdyNAqGaLaNjEI3WK0J6xRg=">AAAB+XicbVDLSsNAFL3xWesr6tLN1KK4KqkWbRdCwY3LCvYBTQiT6aQdOnkwMymU0D9x40IRt/6JO//GaRpBrQcuHM65h3s5XsyZVJb1aaysrq1vbBa2its7u3v75sFhR0aJILRNIh6Jnocl5SykbcUUp71YUBx4nHa98e3c706okCwKH9Q0pk6AhyHzGcFKS65pTlxhl27skj2IlE05d82yVbEyoGVSzUkZcrRc80NHSRLQUBGOpexXrVg5KRaKEU5nRTuRNMZkjIe0r2mIAyqdNPt8hk61MkB+JPSECmXqz0SKAymngac3A6xG8q83F//z+ony607KwjhRNCSLQ37CkYrQvAY0YIISxaeaYCKY/hWRERaYKF1WMSuhUW9cWldomXyX0LmoVGuV2n2t3DzL6yjAMZzAOVThGppwBy1oA4EJPMIzvBip8WS8Gm+L1RUjzxzBLxjvX9ABk1Y=</latexit>

�p(t, z)

`0(t)

<latexit sha1_base64="Aah1rtCPyVCHJ7HhPDSK8IrgQz0=">AAAB8HicbVDLSgMxFM3UV62vqks3waLUTUlqaWd2BTcuK9iHtEPJpJk2NPMgyQhl6Fe4caGIWz/HnX9jpq3g68CFwzn3cu89Xiy40gh9WLm19Y3Nrfx2YWd3b/+geHjUUVEiKWvTSESy5xHFBA9ZW3MtWC+WjASeYF1vepX53XsmFY/CWz2LmRuQcch9Tok20t2ACTFEZX0xLJZQBSGEMYYZwY06MsRx7Cq2Ic4sgxJYoTUsvg9GEU0CFmoqiFJ9jGLtpkRqTgWbFwaJYjGhUzJmfUNDEjDlpouD5/DMKCPoR9JUqOFC/T6RkkCpWeCZzoDoifrtZeJ/Xj/Rvu2mPIwTzUK6XOQnAuoIZt/DEZeMajEzhFDJza2QTogkVJuMCosQHNu5RHX4l3yF0KlWcK1Su6mVmuerOPLgBJyCMsCgAZrgGrRAG1AQgAfwBJ4taT1aL9brsjVnrWaOwQ9Yb59G/ZBI</latexit>

ageing law (a/b = 1.1)

<latexit sha1_base64="vbMWMu0waW4RjuRhDizFHD6CFVk=">AAACBXicbZDLSgMxFIYz9VbrrepSF8GiVJA6I4XahVBw47KCvUBbSiZN29BMZkjOqGXoxo2v4saFIm59B3e+jel0EG8/BD7+cw7n5HcDwTXY9oeVmptfWFxKL2dWVtfWN7KbW3Xth4qyGvWFr5ou0UxwyWrAQbBmoBjxXMEa7uh8Wm9cM6W5L69gHLCORwaS9zklYKxudrcN7BYiMmBcDrAgN+2jSZ4cu2dOwTnsZnN2wY6F/4KTQA4lqnaz7+2eT0OPSaCCaN1y7AA6EVHAqWCTTDvULCB0ZNa1DEriMd2J4l9M8L5xerjvK/Mk4Nj9PhERT+ux55pOj8BQ/65Nzf9qrRD6p52IyyAEJulsUT8UGHw8jQT3uGIUxNgAoYqbWzEdEkUomOAycQjlWHgGpWICZecrhPpJwSkWipfFXOUgiSONdtAeyiMHlVAFXaAqqiGK7tADekLP1r31aL1Yr7PWlJXMbKMfst4+AcDol74=</latexit>

�̇T = 104, �fo = 0,

<latexit sha1_base64="MVoYYeRjG8y23FSZLt5klwLA5hM=">AAACGXicbVDLSgMxFM34tr6qLt0Ei+KilIwWrQtB0IVLBdsKnVoyaaYNzUyG5I5Qhv6GG3/FjQtFXOrKvzFtR1DrgZDDOffe3Bw/lsIAIZ/O1PTM7Nz8wmJuaXlldS2/vlEzKtGMV5mSSt/41HApIl4FAZLfxJrT0Je87vfOhn79jmsjVHQN/Zg3Q9qJRCAYBSu18sTzlWybfmiv1GsrSL1zLoHi68HgxCW35aJXzJSgpU5IsZUvkBIZAU8SNyMFlOGylX+3Y1kS8giYpMY0XBJDM6UaBJN8kPMSw2PKerTDG5ZGNOSmmY5+NsA7VmnjQGl7IsAj9WdHSkMzXN5WhhS65q83FP/zGgkElWYqojgBHrHxQ0EiMSg8jAm3heYMZN8SyrSwu2LWpZoysGHmRiEcV44PyCGeJN8h1PZLbrlUvioXTnezOBbQFtpGe8hFR+gUXaBLVEUM3aNH9IxenAfnyXl13salU07Ws4l+wfn4AgdCn9M=</latexit>

2) Fixed-volume-rate fluid injection:

<latexit sha1_base64="6dNIBxW5bU3F2X9CWh/li8fxG4o="></latexit>

Figure 1: Symmetric slow slip development on a fault characterized by a rate-strengthening, ageing-
law friction for the injection scenarios 1 (a-f) and 2 (a’-f’) and zero initial fault overstress. See
Figure 1 for the same slip scenarios / fault loading, but different fault friction (slip law). The
rupture length evolution and some other slip characteristics from Figure 1 are shown here in (d,e)
and (d’,e’) by opaque symbols/lines for comparison.
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(d) (f)

`c

<latexit sha1_base64="9tHdwdT0BhsZw81KLsD9dfGLP4s=">AAAB7XicdVBNS8NAEN3Ur1q/qh69LBbBU0hqaOut4MVjBfsBbSib7aRdu9mE3Y1QQv+DFw+KePX/ePPfuGkrqOiDgcd7M8zMCxLOlHacD6uwtr6xuVXcLu3s7u0flA+POipOJYU2jXksewFRwJmAtmaaQy+RQKKAQzeYXuV+9x6kYrG41bME/IiMBQsZJdpInQFwPqTDcsWxLxu1qlfDju04dbfq5qRa9y487BolRwWt0BqW3wejmKYRCE05UarvOon2MyI1oxzmpUGqICF0SsbQN1SQCJSfLa6d4zOjjHAYS1NC44X6fSIjkVKzKDCdEdET9dvLxb+8fqrDhp8xkaQaBF0uClOOdYzz1/GISaCazwwhVDJzK6YTIgnVJqCSCeHrU/w/6VRt17O9G6/SxKs4iugEnaJz5KI6aqJr1EJtRNEdekBP6NmKrUfrxXpdthas1cwx+gHr7RPY/484</latexit>

(e)

�, m

<latexit sha1_base64="99/9COYpr6W+4u2sq73HQQbe0fw=">AAAB+XicbZBLS8NAFIUnPmt9RV26GSxCF1ISCdTuCm5cVrAPaEOZTG7boZMHMzfFEvpP3LhQxK3/xJ3/xjQN4uvAwMc59zKX48VSaLSsD2NtfWNza7u0U97d2z84NI+OOzpKFIc2j2Skeh7TIEUIbRQooRcrYIEnoetNr5d5dwZKiyi8w3kMbsDGoRgJzjCzhqY58EEiGyDcY3pBg8XQrFg1Kxf9C3YBFVKoNTTfB37EkwBC5JJp3betGN2UKRRcwqI8SDTEjE/ZGPoZhiwA7ab55Qt6njk+HUUqeyHS3P2+kbJA63ngZZMBw4n+nS3N/7J+gqMrNxVhnCCEfPXRKJEUI7qsgfpCAUc5z4BxJbJbKZ8wxThmZZXzEhq56ArqTgEN+6uEzmXNdmrOrVNpVos6SuSUnJEqsUmdNMkNaZE24WRGHsgTeTZS49F4MV5Xo2tGsXNCfsh4+wSn/JQA</latexit>

V , m/s

<latexit sha1_base64="R+qN0X+oIYso2smyHRvxdOJSdrA=">AAAB9HicbZBLS8NAFIUnPmt9VV26GayCC6mJBGp3BTcuK9gHtKFMppN26MwkztwUS+jvcONCEbf+GHf+G9M0iK8DAx/n3Mtcjh8JbsC2P6yl5ZXVtfXCRnFza3tnt7S33zJhrClr0lCEuuMTwwRXrAkcBOtEmhHpC9b2x1fzvD1h2vBQ3cI0Yp4kQ8UDTgmkltfqAbuH5AzLczPrl8p2xc6E/4KTQxnlavRL771BSGPJFFBBjOk6dgReQjRwKtis2IsNiwgdkyHrpqiIZMZLsqNn+CR1BjgIdfoU4Mz9vpEQacxU+umkJDAyv7O5+V/WjSG49BKuohiYoouPglhgCPG8ATzgmlEQ0xQI1Ty9FdMR0YRC2lMxK6GWCS+g6uZQc75KaF1UHLfi3rjl+nFeRwEdoiN0ihxURXV0jRqoiSi6Qw/oCT1bE+vRerFeF6NLVr5zgH7IevsEgsWSPw==</latexit>

�f/b

<latexit sha1_base64="ysa2bQ3y/4Ef+xknX9PwUlsS9Bc=">AAAB8XicbZDLSsNAFIZPvNZ6q7p0M1gFVzWRQO2uoAuXFewF21Am05N26GQSZiZCKX0LNy4UcevbuPNtTNMg3n4Y+PjPOZwzvx8Lro1tf1hLyyura+uFjeLm1vbObmlvv6WjRDFsskhEquNTjYJLbBpuBHZihTT0Bbb98eW83r5HpXkkb80kRi+kQ8kDzqhJrbveFQpDSXDm90tlu2JnIn/ByaEMuRr90ntvELEkRGmYoFp3HTs23pQqw5nAWbGXaIwpG9MhdlOUNETtTbOLZ+QkdQYkiFT6pCGZ+31iSkOtJ6GfdobUjPTv2tz8r9ZNTHDhTbmME4OSLRYFiSAmIvPvkwFXyIyYpECZ4umthI2oosykIRWzEGqZyAKqbg415yuE1nnFcSvujVuuH+dxFOAQjuAUHKhCHa6hAU1gIOEBnuDZ0taj9WK9LlqXrHzmAH7IevsE3POQtA==</latexit>

(a) (c)(b)

slip law (a/b = 1.1)

<latexit sha1_base64="M/BUEs434ztqVV7HBOnBOWJU6rI=">AAACA3icbZBLSwMxFIUz9VXrq+pON8GiVJBxRgq1C6HgxmUF+4C2lEyaaUMzD5I7ahkKbvwrblwo4tY/4c5/YzodxNeBwMc595LkOKHgCizrw8jMzS8sLmWXcyura+sb+c2thgoiSVmdBiKQLYcoJrjP6sBBsFYoGfEcwZrO6HyaN6+ZVDzwr2Acsq5HBj53OSWgrV5+pwPsFmIleIgFuekcTYrk2DmzTfuwly9YppUI/wU7hQJKVevl3zv9gEYe84EKolTbtkLoxkQCp4JNcp1IsZDQERmwtkafeEx14+QPE7yvnT52A6mPDzhxv2/ExFNq7Dl60iMwVL+zqflf1o7APe3G3A8jYD6dXeRGAkOAp4XgPpeMghhrIFRy/VZMh0QSCrq2XFJCJRGeQbmUQsX+KqFxYtols3RZKlQP0jqyaBftoSKyURlV0QWqoTqi6A49oCf0bNwbj8aL8TobzRjpzjb6IePtE1Njlvc=</latexit>

1) Fixed-volume fluid injection:

<latexit sha1_base64="ksYZVCMltPMrYond52jyrb4R5ws=">AAACFHicbVDLSgMxFM3Ud31VXboJFkVRy4wWXytBEJcK1hbaoWQyd2o0kxmSTGkZ+hFu/BU3LhRx68Kdf2OmVlDrgcDhnHOT3OPFnClt2x9WbmR0bHxicio/PTM7N19YWLxSUSIpVGjEI1nziALOBFQ00xxqsQQSehyq3u1J5lfbIBWLxKXuxuCGpCVYwCjRRmoWNhsaOtoLUmcDn7IO+NvtiCch4IAnzMdM3ADNkkeNrV6zULRLdh94mDgDUkQDnDcL7w0/ouY2oSknStUdO9ZuSqRmlEMv30gUxITekhbUDRUkBOWm/aV6eNUoPg4iaY7QuK/+nEhJqFQ39EwyJPpa/fUy8T+vnujgwE2ZiBMNgn49FCQc6whnDWGfSbMz7xpCqGTmr5heE0moNj3m+yUcHhzu2nt4mHyXcLVTcsql8kW5eLw2qGMSLaMVtI4ctI+O0Rk6RxVE0R16QE/o2bq3Hq0X6/UrmrMGM0voF6y3T1I3npM=</latexit>

�T = 50, �fo/b = 1,

<latexit sha1_base64="qRnnBqbuM3Ko9SJWjqsd51Aa9M0=">AAACFnicbVDLSgMxFM3UV62vUZdugkVxUeuMVm0XhYIuXFboCzqlZNJMG5qZDElGKEO/wo2/4saFIm7FnX9j2o6g1hPCPZxzL7k5bsioVJb1aaQWFpeWV9KrmbX1jc0tc3unIXkkMKljzrhouUgSRgNSV1Qx0goFQb7LSNMdXk385h0RkvKgpkYh6fioH1CPYqS01DWPHZeznhz5usTONWEKwdq4fG7lHH1gonhdfuKW7VzXzFp5awo4T+yEZEGCatf8cHocRz4JFGZIyrZthaoTI6EoZmSccSJJQoSHqE/amgbIJ7ITT781hgda6UGPC30DBafqz4kY+XKyue70kRrIv95E/M9rR8ordmIahJEiAZ495EUMKg4nGcEeFQQrNtIEYUH1rhAPkEBY6SQz0xBKxdKZdQHnyXcIjdO8XcgXbgvZymESRxrsgX1wBGxwCSrgBlRBHWBwDx7BM3gxHown49V4m7WmjGRmF/yC8f4FYDGdxg==</latexit>
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(dʹ) (fʹ)

`c

<latexit sha1_base64="9tHdwdT0BhsZw81KLsD9dfGLP4s=">AAAB7XicdVBNS8NAEN3Ur1q/qh69LBbBU0hqaOut4MVjBfsBbSib7aRdu9mE3Y1QQv+DFw+KePX/ePPfuGkrqOiDgcd7M8zMCxLOlHacD6uwtr6xuVXcLu3s7u0flA+POipOJYU2jXksewFRwJmAtmaaQy+RQKKAQzeYXuV+9x6kYrG41bME/IiMBQsZJdpInQFwPqTDcsWxLxu1qlfDju04dbfq5qRa9y487BolRwWt0BqW3wejmKYRCE05UarvOon2MyI1oxzmpUGqICF0SsbQN1SQCJSfLa6d4zOjjHAYS1NC44X6fSIjkVKzKDCdEdET9dvLxb+8fqrDhp8xkaQaBF0uClOOdYzz1/GISaCazwwhVDJzK6YTIgnVJqCSCeHrU/w/6VRt17O9G6/SxKs4iugEnaJz5KI6aqJr1EJtRNEdekBP6NmKrUfrxXpdthas1cwx+gHr7RPY/484</latexit>

(eʹ)

�, m

<latexit sha1_base64="99/9COYpr6W+4u2sq73HQQbe0fw=">AAAB+XicbZBLS8NAFIUnPmt9RV26GSxCF1ISCdTuCm5cVrAPaEOZTG7boZMHMzfFEvpP3LhQxK3/xJ3/xjQN4uvAwMc59zKX48VSaLSsD2NtfWNza7u0U97d2z84NI+OOzpKFIc2j2Skeh7TIEUIbRQooRcrYIEnoetNr5d5dwZKiyi8w3kMbsDGoRgJzjCzhqY58EEiGyDcY3pBg8XQrFg1Kxf9C3YBFVKoNTTfB37EkwBC5JJp3betGN2UKRRcwqI8SDTEjE/ZGPoZhiwA7ab55Qt6njk+HUUqeyHS3P2+kbJA63ngZZMBw4n+nS3N/7J+gqMrNxVhnCCEfPXRKJEUI7qsgfpCAUc5z4BxJbJbKZ8wxThmZZXzEhq56ArqTgEN+6uEzmXNdmrOrVNpVos6SuSUnJEqsUmdNMkNaZE24WRGHsgTeTZS49F4MV5Xo2tGsXNCfsh4+wSn/JQA</latexit>

V , m/s

<latexit sha1_base64="R+qN0X+oIYso2smyHRvxdOJSdrA=">AAAB9HicbZBLS8NAFIUnPmt9VV26GayCC6mJBGp3BTcuK9gHtKFMppN26MwkztwUS+jvcONCEbf+GHf+G9M0iK8DAx/n3Mtcjh8JbsC2P6yl5ZXVtfXCRnFza3tnt7S33zJhrClr0lCEuuMTwwRXrAkcBOtEmhHpC9b2x1fzvD1h2vBQ3cI0Yp4kQ8UDTgmkltfqAbuH5AzLczPrl8p2xc6E/4KTQxnlavRL771BSGPJFFBBjOk6dgReQjRwKtis2IsNiwgdkyHrpqiIZMZLsqNn+CR1BjgIdfoU4Mz9vpEQacxU+umkJDAyv7O5+V/WjSG49BKuohiYoouPglhgCPG8ATzgmlEQ0xQI1Ty9FdMR0YRC2lMxK6GWCS+g6uZQc75KaF1UHLfi3rjl+nFeRwEdoiN0ihxURXV0jRqoiSi6Qw/oCT1bE+vRerFeF6NLVr5zgH7IevsEgsWSPw==</latexit>

�f/b

<latexit sha1_base64="ysa2bQ3y/4Ef+xknX9PwUlsS9Bc=">AAAB8XicbZDLSsNAFIZPvNZ6q7p0M1gFVzWRQO2uoAuXFewF21Am05N26GQSZiZCKX0LNy4UcevbuPNtTNMg3n4Y+PjPOZwzvx8Lro1tf1hLyyura+uFjeLm1vbObmlvv6WjRDFsskhEquNTjYJLbBpuBHZihTT0Bbb98eW83r5HpXkkb80kRi+kQ8kDzqhJrbveFQpDSXDm90tlu2JnIn/ByaEMuRr90ntvELEkRGmYoFp3HTs23pQqw5nAWbGXaIwpG9MhdlOUNETtTbOLZ+QkdQYkiFT6pCGZ+31iSkOtJ6GfdobUjPTv2tz8r9ZNTHDhTbmME4OSLRYFiSAmIvPvkwFXyIyYpECZ4umthI2oosykIRWzEGqZyAKqbg415yuE1nnFcSvujVuuH+dxFOAQjuAUHKhCHa6hAU1gIOEBnuDZ0taj9WK9LlqXrHzmAH7IevsE3POQtA==</latexit>

(aʹ) (bʹ) (cʹ)

�z

<latexit sha1_base64="phg0tE2SNEmlNvc69iFriUBghl0=">AAAB73icbVDLSsNAFJ3UV62vqks3Q4vgKiQSqd0VdOGygn1AG8pkOmmHTiZx5kaooT/hxoUibv0dd/6NSRrE14HLPZxzL3PneJHgGizrwyitrK6tb5Q3K1vbO7t71f2Drg5jRVmHhiJUfY9oJrhkHeAgWD9SjASeYD1vdpH5vTumNA/lDcwj5gZkIrnPKYFU6g8vmQCC70fVumWeWRnwX2KbebfqqEB7VH0fjkMaB0wCFUTrgW1F4CZEAaeCLSrDWLOI0BmZsEFKJQmYdpP83gU+TpUx9kOVlgScq983EhJoPQ+8dDIgMNW/vUz8zxvE4J+7CZdRDEzS5UN+LDCEOPs8HnPFKIh5SghVPL0V0ylRhEIaUSUPoZkDL0nDKUjT/gqhe2rajulcO/VWrYijjI5QDZ0gGzVQC12hNuogigR6QE/o2bg1Ho0X43U5WjKKnUP0A8bbJ+UEkDA=</latexit>

ageing law (a/b = 1.1)

<latexit sha1_base64="vbMWMu0waW4RjuRhDizFHD6CFVk=">AAACBXicbZDLSgMxFIYz9VbrrepSF8GiVJA6I4XahVBw47KCvUBbSiZN29BMZkjOqGXoxo2v4saFIm59B3e+jel0EG8/BD7+cw7n5HcDwTXY9oeVmptfWFxKL2dWVtfWN7KbW3Xth4qyGvWFr5ou0UxwyWrAQbBmoBjxXMEa7uh8Wm9cM6W5L69gHLCORwaS9zklYKxudrcN7BYiMmBcDrAgN+2jSZ4cu2dOwTnsZnN2wY6F/4KTQA4lqnaz7+2eT0OPSaCCaN1y7AA6EVHAqWCTTDvULCB0ZNa1DEriMd2J4l9M8L5xerjvK/Mk4Nj9PhERT+ux55pOj8BQ/65Nzf9qrRD6p52IyyAEJulsUT8UGHw8jQT3uGIUxNgAoYqbWzEdEkUomOAycQjlWHgGpWICZecrhPpJwSkWipfFXOUgiSONdtAeyiMHlVAFXaAqqiGK7tADekLP1r31aL1Yr7PWlJXMbKMfst4+AcDol74=</latexit>

1) Fixed-volume fluid injection:

<latexit sha1_base64="ksYZVCMltPMrYond52jyrb4R5ws=">AAACFHicbVDLSgMxFM3Ud31VXboJFkVRy4wWXytBEJcK1hbaoWQyd2o0kxmSTGkZ+hFu/BU3LhRx68Kdf2OmVlDrgcDhnHOT3OPFnClt2x9WbmR0bHxicio/PTM7N19YWLxSUSIpVGjEI1nziALOBFQ00xxqsQQSehyq3u1J5lfbIBWLxKXuxuCGpCVYwCjRRmoWNhsaOtoLUmcDn7IO+NvtiCch4IAnzMdM3ADNkkeNrV6zULRLdh94mDgDUkQDnDcL7w0/ouY2oSknStUdO9ZuSqRmlEMv30gUxITekhbUDRUkBOWm/aV6eNUoPg4iaY7QuK/+nEhJqFQ39EwyJPpa/fUy8T+vnujgwE2ZiBMNgn49FCQc6whnDWGfSbMz7xpCqGTmr5heE0moNj3m+yUcHhzu2nt4mHyXcLVTcsql8kW5eLw2qGMSLaMVtI4ctI+O0Rk6RxVE0R16QE/o2bq3Hq0X6/UrmrMGM0voF6y3T1I3npM=</latexit>

�T = 50, �fo/b = 1,

<latexit sha1_base64="qRnnBqbuM3Ko9SJWjqsd51Aa9M0=">AAACFnicbVDLSgMxFM3UV62vUZdugkVxUeuMVm0XhYIuXFboCzqlZNJMG5qZDElGKEO/wo2/4saFIm7FnX9j2o6g1hPCPZxzL7k5bsioVJb1aaQWFpeWV9KrmbX1jc0tc3unIXkkMKljzrhouUgSRgNSV1Qx0goFQb7LSNMdXk385h0RkvKgpkYh6fioH1CPYqS01DWPHZeznhz5usTONWEKwdq4fG7lHH1gonhdfuKW7VzXzFp5awo4T+yEZEGCatf8cHocRz4JFGZIyrZthaoTI6EoZmSccSJJQoSHqE/amgbIJ7ITT781hgda6UGPC30DBafqz4kY+XKyue70kRrIv95E/M9rR8ordmIahJEiAZ495EUMKg4nGcEeFQQrNtIEYUH1rhAPkEBY6SQz0xBKxdKZdQHnyXcIjdO8XcgXbgvZymESRxrsgX1wBGxwCSrgBlRBHWBwDx7BM3gxHown49V4m7WmjGRmF/yC8f4FYDGdxg==</latexit>

Figure 2: Symmetric slow slip development on a fault characterized by a rate-strengthening, slip-
law (a-f) and ageing-law (a’-f’) friction for the injection scenario 1 and non-zero initial overstress.
See Figure 1.1 and Sup. Figure 1.1 for the same slip scenarios bar different (zero) initial overstress.
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`c

<latexit sha1_base64="9tHdwdT0BhsZw81KLsD9dfGLP4s=">AAAB7XicdVBNS8NAEN3Ur1q/qh69LBbBU0hqaOut4MVjBfsBbSib7aRdu9mE3Y1QQv+DFw+KePX/ePPfuGkrqOiDgcd7M8zMCxLOlHacD6uwtr6xuVXcLu3s7u0flA+POipOJYU2jXksewFRwJmAtmaaQy+RQKKAQzeYXuV+9x6kYrG41bME/IiMBQsZJdpInQFwPqTDcsWxLxu1qlfDju04dbfq5qRa9y487BolRwWt0BqW3wejmKYRCE05UarvOon2MyI1oxzmpUGqICF0SsbQN1SQCJSfLa6d4zOjjHAYS1NC44X6fSIjkVKzKDCdEdET9dvLxb+8fqrDhp8xkaQaBF0uClOOdYzz1/GISaCazwwhVDJzK6YTIgnVJqCSCeHrU/w/6VRt17O9G6/SxKs4iugEnaJz5KI6aqJr1EJtRNEdekBP6NmKrUfrxXpdthas1cwx+gHr7RPY/484</latexit>

(e)

�, m

<latexit sha1_base64="99/9COYpr6W+4u2sq73HQQbe0fw=">AAAB+XicbZBLS8NAFIUnPmt9RV26GSxCF1ISCdTuCm5cVrAPaEOZTG7boZMHMzfFEvpP3LhQxK3/xJ3/xjQN4uvAwMc59zKX48VSaLSsD2NtfWNza7u0U97d2z84NI+OOzpKFIc2j2Skeh7TIEUIbRQooRcrYIEnoetNr5d5dwZKiyi8w3kMbsDGoRgJzjCzhqY58EEiGyDcY3pBg8XQrFg1Kxf9C3YBFVKoNTTfB37EkwBC5JJp3betGN2UKRRcwqI8SDTEjE/ZGPoZhiwA7ab55Qt6njk+HUUqeyHS3P2+kbJA63ngZZMBw4n+nS3N/7J+gqMrNxVhnCCEfPXRKJEUI7qsgfpCAUc5z4BxJbJbKZ8wxThmZZXzEhq56ArqTgEN+6uEzmXNdmrOrVNpVos6SuSUnJEqsUmdNMkNaZE24WRGHsgTeTZS49F4MV5Xo2tGsXNCfsh4+wSn/JQA</latexit>

V , m/s

<latexit sha1_base64="R+qN0X+oIYso2smyHRvxdOJSdrA=">AAAB9HicbZBLS8NAFIUnPmt9VV26GayCC6mJBGp3BTcuK9gHtKFMppN26MwkztwUS+jvcONCEbf+GHf+G9M0iK8DAx/n3Mtcjh8JbsC2P6yl5ZXVtfXCRnFza3tnt7S33zJhrClr0lCEuuMTwwRXrAkcBOtEmhHpC9b2x1fzvD1h2vBQ3cI0Yp4kQ8UDTgmkltfqAbuH5AzLczPrl8p2xc6E/4KTQxnlavRL771BSGPJFFBBjOk6dgReQjRwKtis2IsNiwgdkyHrpqiIZMZLsqNn+CR1BjgIdfoU4Mz9vpEQacxU+umkJDAyv7O5+V/WjSG49BKuohiYoouPglhgCPG8ATzgmlEQ0xQI1Ty9FdMR0YRC2lMxK6GWCS+g6uZQc75KaF1UHLfi3rjl+nFeRwEdoiN0ihxURXV0jRqoiSi6Qw/oCT1bE+vRerFeF6NLVr5zgH7IevsEgsWSPw==</latexit>

�f/b

<latexit sha1_base64="ysa2bQ3y/4Ef+xknX9PwUlsS9Bc=">AAAB8XicbZDLSsNAFIZPvNZ6q7p0M1gFVzWRQO2uoAuXFewF21Am05N26GQSZiZCKX0LNy4UcevbuPNtTNMg3n4Y+PjPOZwzvx8Lro1tf1hLyyura+uFjeLm1vbObmlvv6WjRDFsskhEquNTjYJLbBpuBHZihTT0Bbb98eW83r5HpXkkb80kRi+kQ8kDzqhJrbveFQpDSXDm90tlu2JnIn/ByaEMuRr90ntvELEkRGmYoFp3HTs23pQqw5nAWbGXaIwpG9MhdlOUNETtTbOLZ+QkdQYkiFT6pCGZ+31iSkOtJ6GfdobUjPTv2tz8r9ZNTHDhTbmME4OSLRYFiSAmIvPvkwFXyIyYpECZ4umthI2oosykIRWzEGqZyAKqbg415yuE1nnFcSvujVuuH+dxFOAQjuAUHKhCHa6hAU1gIOEBnuDZ0taj9WK9LlqXrHzmAH7IevsE3POQtA==</latexit>

(a) (b) (c)

�z

<latexit sha1_base64="phg0tE2SNEmlNvc69iFriUBghl0=">AAAB73icbVDLSsNAFJ3UV62vqks3Q4vgKiQSqd0VdOGygn1AG8pkOmmHTiZx5kaooT/hxoUibv0dd/6NSRrE14HLPZxzL3PneJHgGizrwyitrK6tb5Q3K1vbO7t71f2Drg5jRVmHhiJUfY9oJrhkHeAgWD9SjASeYD1vdpH5vTumNA/lDcwj5gZkIrnPKYFU6g8vmQCC70fVumWeWRnwX2KbebfqqEB7VH0fjkMaB0wCFUTrgW1F4CZEAaeCLSrDWLOI0BmZsEFKJQmYdpP83gU+TpUx9kOVlgScq983EhJoPQ+8dDIgMNW/vUz8zxvE4J+7CZdRDEzS5UN+LDCEOPs8HnPFKIh5SghVPL0V0ylRhEIaUSUPoZkDL0nDKUjT/gqhe2rajulcO/VWrYijjI5QDZ0gGzVQC12hNuogigR6QE/o2bg1Ho0X43U5WjKKnUP0A8bbJ+UEkDA=</latexit>

1) Fixed-volume fluid injection:

<latexit sha1_base64="ksYZVCMltPMrYond52jyrb4R5ws=">AAACFHicbVDLSgMxFM3Ud31VXboJFkVRy4wWXytBEJcK1hbaoWQyd2o0kxmSTGkZ+hFu/BU3LhRx68Kdf2OmVlDrgcDhnHOT3OPFnClt2x9WbmR0bHxicio/PTM7N19YWLxSUSIpVGjEI1nziALOBFQ00xxqsQQSehyq3u1J5lfbIBWLxKXuxuCGpCVYwCjRRmoWNhsaOtoLUmcDn7IO+NvtiCch4IAnzMdM3ADNkkeNrV6zULRLdh94mDgDUkQDnDcL7w0/ouY2oSknStUdO9ZuSqRmlEMv30gUxITekhbUDRUkBOWm/aV6eNUoPg4iaY7QuK/+nEhJqFQ39EwyJPpa/fUy8T+vnujgwE2ZiBMNgn49FCQc6whnDWGfSbMz7xpCqGTmr5heE0moNj3m+yUcHhzu2nt4mHyXcLVTcsql8kW5eLw2qGMSLaMVtI4ctI+O0Rk6RxVE0R16QE/o2bq3Hq0X6/UrmrMGM0voF6y3T1I3npM=</latexit>

slip law (a/b = 1)

<latexit sha1_base64="wTV3FqvM4e15OOCjDtaZUY7M6HA=">AAACAXicbZBLS8NAFIUn9VXrK+pGcDNYlApSEwnULoSCG5cV7AOaUCbTaTt08mDmRi2hbvwrblwo4tZ/4c5/Y5oG8XVg4OOce5mZ44aCKzCMDy03N7+wuJRfLqysrq1v6JtbTRVEkrIGDUQg2y5RTHCfNYCDYO1QMuK5grXc0fk0b10zqXjgX8E4ZI5HBj7vc0ogsbr6jg3sFmIleIgFubGPJiVy7J6Zh129aJSNVPgvmBkUUaZ6V3+3ewGNPOYDFUSpjmmE4MREAqeCTQp2pFhI6IgMWCdBn3hMOXH6gwneT5we7gcyOT7g1P2+ERNPqbHnJpMegaH6nU3N/7JOBP1TJ+Z+GAHz6eyifiQwBHhaB+5xySiIcQKESp68FdMhkYRCUlohLaGaCs+gYmVQNb9KaJ6UTatsXVrF2kFWRx7toj1UQiaqoBq6QHXUQBTdoQf0hJ61e+1Re9FeZ6M5LdvZRj+kvX0CZ92WhA==</latexit>

�T = 2, �fo/b = 1,

<latexit sha1_base64="OfKBBuGMIkYySDRZoH0ZTrH1axM=">AAACFXicbVDLSgMxFM3UV62vqks3waK4KHWmFm0XhYIuXFboCzrDkEkzNTQzGZKMUIb+hBt/xY0LRdwK7vwb03YEtZ4Q7uGce8nN8SJGpTLNTyOztLyyupZdz21sbm3v5Hf3OpLHApM25oyLnockYTQkbUUVI71IEBR4jHS90eXU794RISkPW2ocESdAw5D6FCOlJTdftD3OBnIc6JLYV4QpBFuTerlo6wNTwXf5qVe3im6+YJbMGeAisVJSACmabv7DHnAcByRUmCEp+5YZKSdBQlHMyCRnx5JECI/QkPQ1DVFApJPMfjWBR1oZQJ8LfUMFZ+rPiQQFcrq47gyQupV/van4n9ePlV91EhpGsSIhnj/kxwwqDqcRwQEVBCs21gRhQfWuEN8igbDSQeZmIdSqtTPzHC6S7xA65ZJVKVVuKoXGcRpHFhyAQ3ACLHABGuAaNEEbYHAPHsEzeDEejCfj1Xibt2aMdGYf/ILx/gXgl52J</latexit>
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(dʹ) (fʹ)

`c

<latexit sha1_base64="9tHdwdT0BhsZw81KLsD9dfGLP4s=">AAAB7XicdVBNS8NAEN3Ur1q/qh69LBbBU0hqaOut4MVjBfsBbSib7aRdu9mE3Y1QQv+DFw+KePX/ePPfuGkrqOiDgcd7M8zMCxLOlHacD6uwtr6xuVXcLu3s7u0flA+POipOJYU2jXksewFRwJmAtmaaQy+RQKKAQzeYXuV+9x6kYrG41bME/IiMBQsZJdpInQFwPqTDcsWxLxu1qlfDju04dbfq5qRa9y487BolRwWt0BqW3wejmKYRCE05UarvOon2MyI1oxzmpUGqICF0SsbQN1SQCJSfLa6d4zOjjHAYS1NC44X6fSIjkVKzKDCdEdET9dvLxb+8fqrDhp8xkaQaBF0uClOOdYzz1/GISaCazwwhVDJzK6YTIgnVJqCSCeHrU/w/6VRt17O9G6/SxKs4iugEnaJz5KI6aqJr1EJtRNEdekBP6NmKrUfrxXpdthas1cwx+gHr7RPY/484</latexit>

(eʹ)

�, m

<latexit sha1_base64="99/9COYpr6W+4u2sq73HQQbe0fw=">AAAB+XicbZBLS8NAFIUnPmt9RV26GSxCF1ISCdTuCm5cVrAPaEOZTG7boZMHMzfFEvpP3LhQxK3/xJ3/xjQN4uvAwMc59zKX48VSaLSsD2NtfWNza7u0U97d2z84NI+OOzpKFIc2j2Skeh7TIEUIbRQooRcrYIEnoetNr5d5dwZKiyi8w3kMbsDGoRgJzjCzhqY58EEiGyDcY3pBg8XQrFg1Kxf9C3YBFVKoNTTfB37EkwBC5JJp3betGN2UKRRcwqI8SDTEjE/ZGPoZhiwA7ab55Qt6njk+HUUqeyHS3P2+kbJA63ngZZMBw4n+nS3N/7J+gqMrNxVhnCCEfPXRKJEUI7qsgfpCAUc5z4BxJbJbKZ8wxThmZZXzEhq56ArqTgEN+6uEzmXNdmrOrVNpVos6SuSUnJEqsUmdNMkNaZE24WRGHsgTeTZS49F4MV5Xo2tGsXNCfsh4+wSn/JQA</latexit>

V , m/s

<latexit sha1_base64="R+qN0X+oIYso2smyHRvxdOJSdrA=">AAAB9HicbZBLS8NAFIUnPmt9VV26GayCC6mJBGp3BTcuK9gHtKFMppN26MwkztwUS+jvcONCEbf+GHf+G9M0iK8DAx/n3Mtcjh8JbsC2P6yl5ZXVtfXCRnFza3tnt7S33zJhrClr0lCEuuMTwwRXrAkcBOtEmhHpC9b2x1fzvD1h2vBQ3cI0Yp4kQ8UDTgmkltfqAbuH5AzLczPrl8p2xc6E/4KTQxnlavRL771BSGPJFFBBjOk6dgReQjRwKtis2IsNiwgdkyHrpqiIZMZLsqNn+CR1BjgIdfoU4Mz9vpEQacxU+umkJDAyv7O5+V/WjSG49BKuohiYoouPglhgCPG8ATzgmlEQ0xQI1Ty9FdMR0YRC2lMxK6GWCS+g6uZQc75KaF1UHLfi3rjl+nFeRwEdoiN0ihxURXV0jRqoiSi6Qw/oCT1bE+vRerFeF6NLVr5zgH7IevsEgsWSPw==</latexit>

�f/b

<latexit sha1_base64="ysa2bQ3y/4Ef+xknX9PwUlsS9Bc=">AAAB8XicbZDLSsNAFIZPvNZ6q7p0M1gFVzWRQO2uoAuXFewF21Am05N26GQSZiZCKX0LNy4UcevbuPNtTNMg3n4Y+PjPOZwzvx8Lro1tf1hLyyura+uFjeLm1vbObmlvv6WjRDFsskhEquNTjYJLbBpuBHZihTT0Bbb98eW83r5HpXkkb80kRi+kQ8kDzqhJrbveFQpDSXDm90tlu2JnIn/ByaEMuRr90ntvELEkRGmYoFp3HTs23pQqw5nAWbGXaIwpG9MhdlOUNETtTbOLZ+QkdQYkiFT6pCGZ+31iSkOtJ6GfdobUjPTv2tz8r9ZNTHDhTbmME4OSLRYFiSAmIvPvkwFXyIyYpECZ4umthI2oosykIRWzEGqZyAKqbg415yuE1nnFcSvujVuuH+dxFOAQjuAUHKhCHa6hAU1gIOEBnuDZ0taj9WK9LlqXrHzmAH7IevsE3POQtA==</latexit>

(aʹ) (bʹ) (cʹ)

�z

<latexit sha1_base64="phg0tE2SNEmlNvc69iFriUBghl0=">AAAB73icbVDLSsNAFJ3UV62vqks3Q4vgKiQSqd0VdOGygn1AG8pkOmmHTiZx5kaooT/hxoUibv0dd/6NSRrE14HLPZxzL3PneJHgGizrwyitrK6tb5Q3K1vbO7t71f2Drg5jRVmHhiJUfY9oJrhkHeAgWD9SjASeYD1vdpH5vTumNA/lDcwj5gZkIrnPKYFU6g8vmQCC70fVumWeWRnwX2KbebfqqEB7VH0fjkMaB0wCFUTrgW1F4CZEAaeCLSrDWLOI0BmZsEFKJQmYdpP83gU+TpUx9kOVlgScq983EhJoPQ+8dDIgMNW/vUz8zxvE4J+7CZdRDEzS5UN+LDCEOPs8HnPFKIh5SghVPL0V0ylRhEIaUSUPoZkDL0nDKUjT/gqhe2rajulcO/VWrYijjI5QDZ0gGzVQC12hNuogigR6QE/o2bg1Ho0X43U5WjKKnUP0A8bbJ+UEkDA=</latexit>

ageing law (a/b = 1)

<latexit sha1_base64="r1n8pk3bWb41EBFBZQ+RZiwrv6s=">AAACA3icbZDLSgMxFIYz9VbrrepON8GiVJA6I4XahVBw47KCvUBbSiZN29BMZkjOqGUouPFV3LhQxK0v4c63MZ0O4u2HwMd/zuGc/G4guAbb/rBSc/MLi0vp5czK6tr6RnZzq679UFFWo77wVdMlmgkuWQ04CNYMFCOeK1jDHZ1P641rpjT35RWMA9bxyEDyPqcEjNXN7rSB3UJEBozLARbkpn00yZNj98w57GZzdsGOhf+Ck0AOJap2s+/tnk9Dj0mggmjdcuwAOhFRwKlgk0w71CwgdGSWtQxK4jHdieI/TPC+cXq47yvzJODY/T4REU/rseeaTo/AUP+uTc3/aq0Q+qediMsgBCbpbFE/FBh8PA0E97hiFMTYAKGKm1sxHRJFKJjYMnEI5Vh4BqViAmXnK4T6ScEpFoqXxVzlIIkjjXbRHsojB5VQBV2gKqohiu7QA3pCz9a99Wi9WK+z1pSVzGyjH7LePgHT9JdL</latexit>

1) Fixed-volume fluid injection:

<latexit sha1_base64="ksYZVCMltPMrYond52jyrb4R5ws=">AAACFHicbVDLSgMxFM3Ud31VXboJFkVRy4wWXytBEJcK1hbaoWQyd2o0kxmSTGkZ+hFu/BU3LhRx68Kdf2OmVlDrgcDhnHOT3OPFnClt2x9WbmR0bHxicio/PTM7N19YWLxSUSIpVGjEI1nziALOBFQ00xxqsQQSehyq3u1J5lfbIBWLxKXuxuCGpCVYwCjRRmoWNhsaOtoLUmcDn7IO+NvtiCch4IAnzMdM3ADNkkeNrV6zULRLdh94mDgDUkQDnDcL7w0/ouY2oSknStUdO9ZuSqRmlEMv30gUxITekhbUDRUkBOWm/aV6eNUoPg4iaY7QuK/+nEhJqFQ39EwyJPpa/fUy8T+vnujgwE2ZiBMNgn49FCQc6whnDWGfSbMz7xpCqGTmr5heE0moNj3m+yUcHhzu2nt4mHyXcLVTcsql8kW5eLw2qGMSLaMVtI4ctI+O0Rk6RxVE0R16QE/o2bq3Hq0X6/UrmrMGM0voF6y3T1I3npM=</latexit>

�T = 2, �fo/b = 1,

<latexit sha1_base64="OfKBBuGMIkYySDRZoH0ZTrH1axM=">AAACFXicbVDLSgMxFM3UV62vqks3waK4KHWmFm0XhYIuXFboCzrDkEkzNTQzGZKMUIb+hBt/xY0LRdwK7vwb03YEtZ4Q7uGce8nN8SJGpTLNTyOztLyyupZdz21sbm3v5Hf3OpLHApM25oyLnockYTQkbUUVI71IEBR4jHS90eXU794RISkPW2ocESdAw5D6FCOlJTdftD3OBnIc6JLYV4QpBFuTerlo6wNTwXf5qVe3im6+YJbMGeAisVJSACmabv7DHnAcByRUmCEp+5YZKSdBQlHMyCRnx5JECI/QkPQ1DVFApJPMfjWBR1oZQJ8LfUMFZ+rPiQQFcrq47gyQupV/van4n9ePlV91EhpGsSIhnj/kxwwqDqcRwQEVBCs21gRhQfWuEN8igbDSQeZmIdSqtTPzHC6S7xA65ZJVKVVuKoXGcRpHFhyAQ3ACLHABGuAaNEEbYHAPHsEzeDEejCfj1Xibt2aMdGYf/ILx/gXgl52J</latexit>

Figure 3: Symmetric slow slip development on a fault characterized by a rate-neutral, slip-law (a-f)
and ageing-law (a’-f’) friction for the injection scenario 1 and non-zero initial overstress. Note the
pulse-like rupture mode (a) for the slip-law friction case, compared to the usual crack-like mode
(a’) for the ageing friction. (See Sup. Figure 2 for the same slip scenario and initial fault overstress
conditions, but different sense of the friction rate-dependence (rate-strengthening), where rupture
propagation is crack-like irrespective of the friction law).
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Figure 4: Normalized effective slip rate F as function of normalized point-load-rate P, (27). The
small/large P asymptotes (see the text) are shown by dashed lines.
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RS, a/b = 1.1

<latexit sha1_base64="rB5LW4ukTDscB9E/egt+GSuUjuY=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovQhcRECroRCm5c1kcf0IYymU7aoZMHMzdiCPVX3LhQxK0f4s6/cdpmoa0HLhzOuZd77/FiwRXY9rdRWFldW98obpa2tnd298z9g5aKEklZk0Yikh2PKCZ4yJrAQbBOLBkJPMHa3vhq6rcfmFQ8Cu8hjZkbkGHIfU4JaKlvlnvAHiG7vTvBE0xOvUvHcvpmxbbsGfAycXJSQTkaffOrN4hoErAQqCBKdR07BjcjEjgVbFLqJYrFhI7JkHU1DUnAlJvNjp/gY60MsB9JXSHgmfp7IiOBUmng6c6AwEgtelPxP6+bgH/hZjyME2AhnS/yE4EhwtMk8IBLRkGkmhAqub4V0xGRhILOq6RDcBZfXiatM8upWbWbWqVezeMookN0hKrIQeeojq5RAzURRSl6Rq/ozXgyXox342PeWjDymTL6A+PzB280kz8=</latexit>

Neutral, a/b = 1

<latexit sha1_base64="QBz+xLZkeSxq0D25BNeSZlVMGi0=">AAAB/3icbVDJSgNBEO2JW4xbVPDipTEIOUickYBehIAXTxLBLJAMoadTkzTpWeiuEcOYg7/ixYMiXv0Nb/6NneWgiQ8KHu9VUVXPi6XQaNvfVmZpeWV1Lbue29jc2t7J7+7VdZQoDjUeyUg1PaZBihBqKFBCM1bAAk9Cwxtcjf3GPSgtovAOhzG4AeuFwhecoZE6+YM2wgOmN5CgYvKEjig79S6dTr5gl+wJ6CJxZqRAZqh28l/tbsSTAELkkmndcuwY3ZQpFFzCKNdONMSMD1gPWoaGLADtppP7R/TYKF3qR8pUiHSi/p5IWaD1MPBMZ8Cwr+e9sfif10rQv3BTEcYJQsini/xEUozoOAzaFQo4yqEhjCthbqW8zxTjaCLLmRCc+ZcXSf2s5JRL5dtyoVKcxZElh+SIFIlDzkmFXJMqqRFOHskzeSVv1pP1Yr1bH9PWjDWb2Sd/YH3+AMZYlTQ=</latexit>

RW, a/b = 0.9

<latexit sha1_base64="Te8ztFxc0XQ81pJL5Agope5+Ww0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovQhcRECupCKLhxWcU+oA1lMp20QycPZm7EEOqvuHGhiFs/xJ1/47TNQlsPXDiccy/33uPFgiuw7W+jsLK6tr5R3Cxtbe/s7pn7By0VJZKyJo1EJDseUUzwkDWBg2CdWDISeIK1vfH11G8/MKl4FN5DGjM3IMOQ+5wS0FLfLPeAPUJ21z7BE0xOvSvbuuybFduyZ8DLxMlJBeVo9M2v3iCiScBCoIIo1XXsGNyMSOBUsEmplygWEzomQ9bVNCQBU242O36Cj7UywH4kdYWAZ+rviYwESqWBpzsDAiO16E3F/7xuAv6Fm/EwToCFdL7ITwSGCE+TwAMuGQWRakKo5PpWTEdEEgo6r5IOwVl8eZm0ziynZtVua5V6NY+jiA7REaoiB52jOrpBDdREFKXoGb2iN+PJeDHejY95a8HIZ8roD4zPH4AKk0o=</latexit>

RS, a/b = 1.1

<latexit sha1_base64="rB5LW4ukTDscB9E/egt+GSuUjuY=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovQhcRECroRCm5c1kcf0IYymU7aoZMHMzdiCPVX3LhQxK0f4s6/cdpmoa0HLhzOuZd77/FiwRXY9rdRWFldW98obpa2tnd298z9g5aKEklZk0Yikh2PKCZ4yJrAQbBOLBkJPMHa3vhq6rcfmFQ8Cu8hjZkbkGHIfU4JaKlvlnvAHiG7vTvBE0xOvUvHcvpmxbbsGfAycXJSQTkaffOrN4hoErAQqCBKdR07BjcjEjgVbFLqJYrFhI7JkHU1DUnAlJvNjp/gY60MsB9JXSHgmfp7IiOBUmng6c6AwEgtelPxP6+bgH/hZjyME2AhnS/yE4EhwtMk8IBLRkGkmhAqub4V0xGRhILOq6RDcBZfXiatM8upWbWbWqVezeMookN0hKrIQeeojq5RAzURRSl6Rq/ozXgyXox342PeWjDymTL6A+PzB280kz8=</latexit>

Neutral, a/b = 1

<latexit sha1_base64="QBz+xLZkeSxq0D25BNeSZlVMGi0=">AAAB/3icbVDJSgNBEO2JW4xbVPDipTEIOUickYBehIAXTxLBLJAMoadTkzTpWeiuEcOYg7/ixYMiXv0Nb/6NneWgiQ8KHu9VUVXPi6XQaNvfVmZpeWV1Lbue29jc2t7J7+7VdZQoDjUeyUg1PaZBihBqKFBCM1bAAk9Cwxtcjf3GPSgtovAOhzG4AeuFwhecoZE6+YM2wgOmN5CgYvKEjig79S6dTr5gl+wJ6CJxZqRAZqh28l/tbsSTAELkkmndcuwY3ZQpFFzCKNdONMSMD1gPWoaGLADtppP7R/TYKF3qR8pUiHSi/p5IWaD1MPBMZ8Cwr+e9sfif10rQv3BTEcYJQsini/xEUozoOAzaFQo4yqEhjCthbqW8zxTjaCLLmRCc+ZcXSf2s5JRL5dtyoVKcxZElh+SIFIlDzkmFXJMqqRFOHskzeSVv1pP1Yr1bH9PWjDWb2Sd/YH3+AMZYlTQ=</latexit>

RW, a/b = 0.9

<latexit sha1_base64="Te8ztFxc0XQ81pJL5Agope5+Ww0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovQhcRECupCKLhxWcU+oA1lMp20QycPZm7EEOqvuHGhiFs/xJ1/47TNQlsPXDiccy/33uPFgiuw7W+jsLK6tr5R3Cxtbe/s7pn7By0VJZKyJo1EJDseUUzwkDWBg2CdWDISeIK1vfH11G8/MKl4FN5DGjM3IMOQ+5wS0FLfLPeAPUJ21z7BE0xOvSvbuuybFduyZ8DLxMlJBeVo9M2v3iCiScBCoIIo1XXsGNyMSOBUsEmplygWEzomQ9bVNCQBU242O36Cj7UywH4kdYWAZ+rviYwESqWBpzsDAiO16E3F/7xuAv6Fm/EwToCFdL7ITwSGCE+TwAMuGQWRakKo5PpWTEdEEgo6r5IOwVl8eZm0ziynZtVua5V6NY+jiA7REaoiB52jOrpBDdREFKXoGb2iN+PJeDHejY95a8HIZ8roD4zPH4AKk0o=</latexit>

friction rate dependence a/b

<latexit sha1_base64="/9b6K5KjbOsFuDtkAheCSau+gHE=">AAACGXicbVDLSsNAFJ34rPVVdelmsAgupCZS0GXBjcsK9gFtKJPJjQ5OJmHmRiyhv+HGX3HjQhGXuvJvnLRZ+DowzOGce7n3niCVwqDrfjpz8wuLS8uVlerq2vrGZm1ru2uSTHPo8EQmuh8wA1Io6KBACf1UA4sDCb3g5qzwe7egjUjUJY5T8GN2pUQkOEMrjWruEOEO80gLXghUMwQaQgoqBMWBToZBIkMzju2Xs6NgMqrV3YY7Bf1LvJLUSYn2qPY+DBOexaCQS2bMwHNT9HOmUXAJk+owM5AyfsOuYGCpYjEYP59eNqH7VglplGj7FNKp+r0jZ7EplrOVMcNr89srxP+8QYbRqZ8LlWZo75wNijJJMaFFTDQUGjjKsSWMa2F3pfyaacbRhlm1IXi/T/5LuscNr9loXjTrrcMyjgrZJXvkgHjkhLTIOWmTDuHknjySZ/LiPDhPzqvzNiudc8qeHfIDzscXF42hhw==</latexit>
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<latexit sha1_base64="reouix+HBvTYJkmzT3uamwMn+Co=">AAAB+XicbVBNS8NAEN3Ur1q/oh69bC1CTyWRgl6Egh48VugXNKFstpN26WYTdjeFEvpPvHhQxKv/xJv/xm2bg7Y+GHi8N8PMvCDhTGnH+bYKW9s7u3vF/dLB4dHxiX161lFxKim0acxj2QuIAs4EtDXTHHqJBBIFHLrB5H7hd6cgFYtFS88S8CMyEixklGgjDWzbewCuCW555TuvjF1nYFecmrME3iRuTiooR3Ngf3nDmKYRCE05UarvOon2MyI1oxzmJS9VkBA6ISPoGypIBMrPlpfP8ZVRhjiMpSmh8VL9PZGRSKlZFJjOiOixWvcW4n9eP9XhrZ8xkaQaBF0tClOOdYwXMeAhk0A1nxlCqGTmVkzHRBKqTVglE4K7/vIm6VzX3Hqt/lSvNKp5HEV0gS5RFbnoBjXQI2qiNqJoip7RK3qzMuvFerc+Vq0FK585R39gff4AsLCRqg==</latexit>
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0

<latexit sha1_base64="tg0MDE/WW7avmsWwX7l+l1yhMT4=">AAAB+HicbVBNS8NAEN34WetHox69bC1CTyWRgl6Egh48VugXNKFstpt26WYTdidCDf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXpAIrsFxvq2Nza3tnd3CXnH/4PCoZB+fdHScKsraNBax6gVEM8ElawMHwXqJYiQKBOsGk9u5331kSvNYtmCaMD8iI8lDTgkYaWCXvDsmgOCWV77xytgZ2BWn5iyA14mbkwrK0RzYX94wpmnEJFBBtO67TgJ+RhRwKtis6KWaJYROyIj1DZUkYtrPFofP8IVRhjiMlSkJeKH+nshIpPU0CkxnRGCsV725+J/XTyG89jMukxSYpMtFYSowxHieAh5yxSiIqSGEKm5uxXRMFKFgsiqaENzVl9dJ57Lm1mv1h3qlUc3jKKAzdI6qyEVXqIHuURO1EUUpekav6M16sl6sd+tj2bph5TOn6A+szx89C5Fv</latexit>

RS, a/b = 1.1

<latexit sha1_base64="rB5LW4ukTDscB9E/egt+GSuUjuY=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovQhcRECroRCm5c1kcf0IYymU7aoZMHMzdiCPVX3LhQxK0f4s6/cdpmoa0HLhzOuZd77/FiwRXY9rdRWFldW98obpa2tnd298z9g5aKEklZk0Yikh2PKCZ4yJrAQbBOLBkJPMHa3vhq6rcfmFQ8Cu8hjZkbkGHIfU4JaKlvlnvAHiG7vTvBE0xOvUvHcvpmxbbsGfAycXJSQTkaffOrN4hoErAQqCBKdR07BjcjEjgVbFLqJYrFhI7JkHU1DUnAlJvNjp/gY60MsB9JXSHgmfp7IiOBUmng6c6AwEgtelPxP6+bgH/hZjyME2AhnS/yE4EhwtMk8IBLRkGkmhAqub4V0xGRhILOq6RDcBZfXiatM8upWbWbWqVezeMookN0hKrIQeeojq5RAzURRSl6Rq/ozXgyXox342PeWjDymTL6A+PzB280kz8=</latexit>

Neutral, a/b = 1

<latexit sha1_base64="QBz+xLZkeSxq0D25BNeSZlVMGi0=">AAAB/3icbVDJSgNBEO2JW4xbVPDipTEIOUickYBehIAXTxLBLJAMoadTkzTpWeiuEcOYg7/ixYMiXv0Nb/6NneWgiQ8KHu9VUVXPi6XQaNvfVmZpeWV1Lbue29jc2t7J7+7VdZQoDjUeyUg1PaZBihBqKFBCM1bAAk9Cwxtcjf3GPSgtovAOhzG4AeuFwhecoZE6+YM2wgOmN5CgYvKEjig79S6dTr5gl+wJ6CJxZqRAZqh28l/tbsSTAELkkmndcuwY3ZQpFFzCKNdONMSMD1gPWoaGLADtppP7R/TYKF3qR8pUiHSi/p5IWaD1MPBMZ8Cwr+e9sfif10rQv3BTEcYJQsini/xEUozoOAzaFQo4yqEhjCthbqW8zxTjaCLLmRCc+ZcXSf2s5JRL5dtyoVKcxZElh+SIFIlDzkmFXJMqqRFOHskzeSVv1pP1Yr1bH9PWjDWb2Sd/YH3+AMZYlTQ=</latexit>

RW, a/b = 0.9

<latexit sha1_base64="Te8ztFxc0XQ81pJL5Agope5+Ww0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovQhcRECupCKLhxWcU+oA1lMp20QycPZm7EEOqvuHGhiFs/xJ1/47TNQlsPXDiccy/33uPFgiuw7W+jsLK6tr5R3Cxtbe/s7pn7By0VJZKyJo1EJDseUUzwkDWBg2CdWDISeIK1vfH11G8/MKl4FN5DGjM3IMOQ+5wS0FLfLPeAPUJ21z7BE0xOvSvbuuybFduyZ8DLxMlJBeVo9M2v3iCiScBCoIIo1XXsGNyMSOBUsEmplygWEzomQ9bVNCQBU242O36Cj7UywH4kdYWAZ+rviYwESqWBpzsDAiO16E3F/7xuAv6Fm/EwToCFdL7ITwSGCE+TwAMuGQWRakKo5PpWTEdEEgo6r5IOwVl8eZm0ziynZtVua5V6NY+jiA7REaoiB52jOrpBDdREFKXoGb2iN+PJeDHejY95a8HIZ8roD4zPH4AKk0o=</latexit>

RS, a/b = 1.1

<latexit sha1_base64="rB5LW4ukTDscB9E/egt+GSuUjuY=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovQhcRECroRCm5c1kcf0IYymU7aoZMHMzdiCPVX3LhQxK0f4s6/cdpmoa0HLhzOuZd77/FiwRXY9rdRWFldW98obpa2tnd298z9g5aKEklZk0Yikh2PKCZ4yJrAQbBOLBkJPMHa3vhq6rcfmFQ8Cu8hjZkbkGHIfU4JaKlvlnvAHiG7vTvBE0xOvUvHcvpmxbbsGfAycXJSQTkaffOrN4hoErAQqCBKdR07BjcjEjgVbFLqJYrFhI7JkHU1DUnAlJvNjp/gY60MsB9JXSHgmfp7IiOBUmng6c6AwEgtelPxP6+bgH/hZjyME2AhnS/yE4EhwtMk8IBLRkGkmhAqub4V0xGRhILOq6RDcBZfXiatM8upWbWbWqVezeMookN0hKrIQeeojq5RAzURRSl6Rq/ozXgyXox342PeWjDymTL6A+PzB280kz8=</latexit>

Neutral, a/b = 1

<latexit sha1_base64="QBz+xLZkeSxq0D25BNeSZlVMGi0=">AAAB/3icbVDJSgNBEO2JW4xbVPDipTEIOUickYBehIAXTxLBLJAMoadTkzTpWeiuEcOYg7/ixYMiXv0Nb/6NneWgiQ8KHu9VUVXPi6XQaNvfVmZpeWV1Lbue29jc2t7J7+7VdZQoDjUeyUg1PaZBihBqKFBCM1bAAk9Cwxtcjf3GPSgtovAOhzG4AeuFwhecoZE6+YM2wgOmN5CgYvKEjig79S6dTr5gl+wJ6CJxZqRAZqh28l/tbsSTAELkkmndcuwY3ZQpFFzCKNdONMSMD1gPWoaGLADtppP7R/TYKF3qR8pUiHSi/p5IWaD1MPBMZ8Cwr+e9sfif10rQv3BTEcYJQsini/xEUozoOAzaFQo4yqEhjCthbqW8zxTjaCLLmRCc+ZcXSf2s5JRL5dtyoVKcxZElh+SIFIlDzkmFXJMqqRFOHskzeSVv1pP1Yr1bH9PWjDWb2Sd/YH3+AMZYlTQ=</latexit>

RW, a/b = 0.9

<latexit sha1_base64="Te8ztFxc0XQ81pJL5Agope5+Ww0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovQhcRECupCKLhxWcU+oA1lMp20QycPZm7EEOqvuHGhiFs/xJ1/47TNQlsPXDiccy/33uPFgiuw7W+jsLK6tr5R3Cxtbe/s7pn7By0VJZKyJo1EJDseUUzwkDWBg2CdWDISeIK1vfH11G8/MKl4FN5DGjM3IMOQ+5wS0FLfLPeAPUJ21z7BE0xOvSvbuuybFduyZ8DLxMlJBeVo9M2v3iCiScBCoIIo1XXsGNyMSOBUsEmplygWEzomQ9bVNCQBU242O36Cj7UywH4kdYWAZ+rviYwESqWBpzsDAiO16E3F/7xuAv6Fm/EwToCFdL7ITwSGCE+TwAMuGQWRakKo5PpWTEdEEgo6r5IOwVl8eZm0ziynZtVua5V6NY+jiA7REaoiB52jOrpBDdREFKXoGb2iN+PJeDHejY95a8HIZ8roD4zPH4AKk0o=</latexit>

friction rate dependence a/b

<latexit sha1_base64="/9b6K5KjbOsFuDtkAheCSau+gHE=">AAACGXicbVDLSsNAFJ34rPVVdelmsAgupCZS0GXBjcsK9gFtKJPJjQ5OJmHmRiyhv+HGX3HjQhGXuvJvnLRZ+DowzOGce7n3niCVwqDrfjpz8wuLS8uVlerq2vrGZm1ru2uSTHPo8EQmuh8wA1Io6KBACf1UA4sDCb3g5qzwe7egjUjUJY5T8GN2pUQkOEMrjWruEOEO80gLXghUMwQaQgoqBMWBToZBIkMzju2Xs6NgMqrV3YY7Bf1LvJLUSYn2qPY+DBOexaCQS2bMwHNT9HOmUXAJk+owM5AyfsOuYGCpYjEYP59eNqH7VglplGj7FNKp+r0jZ7EplrOVMcNr89srxP+8QYbRqZ8LlWZo75wNijJJMaFFTDQUGjjKsSWMa2F3pfyaacbRhlm1IXi/T/5LuscNr9loXjTrrcMyjgrZJXvkgHjkhLTIOWmTDuHknjySZ/LiPDhPzqvzNiudc8qeHfIDzscXF42hhw==</latexit>
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<latexit sha1_base64="ppSHyepgUkEObuU2m9Xgv+2Dpd8=">AAACH3icbVBNS8NAEN34bf2KevSyWAQPUhIp6lHQg0cF2wpNKZvttF26yYbdiRhC/4kX/4oXD4qIN/+NmzYHrQ4s+3gzw3vzwkQKg5735czNLywuLa+sVtbWNza33O2dplGp5tDgSip9FzIDUsTQQIES7hINLAoltMLRRdFv3YM2QsW3mCXQidggFn3BGVqq654ECA+YD7NEcYhRM0kvVCpVFNK+shJ0HIRK9kwW2S8PLkEio7fjrlv1at6k6F/gl6BKyrruup9BT/E0shpcMmPavpdgJ2caBZcwrgSpgYTxERtA28KYRWA6+eS+MT2wTK/wY1+MdML+3MhZZAqHdjJiODSzvYL8r9dOsX/WyUWcpAgxnwr1U0lR0SIs2hMaOMrMAsa1sF4pHzLNONpIKzYEf/bkv6B5XPPrtfpNvXp+VMaxQvbIPjkkPjkl5+SKXJMG4eSRPJNX8uY8OS/Ou/MxHZ1zyp1d8qucr2/XX6P/</latexit>
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<latexit sha1_base64="5o0h0GmPVDWHCZ/O0yGkTQ/pyZo=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZWsReipJKehFKOjBY4V+QRPKZrttl242YXci1NBf4sWDIl79Kd78N27bHLT1wcDjvRlm5gWx4Boc59vKbW3v7O7l9wsHh0fHRfvktKOjRFHWppGIVC8gmgkuWRs4CNaLFSNhIFg3mN4u/O4jU5pHsgWzmPkhGUs+4pSAkQZ20btjAghueaUbr4RrA7vsVJ0l8CZxM1JGGZoD+8sbRjQJmQQqiNZ914nBT4kCTgWbF7xEs5jQKRmzvqGShEz76fLwOb40yhCPImVKAl6qvydSEmo9CwPTGRKY6HVvIf7n9RMYXfspl3ECTNLVolEiMER4kQIecsUoiJkhhCpubsV0QhShYLIqmBDc9Zc3SadWdevV+kO93KhkceTRObpAFeSiK9RA96iJ2oiiBD2jV/RmPVkv1rv1sWrNWdnMGfoD6/MHQBORcQ==</latexit>

�
T

=
5
0

<latexit sha1_base64="VriBGqzqvkPgd0EGgnQ4XyH8QT8=">AAAB+XicbVBNS8NAEN34WetX1KOXrUXoqSRS0YtQ0IPHCv2CJpTNdtIu3WzC7qZQQv+JFw+KePWfePPfuG1z0NYHA4/3ZpiZFyScKe0439bG5tb2zm5hr7h/cHh0bJ+ctlWcSgotGvNYdgOigDMBLc00h24igUQBh04wvp/7nQlIxWLR1NME/IgMBQsZJdpIfdv2HoBrgpte6c4r4Wunb5edqrMAXiduTsooR6Nvf3mDmKYRCE05UarnOon2MyI1oxxmRS9VkBA6JkPoGSpIBMrPFpfP8KVRBjiMpSmh8UL9PZGRSKlpFJjOiOiRWvXm4n9eL9XhrZ8xkaQaBF0uClOOdYznMeABk0A1nxpCqGTmVkxHRBKqTVhFE4K7+vI6aV9V3Vq19lQr1yt5HAV0ji5QBbnoBtXRI2qgFqJogp7RK3qzMuvFerc+lq0bVj5zhv7A+vwBtsSRrg==</latexit>

crack half-length `/`b

<latexit sha1_base64="5jyyeaCQbGn0WnvrOBEBDez8AOk=">AAACD3icbVBNS8NAEN34WetX1aOXxaKIaE2koMeCF48VbBWaUDbbSbu42YTdiVhC/4EX/4oXD4p49erNf+Om9uDXg10e780wMy9MpTDouh/O1PTM7Nx8aaG8uLS8slpZW2+bJNMcWjyRib4KmQEpFLRQoISrVAOLQwmX4fVp4V/egDYiURc4TCGIWV+JSHCGVupWdnyEW8y5ZvyaDpiMDiSoPg7oyN/3QcrD4uuG3UrVrblj0L/Em5AqmaDZrbz7vYRnMSjkkhnT8dwUg5xpFFzCqOxnBlI7k/WhY6liMZggH98zottW6dEo0fYppGP1e0fOYmOGcWgrY4YD89srxP+8TobRSZALlWYIin8NijJJMaFFOLQnNHCUQ0sY18LuSvmA2WzQRli2IXi/T/5L2kc1r16rn9erjb1JHCWySbbILvHIMWmQM9IkLcLJHXkgT+TZuXcenRfn9at0ypn0bJAfcN4+AcPVnGc=</latexit>
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<latexit sha1_base64="XnPFGxIF36DbSZ/b9Oe9YD2czmw=">AAACC3icbVBNS8NAEN34WetX1aOXxSKISE2koMeCF48VbBWaEjbbiS5usmF3Uiyhdy/+FS8eFPHqH/Dmv3Hb5qCtDwYe780wMy9MpTDout/O3PzC4tJyaaW8ura+sVnZ2m4blWkOLa6k0jchMyBFAi0UKOEm1cDiUMJ1eH8+8q/7oI1QyRUOUujG7DYRkeAMrRRU9nyEB8y5ZvyeRlolSE0K0KND/6gf6ON+oIJK1a25Y9BZ4hWkSgo0g8qX31M8iyFBLpkxHc9NsZszjYJLGJb9zEBq97Fb6FiasBhMNx//MqT7VunRSGlb9pix+nsiZ7Exgzi0nTHDOzPtjcT/vE6G0Vk3F0maISR8sijKJEVFR8HQntDAUQ4sYVwLeyvld8zmgja+sg3Bm355lrRPal69Vr+sVxuHRRwlskv2yAHxyClpkAvSJC3CySN5Jq/kzXlyXpx352PSOucUMzvkD5zPH/Ibmuc=</latexit>

cs

<latexit sha1_base64="DTXcy1h62+vqSoM3AzIlbDbUxvk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbFU0mkUI8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpgQ30oFxxq+4CZJ14OalAjuag/NUfxiyNUBomqNY9z02Mn1FlOBM4K/VTjQllEzrCnqWSRqj9bHHqjFxYZUjCWNmShizU3xMZjbSeRoHtjKgZ61VvLv7n9VIT3vgZl0lqULLlojAVxMRk/jcZcoXMiKkllClubyVsTBVlxqZTsiF4qy+vk/Z11atVa/e1SuMyj6MIZ3AOV+BBHRpwB01oAYMRPMMrvDnCeXHenY9la8HJZ07hD5zPH0mUjbg=</latexit>

Ve↵/Vo

<latexit sha1_base64="Hv8Z/Gp2c1lf3x3SCn6qDG36jCU=">AAAB+XicdVDJSgNBEO2JW4zbqEcvjUHwFCchoseAF48RzCSQDENPpyZp0rPQXRMMQ/7EiwdFvPon3vwbO4vg+qDg8V4VVfWCVAqNjvNuFVZW19Y3ipulre2d3T17/8DVSaY4tHgiE9UJmAYpYmihQAmdVAGLAgntYHQ189tjUFok8S1OUvAiNohFKDhDI/m27fo9hDvMIQynZ66f+HbZqdTOHQP6m1QrzhxlskTTt996/YRnEcTIJdO6W3VS9HKmUHAJ01Iv05AyPmID6Boaswi0l88vn9ITo/RpmChTMdK5+nUiZ5HWkygwnRHDof7pzcS/vG6G4aWXizjNEGK+WBRmkmJCZzHQvlDAUU4MYVwJcyvlQ6YYRxNWyYTw+Sn9n7i1SrVeqd/Uyw26jKNIjsgxOSVVckEa5Jo0SYtwMib35JE8Wbn1YD1bL4vWgrWcOSTfYL1+AK3pk5c=</latexit>

�fo/b=0

<latexit sha1_base64="go1DVDF8UhPUsLOo1WYMRQCOdB0=">AAAB+3icdVDLSsNAFJ3UV62vWJduphbBVUxKRTdCQRcuK9gHNCFMppN26GQmzEzEEvorblwo4tYfceffOH0IPg9cOJxzL/feE6WMKu2671ZhaXllda24XtrY3NresXfLbSUyiUkLCyZkN0KKMMpJS1PNSDeVBCURI51odDH1O7dEKir4jR6nJEjQgNOYYqSNFNpl/5IwjWAciuPIr5z7FTe0q65TO3EN4G/iOe4MVbBAM7Tf/L7AWUK4xgwp1fPcVAc5kppiRiYlP1MkRXiEBqRnKEcJUUE+u30CD43Sh7GQpriGM/XrRI4SpcZJZDoTpIfqpzcV//J6mY7PgpzyNNOE4/miOGNQCzgNAvapJFizsSEIS2puhXiIJMLaxFUyIXx+Cv8n7Zrj1Z36db3agIs4imAfHIAj4IFT0ABXoAlaAIM7cA8ewZM1sR6sZ+tl3lqwFjN74Bus1w/ZYZLr</latexit>

+1

<latexit sha1_base64="s3SEhq1GT1hDWYsnXJTGYZ9e7yg=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoMgCMtuiOgx4MVjFBMDyRJmJ7PJkNnZZaZXCEv+wIsHRbz6R978GycPwWdBQ1HVTXdXmEph0PPencLS8srqWnG9tLG5tb1T3t1rmSTTjDdZIhPdDqnhUijeRIGSt1PNaRxKfhuOLqb+7R3XRiTqBscpD2I6UCISjKKVrk/8XrniudVTz4L8Jr7rzVCBBRq98lu3n7As5gqZpMZ0fC/FIKcaBZN8UupmhqeUjeiAdyxVNOYmyGeXTsiRVfokSrQthWSmfp3IaWzMOA5tZ0xxaH56U/Evr5NhdB7kQqUZcsXmi6JMEkzI9G3SF5ozlGNLKNPC3krYkGrK0IZTsiF8fkr+J62q69fc2lWtUieLOIpwAIdwDD6cQR0uoQFNYBDBPTzCkzNyHpxn52XeWnAWM/vwDc7rB/dujOQ=</latexit>

�fo/b=�1

<latexit sha1_base64="4mmo5jr3mH/f709JLP66Cm0XCeU=">AAAB/HicdVDLSsNAFJ3UV62vaJduphbBjTUpFd0IBV24rGAf0IQwmU7awclMmJkIIdRfceNCEbd+iDv/xulD8HngwuGce7n3njBhVGnHebcKC4tLyyvF1dLa+sbmlr2901EilZi0sWBC9kKkCKOctDXVjPQSSVAcMtINb84nfveWSEUFv9ZZQvwYDTmNKEbaSIFd9i4I0whGgTgKvcqZVzl0A7vq1OrHjgH8TdyaM0UVzNEK7DdvIHAaE64xQ0r1XSfRfo6kppiRcclLFUkQvkFD0jeUo5goP58eP4b7RhnASEhTXMOp+nUiR7FSWRyazhjpkfrpTcS/vH6qo1M/pzxJNeF4tihKGdQCTpKAAyoJ1iwzBGFJza0Qj5BEWJu8SiaEz0/h/6RTr7mNWuOqUW3CeRxFsAv2wAFwwQlogkvQAm2AQQbuwSN4su6sB+vZepm1Fqz5TBl8g/X6AUnckyM=</latexit>

+1

<latexit sha1_base64="s3SEhq1GT1hDWYsnXJTGYZ9e7yg=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoMgCMtuiOgx4MVjFBMDyRJmJ7PJkNnZZaZXCEv+wIsHRbz6R978GycPwWdBQ1HVTXdXmEph0PPencLS8srqWnG9tLG5tb1T3t1rmSTTjDdZIhPdDqnhUijeRIGSt1PNaRxKfhuOLqb+7R3XRiTqBscpD2I6UCISjKKVrk/8XrniudVTz4L8Jr7rzVCBBRq98lu3n7As5gqZpMZ0fC/FIKcaBZN8UupmhqeUjeiAdyxVNOYmyGeXTsiRVfokSrQthWSmfp3IaWzMOA5tZ0xxaH56U/Evr5NhdB7kQqUZcsXmi6JMEkzI9G3SF5ozlGNLKNPC3krYkGrK0IZTsiF8fkr+J62q69fc2lWtUieLOIpwAIdwDD6cQR0uoQFNYBDBPTzCkzNyHpxn52XeWnAWM/vwDc7rB/dujOQ=</latexit>

+1

<latexit sha1_base64="s3SEhq1GT1hDWYsnXJTGYZ9e7yg=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoMgCMtuiOgx4MVjFBMDyRJmJ7PJkNnZZaZXCEv+wIsHRbz6R978GycPwWdBQ1HVTXdXmEph0PPencLS8srqWnG9tLG5tb1T3t1rmSTTjDdZIhPdDqnhUijeRIGSt1PNaRxKfhuOLqb+7R3XRiTqBscpD2I6UCISjKKVrk/8XrniudVTz4L8Jr7rzVCBBRq98lu3n7As5gqZpMZ0fC/FIKcaBZN8UupmhqeUjeiAdyxVNOYmyGeXTsiRVfokSrQthWSmfp3IaWzMOA5tZ0xxaH56U/Evr5NhdB7kQqUZcsXmi6JMEkzI9G3SF5ozlGNLKNPC3krYkGrK0IZTsiF8fkr+J62q69fc2lWtUieLOIpwAIdwDD6cQR0uoQFNYBDBPTzCkzNyHpxn52XeWnAWM/vwDc7rB/dujOQ=</latexit>

�fo/b=0

<latexit sha1_base64="go1DVDF8UhPUsLOo1WYMRQCOdB0=">AAAB+3icdVDLSsNAFJ3UV62vWJduphbBVUxKRTdCQRcuK9gHNCFMppN26GQmzEzEEvorblwo4tYfceffOH0IPg9cOJxzL/feE6WMKu2671ZhaXllda24XtrY3NresXfLbSUyiUkLCyZkN0KKMMpJS1PNSDeVBCURI51odDH1O7dEKir4jR6nJEjQgNOYYqSNFNpl/5IwjWAciuPIr5z7FTe0q65TO3EN4G/iOe4MVbBAM7Tf/L7AWUK4xgwp1fPcVAc5kppiRiYlP1MkRXiEBqRnKEcJUUE+u30CD43Sh7GQpriGM/XrRI4SpcZJZDoTpIfqpzcV//J6mY7PgpzyNNOE4/miOGNQCzgNAvapJFizsSEIS2puhXiIJMLaxFUyIXx+Cv8n7Zrj1Z36db3agIs4imAfHIAj4IFT0ABXoAlaAIM7cA8ewZM1sR6sZ+tl3lqwFjN74Bus1w/ZYZLr</latexit>

�fo/b=0

<latexit sha1_base64="go1DVDF8UhPUsLOo1WYMRQCOdB0=">AAAB+3icdVDLSsNAFJ3UV62vWJduphbBVUxKRTdCQRcuK9gHNCFMppN26GQmzEzEEvorblwo4tYfceffOH0IPg9cOJxzL/feE6WMKu2671ZhaXllda24XtrY3NresXfLbSUyiUkLCyZkN0KKMMpJS1PNSDeVBCURI51odDH1O7dEKir4jR6nJEjQgNOYYqSNFNpl/5IwjWAciuPIr5z7FTe0q65TO3EN4G/iOe4MVbBAM7Tf/L7AWUK4xgwp1fPcVAc5kppiRiYlP1MkRXiEBqRnKEcJUUE+u30CD43Sh7GQpriGM/XrRI4SpcZJZDoTpIfqpzcV//J6mY7PgpzyNNOE4/miOGNQCzgNAvapJFizsSEIS2puhXiIJMLaxFUyIXx+Cv8n7Zrj1Z36db3agIs4imAfHIAj4IFT0ABXoAlaAIM7cA8ewZM1sR6sZ+tl3lqwFjN74Bus1w/ZYZLr</latexit>

�1

<latexit sha1_base64="KIr1WZBwgECyDkmAftKuAuSFglY=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgxWU3RPQY8OIxiomBZAmzk9lkyOzsMtMrhCV/4MWDIl79I2/+jZOH4LOgoajqprsrTKUw6HnvTmFpeWV1rbhe2tjc2t4p7+61TJJpxpsskYluh9RwKRRvokDJ26nmNA4lvw1HF1P/9o5rIxJ1g+OUBzEdKBEJRtFK1yd+r1zx3OqpZ0F+E9/1ZqjAAo1e+a3bT1gWc4VMUmM6vpdikFONgkk+KXUzw1PKRnTAO5YqGnMT5LNLJ+TIKn0SJdqWQjJTv07kNDZmHIe2M6Y4ND+9qfiX18kwOg9yodIMuWLzRVEmCSZk+jbpC80ZyrEllGlhbyVsSDVlaMMp2RA+PyX/k1bV9Wtu7apWqZNFHEU4gEM4Bh/OoA6X0IAmMIjgHh7hyRk5D86z8zJvLTiLmX34Buf1A/p4jOY=</latexit>

�1

<latexit sha1_base64="KIr1WZBwgECyDkmAftKuAuSFglY=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgxWU3RPQY8OIxiomBZAmzk9lkyOzsMtMrhCV/4MWDIl79I2/+jZOH4LOgoajqprsrTKUw6HnvTmFpeWV1rbhe2tjc2t4p7+61TJJpxpsskYluh9RwKRRvokDJ26nmNA4lvw1HF1P/9o5rIxJ1g+OUBzEdKBEJRtFK1yd+r1zx3OqpZ0F+E9/1ZqjAAo1e+a3bT1gWc4VMUmM6vpdikFONgkk+KXUzw1PKRnTAO5YqGnMT5LNLJ+TIKn0SJdqWQjJTv07kNDZmHIe2M6Y4ND+9qfiX18kwOg9yodIMuWLzRVEmCSZk+jbpC80ZyrEllGlhbyVsSDVlaMMp2RA+PyX/k1bV9Wtu7apWqZNFHEU4gEM4Bh/OoA6X0IAmMIjgHh7hyRk5D86z8zJvLTiLmX34Buf1A/p4jOY=</latexit>

0

<latexit sha1_base64="lhxm2eW17fojWe49+TcXt8IVOQI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0yI6DHgxWMCZoFkCD2dmqRNT8/Q3SOEIV/gxYMiXv0kb/6NnUVwfVDweK+KqnphKrg2nvfurKyurW9sFraK2zu7e/ulg8OWTjLFsMkSkahOSDUKLrFpuBHYSRXSOBTYDsdXM799h0rzRN6YSYpBTIeSR5xRY6WG1y+VPbdy7lmQ38R3vTnKsES9X3rrDRKWxSgNE1Trru+lJsipMpwJnBZ7mcaUsjEdYtdSSWPUQT4/dEpOrTIgUaJsSUPm6teJnMZaT+LQdsbUjPRPbyb+5XUzE10GOZdpZlCyxaIoE8QkZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7QhfH5K/ietiutX3WqjWq6RZRwFOIYTOAMfLqAG11CHJjBAuIdHeHJunQfn2XlZtK44y5kj+Abn9QOPr4yu</latexit>

�1

<latexit sha1_base64="KIr1WZBwgECyDkmAftKuAuSFglY=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgxWU3RPQY8OIxiomBZAmzk9lkyOzsMtMrhCV/4MWDIl79I2/+jZOH4LOgoajqprsrTKUw6HnvTmFpeWV1rbhe2tjc2t4p7+61TJJpxpsskYluh9RwKRRvokDJ26nmNA4lvw1HF1P/9o5rIxJ1g+OUBzEdKBEJRtFK1yd+r1zx3OqpZ0F+E9/1ZqjAAo1e+a3bT1gWc4VMUmM6vpdikFONgkk+KXUzw1PKRnTAO5YqGnMT5LNLJ+TIKn0SJdqWQjJTv07kNDZmHIe2M6Y4ND+9qfiX18kwOg9yodIMuWLzRVEmCSZk+jbpC80ZyrEllGlhbyVsSDVlaMMp2RA+PyX/k1bV9Wtu7apWqZNFHEU4gEM4Bh/OoA6X0IAmMIjgHh7hyRk5D86z8zJvLTiLmX34Buf1A/p4jOY=</latexit>

�1

<latexit sha1_base64="KIr1WZBwgECyDkmAftKuAuSFglY=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgxWU3RPQY8OIxiomBZAmzk9lkyOzsMtMrhCV/4MWDIl79I2/+jZOH4LOgoajqprsrTKUw6HnvTmFpeWV1rbhe2tjc2t4p7+61TJJpxpsskYluh9RwKRRvokDJ26nmNA4lvw1HF1P/9o5rIxJ1g+OUBzEdKBEJRtFK1yd+r1zx3OqpZ0F+E9/1ZqjAAo1e+a3bT1gWc4VMUmM6vpdikFONgkk+KXUzw1PKRnTAO5YqGnMT5LNLJ+TIKn0SJdqWQjJTv07kNDZmHIe2M6Y4ND+9qfiX18kwOg9yodIMuWLzRVEmCSZk+jbpC80ZyrEllGlhbyVsSDVlaMMp2RA+PyX/k1bV9Wtu7apWqZNFHEU4gEM4Bh/OoA6X0IAmMIjgHh7hyRk5D86z8zJvLTiLmX34Buf1A/p4jOY=</latexit>

�fo/b=0

<latexit sha1_base64="go1DVDF8UhPUsLOo1WYMRQCOdB0=">AAAB+3icdVDLSsNAFJ3UV62vWJduphbBVUxKRTdCQRcuK9gHNCFMppN26GQmzEzEEvorblwo4tYfceffOH0IPg9cOJxzL/feE6WMKu2671ZhaXllda24XtrY3NresXfLbSUyiUkLCyZkN0KKMMpJS1PNSDeVBCURI51odDH1O7dEKir4jR6nJEjQgNOYYqSNFNpl/5IwjWAciuPIr5z7FTe0q65TO3EN4G/iOe4MVbBAM7Tf/L7AWUK4xgwp1fPcVAc5kppiRiYlP1MkRXiEBqRnKEcJUUE+u30CD43Sh7GQpriGM/XrRI4SpcZJZDoTpIfqpzcV//J6mY7PgpzyNNOE4/miOGNQCzgNAvapJFizsSEIS2puhXiIJMLaxFUyIXx+Cv8n7Zrj1Z36db3agIs4imAfHIAj4IFT0ABXoAlaAIM7cA8ewZM1sR6sZ+tl3lqwFjN74Bus1w/ZYZLr</latexit>

�fo/b=0

<latexit sha1_base64="go1DVDF8UhPUsLOo1WYMRQCOdB0=">AAAB+3icdVDLSsNAFJ3UV62vWJduphbBVUxKRTdCQRcuK9gHNCFMppN26GQmzEzEEvorblwo4tYfceffOH0IPg9cOJxzL/feE6WMKu2671ZhaXllda24XtrY3NresXfLbSUyiUkLCyZkN0KKMMpJS1PNSDeVBCURI51odDH1O7dEKir4jR6nJEjQgNOYYqSNFNpl/5IwjWAciuPIr5z7FTe0q65TO3EN4G/iOe4MVbBAM7Tf/L7AWUK4xgwp1fPcVAc5kppiRiYlP1MkRXiEBqRnKEcJUUE+u30CD43Sh7GQpriGM/XrRI4SpcZJZDoTpIfqpzcV//J6mY7PgpzyNNOE4/miOGNQCzgNAvapJFizsSEIS2puhXiIJMLaxFUyIXx+Cv8n7Zrj1Z36db3agIs4imAfHIAj4IFT0ABXoAlaAIM7cA8ewZM1sR6sZ+tl3lqwFjN74Bus1w/ZYZLr</latexit>

�1

<latexit sha1_base64="KIr1WZBwgECyDkmAftKuAuSFglY=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgxWU3RPQY8OIxiomBZAmzk9lkyOzsMtMrhCV/4MWDIl79I2/+jZOH4LOgoajqprsrTKUw6HnvTmFpeWV1rbhe2tjc2t4p7+61TJJpxpsskYluh9RwKRRvokDJ26nmNA4lvw1HF1P/9o5rIxJ1g+OUBzEdKBEJRtFK1yd+r1zx3OqpZ0F+E9/1ZqjAAo1e+a3bT1gWc4VMUmM6vpdikFONgkk+KXUzw1PKRnTAO5YqGnMT5LNLJ+TIKn0SJdqWQjJTv07kNDZmHIe2M6Y4ND+9qfiX18kwOg9yodIMuWLzRVEmCSZk+jbpC80ZyrEllGlhbyVsSDVlaMMp2RA+PyX/k1bV9Wtu7apWqZNFHEU4gEM4Bh/OoA6X0IAmMIjgHh7hyRk5D86z8zJvLTiLmX34Buf1A/p4jOY=</latexit>

+1

<latexit sha1_base64="s3SEhq1GT1hDWYsnXJTGYZ9e7yg=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoMgCMtuiOgx4MVjFBMDyRJmJ7PJkNnZZaZXCEv+wIsHRbz6R978GycPwWdBQ1HVTXdXmEph0PPencLS8srqWnG9tLG5tb1T3t1rmSTTjDdZIhPdDqnhUijeRIGSt1PNaRxKfhuOLqb+7R3XRiTqBscpD2I6UCISjKKVrk/8XrniudVTz4L8Jr7rzVCBBRq98lu3n7As5gqZpMZ0fC/FIKcaBZN8UupmhqeUjeiAdyxVNOYmyGeXTsiRVfokSrQthWSmfp3IaWzMOA5tZ0xxaH56U/Evr5NhdB7kQqUZcsXmi6JMEkzI9G3SF5ozlGNLKNPC3krYkGrK0IZTsiF8fkr+J62q69fc2lWtUieLOIpwAIdwDD6cQR0uoQFNYBDBPTzCkzNyHpxn52XeWnAWM/vwDc7rB/dujOQ=</latexit>

�fo/b=+1

<latexit sha1_base64="S/+ZjaKzjHNHNb+/7PSy1S/RjZ8=">AAAB/HicdVDLSsNAFJ3UV62vaJduphZBEGpSKroRCrpwWcE+oAlhMp20g5OZMDMRQqi/4saFIm79EHf+jdOH4PPAhcM593LvPWHCqNKO824VFhaXlleKq6W19Y3NLXt7p6NEKjFpY8GE7IVIEUY5aWuqGeklkqA4ZKQb3pxP/O4tkYoKfq2zhPgxGnIaUYy0kQK77F0QphGMAnEUepUzr3LoBnbVqdWPHQP4m7g1Z4oqmKMV2G/eQOA0JlxjhpTqu06i/RxJTTEj45KXKpIgfIOGpG8oRzFRfj49fgz3jTKAkZCmuIZT9etEjmKlsjg0nTHSI/XTm4h/ef1UR6d+TnmSasLxbFGUMqgFnCQBB1QSrFlmCMKSmlshHiGJsDZ5lUwIn5/C/0mnXnMbtcZVo9qE8ziKYBfsgQPgghPQBJegBdoAgwzcg0fwZN1ZD9az9TJrLVjzmTL4Buv1A0bSkyE=</latexit>

�1

<latexit sha1_base64="KIr1WZBwgECyDkmAftKuAuSFglY=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgxWU3RPQY8OIxiomBZAmzk9lkyOzsMtMrhCV/4MWDIl79I2/+jZOH4LOgoajqprsrTKUw6HnvTmFpeWV1rbhe2tjc2t4p7+61TJJpxpsskYluh9RwKRRvokDJ26nmNA4lvw1HF1P/9o5rIxJ1g+OUBzEdKBEJRtFK1yd+r1zx3OqpZ0F+E9/1ZqjAAo1e+a3bT1gWc4VMUmM6vpdikFONgkk+KXUzw1PKRnTAO5YqGnMT5LNLJ+TIKn0SJdqWQjJTv07kNDZmHIe2M6Y4ND+9qfiX18kwOg9yodIMuWLzRVEmCSZk+jbpC80ZyrEllGlhbyVsSDVlaMMp2RA+PyX/k1bV9Wtu7apWqZNFHEU4gEM4Bh/OoA6X0IAmMIjgHh7hyRk5D86z8zJvLTiLmX34Buf1A/p4jOY=</latexit>

�fo/b=0

<latexit sha1_base64="go1DVDF8UhPUsLOo1WYMRQCOdB0=">AAAB+3icdVDLSsNAFJ3UV62vWJduphbBVUxKRTdCQRcuK9gHNCFMppN26GQmzEzEEvorblwo4tYfceffOH0IPg9cOJxzL/feE6WMKu2671ZhaXllda24XtrY3NresXfLbSUyiUkLCyZkN0KKMMpJS1PNSDeVBCURI51odDH1O7dEKir4jR6nJEjQgNOYYqSNFNpl/5IwjWAciuPIr5z7FTe0q65TO3EN4G/iOe4MVbBAM7Tf/L7AWUK4xgwp1fPcVAc5kppiRiYlP1MkRXiEBqRnKEcJUUE+u30CD43Sh7GQpriGM/XrRI4SpcZJZDoTpIfqpzcV//J6mY7PgpzyNNOE4/miOGNQCzgNAvapJFizsSEIS2puhXiIJMLaxFUyIXx+Cv8n7Zrj1Z36db3agIs4imAfHIAj4IFT0ABXoAlaAIM7cA8ewZM1sR6sZ+tl3lqwFjN74Bus1w/ZYZLr</latexit>

+1

<latexit sha1_base64="s3SEhq1GT1hDWYsnXJTGYZ9e7yg=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoMgCMtuiOgx4MVjFBMDyRJmJ7PJkNnZZaZXCEv+wIsHRbz6R978GycPwWdBQ1HVTXdXmEph0PPencLS8srqWnG9tLG5tb1T3t1rmSTTjDdZIhPdDqnhUijeRIGSt1PNaRxKfhuOLqb+7R3XRiTqBscpD2I6UCISjKKVrk/8XrniudVTz4L8Jr7rzVCBBRq98lu3n7As5gqZpMZ0fC/FIKcaBZN8UupmhqeUjeiAdyxVNOYmyGeXTsiRVfokSrQthWSmfp3IaWzMOA5tZ0xxaH56U/Evr5NhdB7kQqUZcsXmi6JMEkzI9G3SF5ozlGNLKNPC3krYkGrK0IZTsiF8fkr+J62q69fc2lWtUieLOIpwAIdwDD6cQR0uoQFNYBDBPTzCkzNyHpxn52XeWnAWM/vwDc7rB/dujOQ=</latexit>

102

<latexit sha1_base64="h+QZjwh736hzjh3sg/UN7b7qrDo=">AAAB63icdVDLSgNBEOyNrxhfUY96GAyCp2U3JOgx4MVjBPOAZA2zk9lkyMzsMjMrhCW/4MWDIl79IW/+jbNJBJ8FDUVVN91dYcKZNp737hRWVtfWN4qbpa3tnd298v5BW8epIrRFYh6rbog15UzSlmGG026iKBYhp51wcpn7nTuqNIvljZkmNBB4JFnECDa55Hu31UG54rnVumeBfhPf9eaowBLNQfmtP4xJKqg0hGOte76XmCDDyjDC6azUTzVNMJngEe1ZKrGgOsjmt87QqVWGKIqVLWnQXP06kWGh9VSEtlNgM9Y/vVz8y+ulJroIMiaT1FBJFouilCMTo/xxNGSKEsOnlmCimL0VkTFWmBgbT8mG8Pkp+p+0q65fc2vXtUrjeBlHEY7gBM7Ah3NowBU0oQUExnAPj/DkCOfBeXZeFq0FZzlzCN/gvH4AIyCNiQ==</latexit>

104

<latexit sha1_base64="ogJND8EpkdpcnHATjzZbjfXpg98=">AAAB63icdVBNS8NAEJ3Ur1q/qh71sFgETyEpET0WvHisYFuhjWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoKfj4YeLw3w8y8KOVMG897d0pLyyura+X1ysbm1vZOdXevrZNMEdoiCU/UTYQ15UzSlmGG05tUUSwiTjvR+KLwO3dUaZbIazNJaSjwULKYEWwKyfdug3615rn1U88C/Sa+681QgwWa/epbb5CQTFBpCMdad30vNWGOlWGE02mll2maYjLGQ9q1VGJBdZjPbp2iY6sMUJwoW9Kgmfp1IsdC64mIbKfAZqR/eoX4l9fNTHwe5kymmaGSzBfFGUcmQcXjaMAUJYZPLMFEMXsrIiOsMDE2nooN4fNT9D9p110/cIOroNY4XMRRhgM4ghPw4QwacAlNaAGBEdzDIzw5wnlwnp2XeWvJWczswzc4rx8mKI2L</latexit>

106

<latexit sha1_base64="ckTxgLdjFQI/poiHVLDLUseHW9k=">AAAB63icdVDJSgNBEK2JW4xb1KMeGoPgaZgJcTkGvHiMYBZIxtDT6UmadPcM3T1CGPILXjwo4tUf8ubf2JNEcH1Q8Hiviqp6YcKZNp737hSWlldW14rrpY3Nre2d8u5eS8epIrRJYh6rTog15UzSpmGG006iKBYhp+1wfJn77TuqNIvljZkkNBB4KFnECDa55Hu3Z/1yxXOrp54F+k1815uhAgs0+uW33iAmqaDSEI617vpeYoIMK8MIp9NSL9U0wWSMh7RrqcSC6iCb3TpFx1YZoChWtqRBM/XrRIaF1hMR2k6BzUj/9HLxL6+bmugiyJhMUkMlmS+KUo5MjPLH0YApSgyfWIKJYvZWREZYYWJsPCUbwuen6H/Sqrp+za1d1yr1w0UcRTiAIzgBH86hDlfQgCYQGME9PMKTI5wH59l5mbcWnMXMPnyD8/oBKTCNjQ==</latexit>

108

<latexit sha1_base64="L/vDSTAOMhLDnLfRyeD5mfbY6tw=">AAAB63icdVDLSgNBEOyNrxhfUY96GAyCp2U3RMwx4MVjBPOAZA2zk9lkyMzsMjMrhCW/4MWDIl79IW/+jbNJBJ8FDUVVN91dYcKZNp737hRWVtfWN4qbpa3tnd298v5BW8epIrRFYh6rbog15UzSlmGG026iKBYhp51wcpn7nTuqNIvljZkmNBB4JFnECDa55Hu39UG54rnVc88C/Sa+681RgSWag/JbfxiTVFBpCMda93wvMUGGlWGE01mpn2qaYDLBI9qzVGJBdZDNb52hU6sMURQrW9Kgufp1IsNC66kIbafAZqx/ern4l9dLTVQPMiaT1FBJFouilCMTo/xxNGSKEsOnlmCimL0VkTFWmBgbT8mG8Pkp+p+0q65fc2vXtUrjeBlHEY7gBM7AhwtowBU0oQUExnAPj/DkCOfBeXZeFq0FZzlzCN/gvH4ALDiNjw==</latexit>

1

<latexit sha1_base64="eCNB/2foWwK1HalzlClzeMr11fA=">AAAB6HicdVDJSgNBEK2JW4xb1KMeGoPgaZgJET0GvHhMwCyQDKGnU5O06ekZunuEEPIFXjwo4tVP8ubf2FkE1wcFj/eqqKoXpoJr43nvTm5ldW19I79Z2Nre2d0r7h80dZIphg2WiES1Q6pRcIkNw43AdqqQxqHAVji6mvmtO1SaJ/LGjFMMYjqQPOKMGivV/V6x5Lnlc8+C/Ca+681RgiVqveJbt5+wLEZpmKBad3wvNcGEKsOZwGmhm2lMKRvRAXYslTRGHUzmh07JqVX6JEqULWnIXP06MaGx1uM4tJ0xNUP905uJf3mdzESXwYTLNDMo2WJRlAliEjL7mvS5QmbE2BLKFLe3EjakijJjsynYED4/Jf+TZtn1K26lXilVj5dx5OEITuAMfLiAKlxDDRrAAOEeHuHJuXUenGfnZdGac5Yzh/ANzusHj/+Mqw==</latexit>

1010

<latexit sha1_base64="QcnoxiIDVyP4BY/dJnXfRrN+W9Q=">AAAB7nicdVDLSgMxFL1TX7W+qi51ESyCqyFTKrosuHFZwbZCO5ZMmmlDM8mQZIQy9CPcuFDErd/jzr8xfQg+D1w4nHMv994TpYIbi/G7V1haXlldK66XNja3tnfKu3stozJNWZMqofRNRAwTXLKm5Vawm1QzkkSCtaPRxdRv3zFtuJLXdpyyMCEDyWNOiXVSO8C3eYAnvXIF+9VT7IB+k8DHM1RggUav/NbtK5olTFoqiDGdAKc2zIm2nAo2KXUzw1JCR2TAOo5KkjAT5rNzJ+jYKX0UK+1KWjRTv07kJDFmnESuMyF2aH56U/Evr5PZ+DzMuUwzyySdL4ozgaxC099Rn2tGrRg7Qqjm7lZEh0QTal1CJRfC56fof9Kq+kHNr13VKvXDRRxFOIAjOIEAzqAOl9CAJlAYwT08wpOXeg/es/cyby14i5l9+Abv9QNVXo7O</latexit>

�fo/b=0

<latexit sha1_base64="go1DVDF8UhPUsLOo1WYMRQCOdB0=">AAAB+3icdVDLSsNAFJ3UV62vWJduphbBVUxKRTdCQRcuK9gHNCFMppN26GQmzEzEEvorblwo4tYfceffOH0IPg9cOJxzL/feE6WMKu2671ZhaXllda24XtrY3NresXfLbSUyiUkLCyZkN0KKMMpJS1PNSDeVBCURI51odDH1O7dEKir4jR6nJEjQgNOYYqSNFNpl/5IwjWAciuPIr5z7FTe0q65TO3EN4G/iOe4MVbBAM7Tf/L7AWUK4xgwp1fPcVAc5kppiRiYlP1MkRXiEBqRnKEcJUUE+u30CD43Sh7GQpriGM/XrRI4SpcZJZDoTpIfqpzcV//J6mY7PgpzyNNOE4/miOGNQCzgNAvapJFizsSEIS2puhXiIJMLaxFUyIXx+Cv8n7Zrj1Z36db3agIs4imAfHIAj4IFT0ABXoAlaAIM7cA8ewZM1sR6sZ+tl3lqwFjN74Bus1w/ZYZLr</latexit>

+1

<latexit sha1_base64="s3SEhq1GT1hDWYsnXJTGYZ9e7yg=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoMgCMtuiOgx4MVjFBMDyRJmJ7PJkNnZZaZXCEv+wIsHRbz6R978GycPwWdBQ1HVTXdXmEph0PPencLS8srqWnG9tLG5tb1T3t1rmSTTjDdZIhPdDqnhUijeRIGSt1PNaRxKfhuOLqb+7R3XRiTqBscpD2I6UCISjKKVrk/8XrniudVTz4L8Jr7rzVCBBRq98lu3n7As5gqZpMZ0fC/FIKcaBZN8UupmhqeUjeiAdyxVNOYmyGeXTsiRVfokSrQthWSmfp3IaWzMOA5tZ0xxaH56U/Evr5NhdB7kQqUZcsXmi6JMEkzI9G3SF5ozlGNLKNPC3krYkGrK0IZTsiF8fkr+J62q69fc2lWtUieLOIpwAIdwDD6cQR0uoQFNYBDBPTzCkzNyHpxn52XeWnAWM/vwDc7rB/dujOQ=</latexit>

0

<latexit sha1_base64="lhxm2eW17fojWe49+TcXt8IVOQI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0yI6DHgxWMCZoFkCD2dmqRNT8/Q3SOEIV/gxYMiXv0kb/6NnUVwfVDweK+KqnphKrg2nvfurKyurW9sFraK2zu7e/ulg8OWTjLFsMkSkahOSDUKLrFpuBHYSRXSOBTYDsdXM799h0rzRN6YSYpBTIeSR5xRY6WG1y+VPbdy7lmQ38R3vTnKsES9X3rrDRKWxSgNE1Trru+lJsipMpwJnBZ7mcaUsjEdYtdSSWPUQT4/dEpOrTIgUaJsSUPm6teJnMZaT+LQdsbUjPRPbyb+5XUzE10GOZdpZlCyxaIoE8QkZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7QhfH5K/ietiutX3WqjWq6RZRwFOIYTOAMfLqAG11CHJjBAuIdHeHJunQfn2XlZtK44y5kj+Abn9QOPr4yu</latexit>

�1

<latexit sha1_base64="KIr1WZBwgECyDkmAftKuAuSFglY=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgxWU3RPQY8OIxiomBZAmzk9lkyOzsMtMrhCV/4MWDIl79I2/+jZOH4LOgoajqprsrTKUw6HnvTmFpeWV1rbhe2tjc2t4p7+61TJJpxpsskYluh9RwKRRvokDJ26nmNA4lvw1HF1P/9o5rIxJ1g+OUBzEdKBEJRtFK1yd+r1zx3OqpZ0F+E9/1ZqjAAo1e+a3bT1gWc4VMUmM6vpdikFONgkk+KXUzw1PKRnTAO5YqGnMT5LNLJ+TIKn0SJdqWQjJTv07kNDZmHIe2M6Y4ND+9qfiX18kwOg9yodIMuWLzRVEmCSZk+jbpC80ZyrEllGlhbyVsSDVlaMMp2RA+PyX/k1bV9Wtu7apWqZNFHEU4gEM4Bh/OoA6X0IAmMIjgHh7hyRk5D86z8zJvLTiLmX34Buf1A/p4jOY=</latexit>

+1

<latexit sha1_base64="s3SEhq1GT1hDWYsnXJTGYZ9e7yg=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoMgCMtuiOgx4MVjFBMDyRJmJ7PJkNnZZaZXCEv+wIsHRbz6R978GycPwWdBQ1HVTXdXmEph0PPencLS8srqWnG9tLG5tb1T3t1rmSTTjDdZIhPdDqnhUijeRIGSt1PNaRxKfhuOLqb+7R3XRiTqBscpD2I6UCISjKKVrk/8XrniudVTz4L8Jr7rzVCBBRq98lu3n7As5gqZpMZ0fC/FIKcaBZN8UupmhqeUjeiAdyxVNOYmyGeXTsiRVfokSrQthWSmfp3IaWzMOA5tZ0xxaH56U/Evr5NhdB7kQqUZcsXmi6JMEkzI9G3SF5ozlGNLKNPC3krYkGrK0IZTsiF8fkr+J62q69fc2lWtUieLOIpwAIdwDD6cQR0uoQFNYBDBPTzCkzNyHpxn52XeWnAWM/vwDc7rB/dujOQ=</latexit>

`1

<latexit sha1_base64="xP6rKFmecHRI1p+ACKE6ZKb9zEk=">AAAB83icbVBNS8NAEN3Ur1q/qh69LFbBU0mkoMeCF48V7Ac0oWy2k3bpZhN2J0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTHNo8kYnuhcyAFAraKFBCL9XA4lBCN5zczf3uE2gjEvWI0xSCmI2UiARnaCXfBykHvlARTumgWnPr7gJ0nXgFqZECrUH1yx8mPItBIZfMmL7nphjkTKPgEmYVPzOQMj5hI+hbqlgMJsgXN8/opVWGNEq0LYV0of6eyFlszDQObWfMcGxWvbn4n9fPMLoNcqHSDEHx5aIokxQTOg+ADoUGjnJqCeNa2FspHzPNONqYKjYEb/XlddK5rnuNeuOhUWteFHGUyRk5J1fEIzekSe5Ji7QJJyl5Jq/kzcmcF+fd+Vi2lpxi5pT8gfP5A9nukXk=</latexit>

`1/`b

<latexit sha1_base64="bZS1fWHCGH/BZkOh8DFPmK+LVOE=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WayCp5pIQY8FLx4r2FpoQthsN+3SzSbsToRQ6l/x4kERr/4Qb/4bt2kO2vpg4O17M+zMC1PBNTjOt1VZW9/Y3Kpu13Z29/YP7MOjnk4yRVmXJiJR/ZBoJrhkXeAgWD9VjMShYA/h5GbuPzwypXki7yFPmR+TkeQRpwSMFNh1jwkReFxGkOOL4hEGdsNpOgXwKnFL0kAlOoH95Q0TmsVMAhVE64HrpOBPiQJOBZvVvEyzlNAJGbGBoZLETPvTYvkZPjPKEEeJMiUBF+rviSmJtc7j0HTGBMZ62ZuL/3mDDKJrf8plmgGTdPFRlAkMCZ4ngYdcMQoiN4RQxc2umI6JIhRMXjUTgrt88irpXTbdVrN112q0T8s4qugYnaBz5KIr1Ea3qIO6iKIcPaNX9GY9WS/Wu/WxaK1Y5Uwd/YH1+QNUZJR5</latexit>

�1

<latexit sha1_base64="KIr1WZBwgECyDkmAftKuAuSFglY=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgxWU3RPQY8OIxiomBZAmzk9lkyOzsMtMrhCV/4MWDIl79I2/+jZOH4LOgoajqprsrTKUw6HnvTmFpeWV1rbhe2tjc2t4p7+61TJJpxpsskYluh9RwKRRvokDJ26nmNA4lvw1HF1P/9o5rIxJ1g+OUBzEdKBEJRtFK1yd+r1zx3OqpZ0F+E9/1ZqjAAo1e+a3bT1gWc4VMUmM6vpdikFONgkk+KXUzw1PKRnTAO5YqGnMT5LNLJ+TIKn0SJdqWQjJTv07kNDZmHIe2M6Y4ND+9qfiX18kwOg9yodIMuWLzRVEmCSZk+jbpC80ZyrEllGlhbyVsSDVlaMMp2RA+PyX/k1bV9Wtu7apWqZNFHEU4gEM4Bh/OoA6X0IAmMIjgHh7hyRk5D86z8zJvLTiLmX34Buf1A/p4jOY=</latexit>

�fo/b=+1

<latexit sha1_base64="S/+ZjaKzjHNHNb+/7PSy1S/RjZ8=">AAAB/HicdVDLSsNAFJ3UV62vaJduphZBEGpSKroRCrpwWcE+oAlhMp20g5OZMDMRQqi/4saFIm79EHf+jdOH4PPAhcM593LvPWHCqNKO824VFhaXlleKq6W19Y3NLXt7p6NEKjFpY8GE7IVIEUY5aWuqGeklkqA4ZKQb3pxP/O4tkYoKfq2zhPgxGnIaUYy0kQK77F0QphGMAnEUepUzr3LoBnbVqdWPHQP4m7g1Z4oqmKMV2G/eQOA0JlxjhpTqu06i/RxJTTEj45KXKpIgfIOGpG8oRzFRfj49fgz3jTKAkZCmuIZT9etEjmKlsjg0nTHSI/XTm4h/ef1UR6d+TnmSasLxbFGUMqgFnCQBB1QSrFlmCMKSmlshHiGJsDZ5lUwIn5/C/0mnXnMbtcZVo9qE8ziKYBfsgQPgghPQBJegBdoAgwzcg0fwZN1ZD9az9TJrLVjzmTL4Buv1A0bSkyE=</latexit>

0

<latexit sha1_base64="lhxm2eW17fojWe49+TcXt8IVOQI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0yI6DHgxWMCZoFkCD2dmqRNT8/Q3SOEIV/gxYMiXv0kb/6NnUVwfVDweK+KqnphKrg2nvfurKyurW9sFraK2zu7e/ulg8OWTjLFsMkSkahOSDUKLrFpuBHYSRXSOBTYDsdXM799h0rzRN6YSYpBTIeSR5xRY6WG1y+VPbdy7lmQ38R3vTnKsES9X3rrDRKWxSgNE1Trru+lJsipMpwJnBZ7mcaUsjEdYtdSSWPUQT4/dEpOrTIgUaJsSUPm6teJnMZaT+LQdsbUjPRPbyb+5XUzE10GOZdpZlCyxaIoE8QkZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7QhfH5K/ietiutX3WqjWq6RZRwFOIYTOAMfLqAG11CHJjBAuIdHeHJunQfn2XlZtK44y5kj+Abn9QOPr4yu</latexit>

�fo/b=+1

<latexit sha1_base64="S/+ZjaKzjHNHNb+/7PSy1S/RjZ8=">AAAB/HicdVDLSsNAFJ3UV62vaJduphZBEGpSKroRCrpwWcE+oAlhMp20g5OZMDMRQqi/4saFIm79EHf+jdOH4PPAhcM593LvPWHCqNKO824VFhaXlleKq6W19Y3NLXt7p6NEKjFpY8GE7IVIEUY5aWuqGeklkqA4ZKQb3pxP/O4tkYoKfq2zhPgxGnIaUYy0kQK77F0QphGMAnEUepUzr3LoBnbVqdWPHQP4m7g1Z4oqmKMV2G/eQOA0JlxjhpTqu06i/RxJTTEj45KXKpIgfIOGpG8oRzFRfj49fgz3jTKAkZCmuIZT9etEjmKlsjg0nTHSI/XTm4h/ef1UR6d+TnmSasLxbFGUMqgFnCQBB1QSrFlmCMKSmlshHiGJsDZ5lUwIn5/C/0mnXnMbtcZVo9qE8ziKYBfsgQPgghPQBJegBdoAgwzcg0fwZN1ZD9az9TJrLVjzmTL4Buv1A0bSkyE=</latexit>

0

<latexit sha1_base64="lhxm2eW17fojWe49+TcXt8IVOQI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0yI6DHgxWMCZoFkCD2dmqRNT8/Q3SOEIV/gxYMiXv0kb/6NnUVwfVDweK+KqnphKrg2nvfurKyurW9sFraK2zu7e/ulg8OWTjLFsMkSkahOSDUKLrFpuBHYSRXSOBTYDsdXM799h0rzRN6YSYpBTIeSR5xRY6WG1y+VPbdy7lmQ38R3vTnKsES9X3rrDRKWxSgNE1Trru+lJsipMpwJnBZ7mcaUsjEdYtdSSWPUQT4/dEpOrTIgUaJsSUPm6teJnMZaT+LQdsbUjPRPbyb+5XUzE10GOZdpZlCyxaIoE8QkZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7QhfH5K/ietiutX3WqjWq6RZRwFOIYTOAMfLqAG11CHJjBAuIdHeHJunQfn2XlZtK44y5kj+Abn9QOPr4yu</latexit>

�1

<latexit sha1_base64="KIr1WZBwgECyDkmAftKuAuSFglY=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgxWU3RPQY8OIxiomBZAmzk9lkyOzsMtMrhCV/4MWDIl79I2/+jZOH4LOgoajqprsrTKUw6HnvTmFpeWV1rbhe2tjc2t4p7+61TJJpxpsskYluh9RwKRRvokDJ26nmNA4lvw1HF1P/9o5rIxJ1g+OUBzEdKBEJRtFK1yd+r1zx3OqpZ0F+E9/1ZqjAAo1e+a3bT1gWc4VMUmM6vpdikFONgkk+KXUzw1PKRnTAO5YqGnMT5LNLJ+TIKn0SJdqWQjJTv07kNDZmHIe2M6Y4ND+9qfiX18kwOg9yodIMuWLzRVEmCSZk+jbpC80ZyrEllGlhbyVsSDVlaMMp2RA+PyX/k1bV9Wtu7apWqZNFHEU4gEM4Bh/OoA6X0IAmMIjgHh7hyRk5D86z8zJvLTiLmX34Buf1A/p4jOY=</latexit>

+1

<latexit sha1_base64="s3SEhq1GT1hDWYsnXJTGYZ9e7yg=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoMgCMtuiOgx4MVjFBMDyRJmJ7PJkNnZZaZXCEv+wIsHRbz6R978GycPwWdBQ1HVTXdXmEph0PPencLS8srqWnG9tLG5tb1T3t1rmSTTjDdZIhPdDqnhUijeRIGSt1PNaRxKfhuOLqb+7R3XRiTqBscpD2I6UCISjKKVrk/8XrniudVTz4L8Jr7rzVCBBRq98lu3n7As5gqZpMZ0fC/FIKcaBZN8UupmhqeUjeiAdyxVNOYmyGeXTsiRVfokSrQthWSmfp3IaWzMOA5tZ0xxaH56U/Evr5NhdB7kQqUZcsXmi6JMEkzI9G3SF5ozlGNLKNPC3krYkGrK0IZTsiF8fkr+J62q69fc2lWtUieLOIpwAIdwDD6cQR0uoQFNYBDBPTzCkzNyHpxn52XeWnAWM/vwDc7rB/dujOQ=</latexit>

�fo/b=0

<latexit sha1_base64="go1DVDF8UhPUsLOo1WYMRQCOdB0=">AAAB+3icdVDLSsNAFJ3UV62vWJduphbBVUxKRTdCQRcuK9gHNCFMppN26GQmzEzEEvorblwo4tYfceffOH0IPg9cOJxzL/feE6WMKu2671ZhaXllda24XtrY3NresXfLbSUyiUkLCyZkN0KKMMpJS1PNSDeVBCURI51odDH1O7dEKir4jR6nJEjQgNOYYqSNFNpl/5IwjWAciuPIr5z7FTe0q65TO3EN4G/iOe4MVbBAM7Tf/L7AWUK4xgwp1fPcVAc5kppiRiYlP1MkRXiEBqRnKEcJUUE+u30CD43Sh7GQpriGM/XrRI4SpcZJZDoTpIfqpzcV//J6mY7PgpzyNNOE4/miOGNQCzgNAvapJFizsSEIS2puhXiIJMLaxFUyIXx+Cv8n7Zrj1Z36db3agIs4imAfHIAj4IFT0ABXoAlaAIM7cA8ewZM1sR6sZ+tl3lqwFjN74Bus1w/ZYZLr</latexit>

+1

<latexit sha1_base64="s3SEhq1GT1hDWYsnXJTGYZ9e7yg=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoMgCMtuiOgx4MVjFBMDyRJmJ7PJkNnZZaZXCEv+wIsHRbz6R978GycPwWdBQ1HVTXdXmEph0PPencLS8srqWnG9tLG5tb1T3t1rmSTTjDdZIhPdDqnhUijeRIGSt1PNaRxKfhuOLqb+7R3XRiTqBscpD2I6UCISjKKVrk/8XrniudVTz4L8Jr7rzVCBBRq98lu3n7As5gqZpMZ0fC/FIKcaBZN8UupmhqeUjeiAdyxVNOYmyGeXTsiRVfokSrQthWSmfp3IaWzMOA5tZ0xxaH56U/Evr5NhdB7kQqUZcsXmi6JMEkzI9G3SF5ozlGNLKNPC3krYkGrK0IZTsiF8fkr+J62q69fc2lWtUieLOIpwAIdwDD6cQR0uoQFNYBDBPTzCkzNyHpxn52XeWnAWM/vwDc7rB/dujOQ=</latexit>

�fo/b=0

<latexit sha1_base64="go1DVDF8UhPUsLOo1WYMRQCOdB0=">AAAB+3icdVDLSsNAFJ3UV62vWJduphbBVUxKRTdCQRcuK9gHNCFMppN26GQmzEzEEvorblwo4tYfceffOH0IPg9cOJxzL/feE6WMKu2671ZhaXllda24XtrY3NresXfLbSUyiUkLCyZkN0KKMMpJS1PNSDeVBCURI51odDH1O7dEKir4jR6nJEjQgNOYYqSNFNpl/5IwjWAciuPIr5z7FTe0q65TO3EN4G/iOe4MVbBAM7Tf/L7AWUK4xgwp1fPcVAc5kppiRiYlP1MkRXiEBqRnKEcJUUE+u30CD43Sh7GQpriGM/XrRI4SpcZJZDoTpIfqpzcV//J6mY7PgpzyNNOE4/miOGNQCzgNAvapJFizsSEIS2puhXiIJMLaxFUyIXx+Cv8n7Zrj1Z36db3agIs4imAfHIAj4IFT0ABXoAlaAIM7cA8ewZM1sR6sZ+tl3lqwFjN74Bus1w/ZYZLr</latexit>

�1

<latexit sha1_base64="KIr1WZBwgECyDkmAftKuAuSFglY=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgxWU3RPQY8OIxiomBZAmzk9lkyOzsMtMrhCV/4MWDIl79I2/+jZOH4LOgoajqprsrTKUw6HnvTmFpeWV1rbhe2tjc2t4p7+61TJJpxpsskYluh9RwKRRvokDJ26nmNA4lvw1HF1P/9o5rIxJ1g+OUBzEdKBEJRtFK1yd+r1zx3OqpZ0F+E9/1ZqjAAo1e+a3bT1gWc4VMUmM6vpdikFONgkk+KXUzw1PKRnTAO5YqGnMT5LNLJ+TIKn0SJdqWQjJTv07kNDZmHIe2M6Y4ND+9qfiX18kwOg9yodIMuWLzRVEmCSZk+jbpC80ZyrEllGlhbyVsSDVlaMMp2RA+PyX/k1bV9Wtu7apWqZNFHEU4gEM4Bh/OoA6X0IAmMIjgHh7hyRk5D86z8zJvLTiLmX34Buf1A/p4jOY=</latexit>

+1

<latexit sha1_base64="s3SEhq1GT1hDWYsnXJTGYZ9e7yg=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoMgCMtuiOgx4MVjFBMDyRJmJ7PJkNnZZaZXCEv+wIsHRbz6R978GycPwWdBQ1HVTXdXmEph0PPencLS8srqWnG9tLG5tb1T3t1rmSTTjDdZIhPdDqnhUijeRIGSt1PNaRxKfhuOLqb+7R3XRiTqBscpD2I6UCISjKKVrk/8XrniudVTz4L8Jr7rzVCBBRq98lu3n7As5gqZpMZ0fC/FIKcaBZN8UupmhqeUjeiAdyxVNOYmyGeXTsiRVfokSrQthWSmfp3IaWzMOA5tZ0xxaH56U/Evr5NhdB7kQqUZcsXmi6JMEkzI9G3SF5ozlGNLKNPC3krYkGrK0IZTsiF8fkr+J62q69fc2lWtUieLOIpwAIdwDD6cQR0uoQFNYBDBPTzCkzNyHpxn52XeWnAWM/vwDc7rB/dujOQ=</latexit>

⇥ Sup.Fig 3

<latexit sha1_base64="uaauZaNmPu/1QN0a09hAhhb8CtE="></latexit>

⇥ Sup.Figs 1, 2

<latexit sha1_base64="jK8l9UjNseLwXo1ICUFMiibz40Q="></latexit>

Figure 5: Same as Figure 5 but for the ageing law of rate-state friction: Equation of motion for con-
stant Coulomb hypocentral force - phase plot of the rupture front speed vr (scaled by vo = (µ/bσ̄)Vo)
vs. half-rupture-length ` (scaled by `b = (µ/bσ̄)L) for a symmetric rupture on a fault with rate-
state (ageing law) friction characterized by rate-weakening (left), rate-neutral (middle), and rate-
strengthening (right) steady-state behaviour, and different initial overstress ∆fo/b = −1, 0,+1.
Top to bottom panels correspond to different values of the constant Coulomb hypocentral force
∆T/(bσ`b) = 0 (top), 2, 10, and 50 (bottom). The effective slip rate magnitude within the bulk of
the slipping patch is shown by color gradient. The characteristic lengthscale `∞ = `b/(π(1−a/b)2)
is shown by vertical dashed line for the RW friction case (left panel). Phase plots for the slip law
of rate-state friction of Figure 5 are shown by opaque curves for comparison.



Fracture of faults with rate-state friction 6

RS, a/b = 1.1

<latexit sha1_base64="rB5LW4ukTDscB9E/egt+GSuUjuY=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovQhcRECroRCm5c1kcf0IYymU7aoZMHMzdiCPVX3LhQxK0f4s6/cdpmoa0HLhzOuZd77/FiwRXY9rdRWFldW98obpa2tnd298z9g5aKEklZk0Yikh2PKCZ4yJrAQbBOLBkJPMHa3vhq6rcfmFQ8Cu8hjZkbkGHIfU4JaKlvlnvAHiG7vTvBE0xOvUvHcvpmxbbsGfAycXJSQTkaffOrN4hoErAQqCBKdR07BjcjEjgVbFLqJYrFhI7JkHU1DUnAlJvNjp/gY60MsB9JXSHgmfp7IiOBUmng6c6AwEgtelPxP6+bgH/hZjyME2AhnS/yE4EhwtMk8IBLRkGkmhAqub4V0xGRhILOq6RDcBZfXiatM8upWbWbWqVezeMookN0hKrIQeeojq5RAzURRSl6Rq/ozXgyXox342PeWjDymTL6A+PzB280kz8=</latexit>

Neutral, a/b = 1

<latexit sha1_base64="QBz+xLZkeSxq0D25BNeSZlVMGi0=">AAAB/3icbVDJSgNBEO2JW4xbVPDipTEIOUickYBehIAXTxLBLJAMoadTkzTpWeiuEcOYg7/ixYMiXv0Nb/6NneWgiQ8KHu9VUVXPi6XQaNvfVmZpeWV1Lbue29jc2t7J7+7VdZQoDjUeyUg1PaZBihBqKFBCM1bAAk9Cwxtcjf3GPSgtovAOhzG4AeuFwhecoZE6+YM2wgOmN5CgYvKEjig79S6dTr5gl+wJ6CJxZqRAZqh28l/tbsSTAELkkmndcuwY3ZQpFFzCKNdONMSMD1gPWoaGLADtppP7R/TYKF3qR8pUiHSi/p5IWaD1MPBMZ8Cwr+e9sfif10rQv3BTEcYJQsini/xEUozoOAzaFQo4yqEhjCthbqW8zxTjaCLLmRCc+ZcXSf2s5JRL5dtyoVKcxZElh+SIFIlDzkmFXJMqqRFOHskzeSVv1pP1Yr1bH9PWjDWb2Sd/YH3+AMZYlTQ=</latexit>

RW, a/b = 0.9

<latexit sha1_base64="Te8ztFxc0XQ81pJL5Agope5+Ww0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovQhcRECupCKLhxWcU+oA1lMp20QycPZm7EEOqvuHGhiFs/xJ1/47TNQlsPXDiccy/33uPFgiuw7W+jsLK6tr5R3Cxtbe/s7pn7By0VJZKyJo1EJDseUUzwkDWBg2CdWDISeIK1vfH11G8/MKl4FN5DGjM3IMOQ+5wS0FLfLPeAPUJ21z7BE0xOvSvbuuybFduyZ8DLxMlJBeVo9M2v3iCiScBCoIIo1XXsGNyMSOBUsEmplygWEzomQ9bVNCQBU242O36Cj7UywH4kdYWAZ+rviYwESqWBpzsDAiO16E3F/7xuAv6Fm/EwToCFdL7ITwSGCE+TwAMuGQWRakKo5PpWTEdEEgo6r5IOwVl8eZm0ziynZtVua5V6NY+jiA7REaoiB52jOrpBDdREFKXoGb2iN+PJeDHejY95a8HIZ8roD4zPH4AKk0o=</latexit>

crack half-length `/`b

<latexit sha1_base64="5jyyeaCQbGn0WnvrOBEBDez8AOk=">AAACD3icbVBNS8NAEN34WetX1aOXxaKIaE2koMeCF48VbBWaUDbbSbu42YTdiVhC/4EX/4oXD4p49erNf+Om9uDXg10e780wMy9MpTDouh/O1PTM7Nx8aaG8uLS8slpZW2+bJNMcWjyRib4KmQEpFLRQoISrVAOLQwmX4fVp4V/egDYiURc4TCGIWV+JSHCGVupWdnyEW8y5ZvyaDpiMDiSoPg7oyN/3QcrD4uuG3UrVrblj0L/Em5AqmaDZrbz7vYRnMSjkkhnT8dwUg5xpFFzCqOxnBlI7k/WhY6liMZggH98zottW6dEo0fYppGP1e0fOYmOGcWgrY4YD89srxP+8TobRSZALlWYIin8NijJJMaFFOLQnNHCUQ0sY18LuSvmA2WzQRli2IXi/T/5L2kc1r16rn9erjb1JHCWySbbILvHIMWmQM9IkLcLJHXkgT+TZuXcenRfn9at0ypn0bJAfcN4+AcPVnGc=</latexit>

cr
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v o

<latexit sha1_base64="XnPFGxIF36DbSZ/b9Oe9YD2czmw=">AAACC3icbVBNS8NAEN34WetX1aOXxSKISE2koMeCF48VbBWaEjbbiS5usmF3Uiyhdy/+FS8eFPHqH/Dmv3Hb5qCtDwYe780wMy9MpTDout/O3PzC4tJyaaW8ura+sVnZ2m4blWkOLa6k0jchMyBFAi0UKOEm1cDiUMJ1eH8+8q/7oI1QyRUOUujG7DYRkeAMrRRU9nyEB8y5ZvyeRlolSE0K0KND/6gf6ON+oIJK1a25Y9BZ4hWkSgo0g8qX31M8iyFBLpkxHc9NsZszjYJLGJb9zEBq97Fb6FiasBhMNx//MqT7VunRSGlb9pix+nsiZ7Exgzi0nTHDOzPtjcT/vE6G0Vk3F0maISR8sijKJEVFR8HQntDAUQ4sYVwLeyvld8zmgja+sg3Bm355lrRPal69Vr+sVxuHRRwlskv2yAHxyClpkAvSJC3CySN5Jq/kzXlyXpx352PSOucUMzvkD5zPH/Ibmuc=</latexit>

cs

<latexit sha1_base64="DTXcy1h62+vqSoM3AzIlbDbUxvk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbFU0mkUI8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpgQ30oFxxq+4CZJ14OalAjuag/NUfxiyNUBomqNY9z02Mn1FlOBM4K/VTjQllEzrCnqWSRqj9bHHqjFxYZUjCWNmShizU3xMZjbSeRoHtjKgZ61VvLv7n9VIT3vgZl0lqULLlojAVxMRk/jcZcoXMiKkllClubyVsTBVlxqZTsiF4qy+vk/Z11atVa/e1SuMyj6MIZ3AOV+BBHRpwB01oAYMRPMMrvDnCeXHenY9la8HJZ07hD5zPH0mUjbg=</latexit>

+1

<latexit sha1_base64="s3SEhq1GT1hDWYsnXJTGYZ9e7yg=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoMgCMtuiOgx4MVjFBMDyRJmJ7PJkNnZZaZXCEv+wIsHRbz6R978GycPwWdBQ1HVTXdXmEph0PPencLS8srqWnG9tLG5tb1T3t1rmSTTjDdZIhPdDqnhUijeRIGSt1PNaRxKfhuOLqb+7R3XRiTqBscpD2I6UCISjKKVrk/8XrniudVTz4L8Jr7rzVCBBRq98lu3n7As5gqZpMZ0fC/FIKcaBZN8UupmhqeUjeiAdyxVNOYmyGeXTsiRVfokSrQthWSmfp3IaWzMOA5tZ0xxaH56U/Evr5NhdB7kQqUZcsXmi6JMEkzI9G3SF5ozlGNLKNPC3krYkGrK0IZTsiF8fkr+J62q69fc2lWtUieLOIpwAIdwDD6cQR0uoQFNYBDBPTzCkzNyHpxn52XeWnAWM/vwDc7rB/dujOQ=</latexit>

�fo/b=�1

<latexit sha1_base64="4mmo5jr3mH/f709JLP66Cm0XCeU=">AAAB/HicdVDLSsNAFJ3UV62vaJduphbBjTUpFd0IBV24rGAf0IQwmU7awclMmJkIIdRfceNCEbd+iDv/xulD8HngwuGce7n3njBhVGnHebcKC4tLyyvF1dLa+sbmlr2901EilZi0sWBC9kKkCKOctDXVjPQSSVAcMtINb84nfveWSEUFv9ZZQvwYDTmNKEbaSIFd9i4I0whGgTgKvcqZVzl0A7vq1OrHjgH8TdyaM0UVzNEK7DdvIHAaE64xQ0r1XSfRfo6kppiRcclLFUkQvkFD0jeUo5goP58eP4b7RhnASEhTXMOp+nUiR7FSWRyazhjpkfrpTcS/vH6qo1M/pzxJNeF4tihKGdQCTpKAAyoJ1iwzBGFJza0Qj5BEWJu8SiaEz0/h/6RTr7mNWuOqUW3CeRxFsAv2wAFwwQlogkvQAm2AQQbuwSN4su6sB+vZepm1Fqz5TBl8g/X6AUnckyM=</latexit>

�
f o

/b
=

+
1

<latexit sha1_base64="S/+ZjaKzjHNHNb+/7PSy1S/RjZ8=">AAAB/HicdVDLSsNAFJ3UV62vaJduphZBEGpSKroRCrpwWcE+oAlhMp20g5OZMDMRQqi/4saFIm79EHf+jdOH4PPAhcM593LvPWHCqNKO824VFhaXlleKq6W19Y3NLXt7p6NEKjFpY8GE7IVIEUY5aWuqGeklkqA4ZKQb3pxP/O4tkYoKfq2zhPgxGnIaUYy0kQK77F0QphGMAnEUepUzr3LoBnbVqdWPHQP4m7g1Z4oqmKMV2G/eQOA0JlxjhpTqu06i/RxJTTEj45KXKpIgfIOGpG8oRzFRfj49fgz3jTKAkZCmuIZT9etEjmKlsjg0nTHSI/XTm4h/ef1UR6d+TnmSasLxbFGUMqgFnCQBB1QSrFlmCMKSmlshHiGJsDZ5lUwIn5/C/0mnXnMbtcZVo9qE8ziKYBfsgQPgghPQBJegBdoAgwzcg0fwZN1ZD9az9TJrLVjzmTL4Buv1A0bSkyE=</latexit>

102

<latexit sha1_base64="h+QZjwh736hzjh3sg/UN7b7qrDo=">AAAB63icdVDLSgNBEOyNrxhfUY96GAyCp2U3JOgx4MVjBPOAZA2zk9lkyMzsMjMrhCW/4MWDIl79IW/+jbNJBJ8FDUVVN91dYcKZNp737hRWVtfWN4qbpa3tnd298v5BW8epIrRFYh6rbog15UzSlmGG026iKBYhp51wcpn7nTuqNIvljZkmNBB4JFnECDa55Hu31UG54rnVumeBfhPf9eaowBLNQfmtP4xJKqg0hGOte76XmCDDyjDC6azUTzVNMJngEe1ZKrGgOsjmt87QqVWGKIqVLWnQXP06kWGh9VSEtlNgM9Y/vVz8y+ulJroIMiaT1FBJFouilCMTo/xxNGSKEsOnlmCimL0VkTFWmBgbT8mG8Pkp+p+0q65fc2vXtUrjeBlHEY7gBM7Ah3NowBU0oQUExnAPj/DkCOfBeXZeFq0FZzlzCN/gvH4AIyCNiQ==</latexit>

104

<latexit sha1_base64="ogJND8EpkdpcnHATjzZbjfXpg98=">AAAB63icdVBNS8NAEJ3Ur1q/qh71sFgETyEpET0WvHisYFuhjWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoKfj4YeLw3w8y8KOVMG897d0pLyyura+X1ysbm1vZOdXevrZNMEdoiCU/UTYQ15UzSlmGG05tUUSwiTjvR+KLwO3dUaZbIazNJaSjwULKYEWwKyfdug3615rn1U88C/Sa+681QgwWa/epbb5CQTFBpCMdad30vNWGOlWGE02mll2maYjLGQ9q1VGJBdZjPbp2iY6sMUJwoW9Kgmfp1IsdC64mIbKfAZqR/eoX4l9fNTHwe5kymmaGSzBfFGUcmQcXjaMAUJYZPLMFEMXsrIiOsMDE2nooN4fNT9D9p110/cIOroNY4XMRRhgM4ghPw4QwacAlNaAGBEdzDIzw5wnlwnp2XeWvJWczswzc4rx8mKI2L</latexit>

106

<latexit sha1_base64="ckTxgLdjFQI/poiHVLDLUseHW9k=">AAAB63icdVDJSgNBEK2JW4xb1KMeGoPgaZgJcTkGvHiMYBZIxtDT6UmadPcM3T1CGPILXjwo4tUf8ubf2JNEcH1Q8Hiviqp6YcKZNp737hSWlldW14rrpY3Nre2d8u5eS8epIrRJYh6rTog15UzSpmGG006iKBYhp+1wfJn77TuqNIvljZkkNBB4KFnECDa55Hu3Z/1yxXOrp54F+k1815uhAgs0+uW33iAmqaDSEI617vpeYoIMK8MIp9NSL9U0wWSMh7RrqcSC6iCb3TpFx1YZoChWtqRBM/XrRIaF1hMR2k6BzUj/9HLxL6+bmugiyJhMUkMlmS+KUo5MjPLH0YApSgyfWIKJYvZWREZYYWJsPCUbwuen6H/Sqrp+za1d1yr1w0UcRTiAIzgBH86hDlfQgCYQGME9PMKTI5wH59l5mbcWnMXMPnyD8/oBKTCNjQ==</latexit>

108

<latexit sha1_base64="L/vDSTAOMhLDnLfRyeD5mfbY6tw=">AAAB63icdVDLSgNBEOyNrxhfUY96GAyCp2U3RMwx4MVjBPOAZA2zk9lkyMzsMjMrhCW/4MWDIl79IW/+jbNJBJ8FDUVVN91dYcKZNp737hRWVtfWN4qbpa3tnd298v5BW8epIrRFYh6rbog15UzSlmGG026iKBYhp51wcpn7nTuqNIvljZkmNBB4JFnECDa55Hu39UG54rnVc88C/Sa+681RgSWag/JbfxiTVFBpCMda93wvMUGGlWGE01mpn2qaYDLBI9qzVGJBdZDNb52hU6sMURQrW9Kgufp1IsNC66kIbafAZqx/ern4l9dLTVQPMiaT1FBJFouilCMTo/xxNGSKEsOnlmCimL0VkTFWmBgbT8mG8Pkp+p+0q65fc2vXtUrjeBlHEY7gBM7AhwtowBU0oQUExnAPj/DkCOfBeXZeFq0FZzlzCN/gvH4ALDiNjw==</latexit>

1

<latexit sha1_base64="eCNB/2foWwK1HalzlClzeMr11fA=">AAAB6HicdVDJSgNBEK2JW4xb1KMeGoPgaZgJET0GvHhMwCyQDKGnU5O06ekZunuEEPIFXjwo4tVP8ubf2FkE1wcFj/eqqKoXpoJr43nvTm5ldW19I79Z2Nre2d0r7h80dZIphg2WiES1Q6pRcIkNw43AdqqQxqHAVji6mvmtO1SaJ/LGjFMMYjqQPOKMGivV/V6x5Lnlc8+C/Ca+681RgiVqveJbt5+wLEZpmKBad3wvNcGEKsOZwGmhm2lMKRvRAXYslTRGHUzmh07JqVX6JEqULWnIXP06MaGx1uM4tJ0xNUP905uJf3mdzESXwYTLNDMo2WJRlAliEjL7mvS5QmbE2BLKFLe3EjakijJjsynYED4/Jf+TZtn1K26lXilVj5dx5OEITuAMfLiAKlxDDRrAAOEeHuHJuXUenGfnZdGac5Yzh/ANzusHj/+Mqw==</latexit>

1010

<latexit sha1_base64="QcnoxiIDVyP4BY/dJnXfRrN+W9Q=">AAAB7nicdVDLSgMxFL1TX7W+qi51ESyCqyFTKrosuHFZwbZCO5ZMmmlDM8mQZIQy9CPcuFDErd/jzr8xfQg+D1w4nHMv994TpYIbi/G7V1haXlldK66XNja3tnfKu3stozJNWZMqofRNRAwTXLKm5Vawm1QzkkSCtaPRxdRv3zFtuJLXdpyyMCEDyWNOiXVSO8C3eYAnvXIF+9VT7IB+k8DHM1RggUav/NbtK5olTFoqiDGdAKc2zIm2nAo2KXUzw1JCR2TAOo5KkjAT5rNzJ+jYKX0UK+1KWjRTv07kJDFmnESuMyF2aH56U/Evr5PZ+DzMuUwzyySdL4ozgaxC099Rn2tGrRg7Qqjm7lZEh0QTal1CJRfC56fof9Kq+kHNr13VKvXDRRxFOIAjOIEAzqAOl9CAJlAYwT08wpOXeg/es/cyby14i5l9+Abv9QNVXo7O</latexit>

`1

<latexit sha1_base64="xP6rKFmecHRI1p+ACKE6ZKb9zEk=">AAAB83icbVBNS8NAEN3Ur1q/qh69LFbBU0mkoMeCF48V7Ac0oWy2k3bpZhN2J0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTHNo8kYnuhcyAFAraKFBCL9XA4lBCN5zczf3uE2gjEvWI0xSCmI2UiARnaCXfBykHvlARTumgWnPr7gJ0nXgFqZECrUH1yx8mPItBIZfMmL7nphjkTKPgEmYVPzOQMj5hI+hbqlgMJsgXN8/opVWGNEq0LYV0of6eyFlszDQObWfMcGxWvbn4n9fPMLoNcqHSDEHx5aIokxQTOg+ADoUGjnJqCeNa2FspHzPNONqYKjYEb/XlddK5rnuNeuOhUWteFHGUyRk5J1fEIzekSe5Ji7QJJyl5Jq/kzcmcF+fd+Vi2lpxi5pT8gfP5A9nukXk=</latexit>

�̇T
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Figure 6: Same as Figure 6 but for the ageing law of rate-state friction: Equation of motion
for constant rate of Coulomb hypocentral force - phase plot of vr vs. ` for a symmetric rupture
on a fault with rate-state (slip law) friction characterized by rate-weakening (left), rate-neutral
(middle), and rate-strengthening (right) behaviour, various initial overstress ∆fo/b = −1, 0,+1,
and various values of the Coulomb force rate ∆̇T/µVo = 103, 104, 105. The effective slip rate
magnitude within the bulk of the slipping patch is shown by color gradient. Terminal (large run-
out) rupture velocity vr,lim for the rate neutral (middle panel) and strengthening (right panel)
friction is shown by horizontal dashed lines. Phase plots for the slip law of rate-state friction of
Figure 6 are shown by opaque curves for comparison. Several examples of vr vs. ` evolution in full
numerical solutions of fault slip transients driven by fixed volume-rate injection (such as in Figure
1.2) are shown by ‘×’ for comparison.
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Figure 7: (a) Normalized friction departure from the steady-state ∆f r-s/∆fp vs. slip δ/δc obtained
from integration of the full form of the slip law rate-state friction (6) with the slip-rate field
prescribed by the approximate sharp-tip rupture solution (in which the direct effect is neglected
compared to the state evolution effect, see main text for details) for various values of ∆fp/b.
Deviation of ∆fr−s from the sharp-tip friction solution ∆f/∆fp = exp(−δ/δc) vanishes in the
limit of large ∆fp/b. (b) Relative errors of the sharp-tip solution for the fracture energy associated
with neglecting the direct effect, (35), and with neglecting variation of the steady-state friction
value, (36) with a/b = 1.1, are shown by solid and dashed lines, respectively.
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Figure 8: Snapshots of departure of the stress-ratio (friction) from the steady-state, ∆f = f −
fss(V ), as in Figure 1b, but zoomed in about the steady-state line (∆f = 0). The relatively small
negative ∆f ∼ 0.1b in the bulk of the propagating crack, compared to the peak values at the
rupture front ∼ 10b, is the result of the friction direct effect due to the slip deceleration.


