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Abstract

In nature we find widely varying systems can sometimes be described by a single set of simple laws.
For example, intermittent jumps of both sliding tectonic plates (during an earthquake) and spontaneous
magnetization (the Barkhausen effect in magnets) follow the same set of “crackling” laws. Crackling refers to
the quick jumps between metastable configurations that are facilitated by slow external forcing in a disordered
system. The cascades of jumps (referred to as ‘avalanches’) follow simple scaling laws for quantities like their
size and duration. In this work, we highlight two systems that follow scaling laws and compute predictions
about the system using avalanches. Building on a simple slip model we show that friction force fluctuations
of molybdenum-disulfide may result from slip-avalanches. We show how experimental conditions can affect
the observed scaling behavior, and thus provide a blueprint for the interpretation of data in a range of
other systems which might have similar experimental conditions. Importantly, we find that building the
experimental conditions into the model yields good agreement with the experimental results. Next, we study
fluctuations of spiking neurons in mice cortex. They too can be described as avalanches and follow similar
statistics as the slips in the friction experiments. Here we use the same basic avalanche model used for
friction, and to capture the essential physics of inhibition and recurrent firing, we add mean field connections
to an external inhibitory population and a threshold reduction mechanism, respectively. We find that this
simple model can mimic many statistical properties of the data. We show that model simulations with a few
biological tweaks can even reproduce empirical signatures of recurrent firing. Finally, we show that though
the inhibitory species are the minority population, they make up a majority of the activity in neuronal
avalanches. We demonstrate the models ability to reproduce this inhibitory dominance and conclude with

future directions.
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Chapter 1

Introduction

1.1 Forcing Disordered Systems out of Equilibrium: Avalanches

In this thesis we’ll highlight an interesting and ubiquitous phenomena — the ’avalanche’ — which is
prevalent in many varying systems that are all united by the fact that they are heterogeneous, or 'disordered’.
These avalanches, just like the ones most of us are familiar with, are triggered at some origin, and they
proliferate through far reaching parts of the system. What ’trigger’ means here depends on the system at
hand; for instance, we could be talking about soft magnets, whose microscopic dynamics consists of separate
spins flipping from the influence of an external magnetic force — here the spin flipping would be the trigger.
How one trigger leads to another (via. an ’interaction’) is also system dependent. In the example of the
magnet this interaction is afforded by the spin-spin coupling (i.e., an Ising-like interaction) that causes a
flipping spin to change the local magnetic field of the other spins.

This change in local magnetic field can induce another spin to flip, which then may induce more spins to
flip, and so on and so forth. We aptly refer to the cascade of spin flips as an avalanche. Avalanches can be
quite mundane in an ordinary system, but if you add heterogeneous forces locally throughout the system (i.e.,
"disorder’), the resulting avalanche dynamics becomes much richer. In the magnet analogy, this disorder is
achieved by including a random on-site magnetic field influencing the direction of the spin at the site. This
can be from, for instance, a local magnetic impurity obscuring the state of a particular spin.

A subtle but essential point is that avalanches are not a property of e.g., a single spin, but instead
require the cooperative action of many spins in the system — we say avalanches are a ’collective behavior’. To
characterize an avalanche, we can attribute to it properties such as the number of total spin flips (referred to

as its ’size’), the total space these spin flips spanned (its ’area’) or the total time elapsed during the avalanche



(its ’duration’), to name a few. Thus, we are packaging the many different spin flips across the system into
one collective mode — the avalanche — and characterizing it with a single set of properties. This way of
compartmentalizing a system at different scales has found immeasurable success in physics, particularly in
the field of condensed matter where it is often used to understand the behavior of systems on large length
and time scales [1]. We'll find that, what’s more interesting than the avalanches themselves, is what they
imply about the physics that dominates the system at these coarse length and time scales.

The avalanches reflect an underlying (non-equilibrium) critical point that facilitates a sharp increase
in correlations among large parts of the system. We say that the correlation length has diverged, and with
it, all smaller scales (for instance, the typical area of an avalanche) have washed away. In other words, the
long-range correlations lead to an emergent scale invariance, enabling us to make powerful predictions for
experimentally accessible measurements.

For example, the scale invariance of the avalanche properties manifests in their probability distributions,
which will be 'power-law’ distributed. The specific set of exponents for the different power-laws form what’s
known as the universality class of the critical point. These avalanches will also have a characteristic temporal
profile that, when appropriately scaled, will look the same (on average) for avalanches of different sizes and
durations. This characteristic profile is what’s known as a ’critical scaling function’ and is an example of a
more stringent prediction of criticality than a mere power-law measurement, since it’s showing invariance of
an entire functional form and not just of a single number. A further prediction of criticality is the fulfillment

of critical scaling relations, relating critical exponents in certain ways dictated by the universality class.

1.2 Finding Avalanches in Nature

In practice, it’s not so easy to directly measure the number of flipping spins in a magnet during an
avalanche. Fortunately, there is a way to indirectly measure the number of flipped spins by considering
instead the total change in magnetization. After all, any net change in the number of spins pointing up (for
instance) is reflected in the magnetization since the magnetization is just the spatial average of the spins.
Therefore, cascades of spin flips correspond to jumps in magnetization and one can obtain avalanche sizes by
simply measuring the size of these jumps. In similar spirit, many other systems with a clear microscopic
definition of an avalanche can be analyzed in terms of a coarse-grained definition.

For instance, a microscopic system describing a discretized rough interface being sheared has many
experimental realizations describing deformation in materials, earthquakes in faults etc., (see [2] and references
therein). Taking the interface to be, for instance a localized shear band that has formed between the two

pieces of a column of material under compression, our microscopic degrees of freedom can be thought of



as little cells that tile the interface. Each cell has its own local stress and is coupled to other cells by an
elastic interaction such that when sheared, a cell will slip and cause other cells to slip as well. The cascades
of slipping cells will be seen in the experiments as the sharp drop in total stress which can be measured to
obtain the avalanche size and duration etc.

In this thesis, we’ll highlight the essence of universality by using one simple model to describe two
completely different systems. We’ll first explore avalanches in friction force measurements made via., a
tribometer sliding over a steel coupon coated in molybdenum disulfide (also referred to as MoSg, a common
solid lubricant). Here, we can imagine the sliding of the tribometer on the sample emulates a situation similar
to interface sliding described in the paragraph above. It is natural then, to attribute drops in friction force to
avalanches at the frictional interface between the tip of the tribometer and the layer of MoS, coating the
coupon. After, we’ll seemingly switch gears and study the spiking signals from a slice of mouse cortex grown
in-vitro. There, to extract avalanches, a new definition is necessary. We can think of an avalanche as a burst
of spiking activity with a period of quiescence directly before and after. If we imagine temporally coarse
graining the spike signals from our data into one signal that represents the number of spikes per short bin
of time (i.e., a spiking rate), one can define an avalanche as the sum of any consecutive nonzero segments
of such a signal. In other words, once the spiking rate is greater than zero, the avalanche has begun, and
it only ends once the rate returns to zero again. Here the size of the avalanche is just the area under this
excursion of the spiking rate (equivalent to the total number of spikes during the avalanche). Importantly,
with these two definitions out of the way, we find both systems obey predictions of some form of the same

simple avalanche model.

1.3 Outline of Thesis

First, in Chapter 2, we will survey the results of model simulations for varying parameter regimes. Then,
in Chapter 3 we will use the model to cast friction force fluctuations in MoS2 within the framework of
avalanches described above. We will compare to data from both micro tribometer experiments at the macro
scale and molecular dynamic simulations at the nano scale. Next, in Chapter 4, we will describe the analysis
performed on spiking neuronal data in order to extract avalanches. In Chapter 5 we will discuss how the
boundary dissipation in our model is similar to inhibition in neuronal avalanches and show that we can tune
it to capture neuronal avalanche statistics decently well with our simple slipping model. To capture neuronal
avalanche statistics even better, in Chapter 6 we will upgrade the bare model to not only include excitatory
neurons but inhibitory neurons as well. We will discuss how simulations of this amended model capture

recurrent spiking activity as seen in experiments. Lastly, in Chapter 7 we will illustrate how the inhibitory



neurons dominate the avalanche activity despite being the minority population, and we show how the model

reproduces this inhibitory dominance.



Chapter 2

A Survey of the Simple Slip Model

2.1 Modeling Avalanches: Driven Interface Model

Up until now, we have used an analogy with spins and magnets to illustrate avalanches. Moving forward,
we will play to the strength of universality and adopt a realization of avalanches in driven elastic interfaces
with disorder. This has been described in great detail in [3], where the interface could in general be in any
dimension. Here for simplicity of visualization, we discuss a one-dimensional interface moving through a
two-dimensional medium; you can think of the contact line of a water droplet sliding down sandpaper [4].
There, since the water droplet is not a rigid body, it will respond to an applied external force with differing
advancements of the interface at different positions due to the heterogeneity, or 'disorder’, from e.g., the
varying heights of the grains of sand on the paper. Since the water droplet also experiences elastic forces (i.e.,
surface tension) this is an example of a driven elastic interface with disorder.

With these ingredients, an equation of motion can be written down for the position of the interface,
u(r,t), as measured along the direction of an applied external force, Fy:

1 Ou(r,t))

B = Foxt + Oins (1, 1) — folu(r,t), v, {u(r,t’ <t)}]. (2.1)

Here, 7 is a constant describing the viscosity or damping, oy (r,t) represents the elastic interaction
between cells in the interface, and f,, represents the quenched disorder (see Figure 2.1(a)). When the external
force causes a cell to slip, its local force will relax while all other cells experience an increase in force from the
elastic interactions. Fuy serves as a tuning parameter between two characteristic behaviors of the system
(Figure 2.1(b)); With Fey large, the interface will slide with nonzero average interface velocity, (du/dt).

Conversely, with Fuy exceedingly small, the heterogeneities keep the interface completely stuck (or ‘pinned’).



du(r,t)
dt

sliding
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ext F, ext

Figure. 2.1: Driven disordered systems and continuous non-equilibrium phase transitions. a) A
schematic of a driven interface, taking the example of a two-dimensional interface made by two pieces of
materials being sheared against one another. A caricature picture of the interface is shown, for simplicity,
as only one-dimensional. u(r,t) measures the displacement of the interface in the direction of the applied
force, Fext. The interface also experiences forces from 1) random heterogeneities on the interface (f,,) and 2)
elastic forces from the interactions with the other cells in the interface (oint). b) A non-equilibrium phase
transition is illustrated with a plot of average interfacial velocity ({du(r,t)/dt)) vs. applied external force
(Foxt)- The interface is ’pinned’ when the average interfacial velocity is zero and will transition to ’sliding’ in
a continuous fashion as the force is increased through the critical point, Fg.

Right as the system crosses through the critical force (or ’critical point’, FY

ext

) it transitions from pinned to
sliding in a remarkably interesting way. The abrupt change in the systems properties as the force is moved
through the critical point can be understood with the framework of phase transitions.

Near the critical point, with Foy < FY,

o«t» the interface is neither stuck nor sliding, but instead moving

forward in quick intermittent jumps. By quick we mean with respect to the timescale of the external drive.
These jumps are interesting because they aren’t characterized by a particular size, but rather, by a broad
range of sizes instead. Specifically, the probability distribution (PDF) of sizes takes the form of a ‘power-law.’
A power-law describes a function that depends on a power of its argument (i.e., f(z) ~ x~%) and can be
plotted on double-logarithmic axes as a straight line with slope —a. This scaling gives us a way to categorize
the systems behavior via. the fingerprint made from the set of power-law exponents and the relationships
that exist between them.

Now, we can convince ourselves that due to the long-range correlations and corresponding scale invariance,
there must be certain microscopic details that are irrelevant to these macroscopic power-laws. We would
like to know what details do matter for the avalanche scaling and if we can make useful predictions using

them. The first detail that concerns us is the explicit form of the elastic interaction term, oin(r,t). We will

assume the range of the interactions is sufficiently large so that we can replace the spatially dependent kernel



Oint (T, t) with a constant

i (1, 1) / dt’ /d2' - t_t') [u(r',t')—u(r,t)]—)/d2 %[u(r’,t’)—u(r,t)], (2.2)

an approximation known as 'mean-field theory’ (MFT). In this last step we have also assumed the interactions
are Dirac delta-correlated in time i.e., the neurons at time step ¢ + At only feel the effects of spiked emitted
at time ¢.

We also need to consider the explicit form of the external force, Foy ;. We will drive the interface with a
spring from a perpendicular distance L away from the interface, emulating shear in two pieces of material
with bulk width L causing slip at an interface. The spring is pulled at velocity v i.e., Foxt = K1,(vt — u(r,t)),
where u(r, t) again represents the interface displacement and K7, is an effective spring constant. For simplicity
we will also assume the force is slow enough so as to not increase during the course of an avalanche. We say
that v drives the system ’adiabatically slowly’, which just means that we drive the system slow enough so
that the avalanches are well separated in time.

Under these conditions, predictions for the avalanche statistics can be computed analytically (see [2,
5] and references therein) using the Renormalization Group (RG). In the table below we catalogue the

predictions that will be highlighted in this thesis (see [6] for a more detailed version of Table 2.1).

Table 2.1: Analytical predictions of the mean field slip model. Gg, Gr, Hs and Hp are universal
scaling functions (see Eq. (2.10) and Eq. (2.11)) and k sets the distance to criticality. Adapted from [6]

Quantity Scaling Form MFT Prediction
Avalanche Size Distribution P(S) ~ S77 Gs(VES) T=23/2

Avalanche Duration Distribution P(T) ~T~Gp(kT) a=2

Average Size vs. Duration (S|T) ~ T/ 7v= ovz=1/2

Average Maximum Velocity vs. Size (Tmax|S) ~ S°P op=1/2
Average Maximum Velocity vs. Duration (Tax|T) ~ TP/V* p/vz=1
Size Averaged Avalanche Temporal Profile (T(t)]|S) ~ ST=ov2 Hg(t/SV%) | 1 —ovz=1/2
Duration Averaged Avalanche Temporal Profile | (I'(¢)|T) ~ TY/*= Y Hp(t/T) | 1/ovz —1=1

2.2 Simulations

In this thesis, we’ll use these analytical predictions to help understand avalanches arising from several
types of systems. We inevitably run into situations that do not strictly adhere to the conditions laid out by
the model outlined above; in these cases we can turn to simulations to make further progress. Starting with
the ground truth (the simple slip model in the mean field limit), we can simulate avalanches to confirm they

agree with the analytical prediction above. In later chapters, we’ll make amendments to the simulation to



more appropriately model situations not described within the constraints of the analytical prediction outlined

above.

2.2.1 Outline of Simulation

To simulate the model, we discretize the interface equation of motion Eq. (2.1) in space and time

(r =i, —j):
K, J N fw[uiai7 {ui t’<t}]
A i = — (vt — —>r it — Uj — :
u n ('U u ,t) + nN J—l(u )t u.]at) n

(2.3)

where we have defined the local change in position after one time step Aw; = w; ¢4 at — uig. Eq. (2.3) provides
us with a map of the cell positions from time ¢ to time ¢t + At. We are, however, going to be more interested
in following the local stress, 7;, as the system evolves in time. We can write down an equation that represents
the local stress while no cells are slipping (i.e., when there is not an ongoing avalanche) as [7]

J
T = K(vt — 'U/i7t) + szzil(ui’t - uj7t) (24)

Notice here that the disorder term is absent. This is because we have translated the random pinning-sites
and their effect on local cell positions into a picture of cells slipping with random arrest stresses instead. We
prescribe that cells slip when their local stress 73 exceeds a threshold Tinresn = 1, relieving their stress to the
rest of the system through the elastic interactions, and settling at an arrest stress, Taprest,i- Lhis arrest stress
could in principle be set to zero for all cells, but here we see that we can incorporate the disorder of the
pinning sites by simply adding some disorder to the arrest stresses. Unless specified otherwise, in this thesis,
we will focus on simulations where these arrest stresses are sampled from a uniform distribution centered
around zero with width w. This disorder in the arrest stresses is held fixed for the duration of the simulations
(usually referred to as "quenched’ disorder). We reiterate that the stress release (A7, = Tihresh — Tarrest,i) for a
single site is fixed in time and thus disorder is introduced only because A7; is varying in space, i.e., for each
cell of the interface.

Imposing the external velocity to be adiabatically slow means we only drive the system to initiate the
avalanche by forcing the most unstable cell to slip. During the avalanche, in this adiabatic limit, Eq. (2.4)
simplifies.

J
7 =—(KL+ J)Ui,t + szj\iﬂlj,h (2.5)

With these definitions in place, our simulation can be defined quite simply. First, we initialize our
system, which is represented by a vector, 7, whose N components represent the local stresses of each cell in

the interface. We first sample Tpprest,i from a uniform distribution centered on zero with width w. Then we
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Figure. 2.2: Comparing avalanche statistics: PDF vs. CCDF. a) A histogram of avalanche sizes,
constructed using 10 (blue) 40 (red) and 100 (green) logarithmically spaced bins. The MFT prediction
is shown as a black dashed line. b) The complement of the cumulative distribution function (CCDF) is
shown for simulated avalanche sizes, with a black dashed line showing the MFT prediction. ¢) The CCDF
for simulated avalanche durations is shown with a black dashed line plotted to show the MFT prediction.
The CCDF of size and duration have power-law slopes of one less than that predicted for the PDF (i.e.,
7 — 7 —1). d) The duration of the avalanche, averaged on size, is plotted for the simulations with the MFT
prediction shown as a black dashed line. Ten logarithmically spaced bins were used for the averaging, with
error bars showing a 95% confidence interval of each bin. Simulations were run for N = 10000, with uniformly
distributed arrest stresses with width w = 0.1, conservation parameter c=1— 1/ VN, for 200000 time steps.

initialize the stress of each cell to a different random number, 7 = Tarrest,i + §(Tehresh — Tarrest,i) Where & is
uniformly distributed on [0, 1]. This just means that the stresses are uniformly distributed between the arrest
and threshold stress. To begin the first avalanche, we find the cell closest to threshold, needing an amount of
stress g to slip. We raise the stress of the entire system by this amount g, causing the unstable cell to slip,
reducing its stress, and redistributing it to the rest of the cells.

Eq. (2.4) tells us precisely how much stress will be lost by a cell when it slips

ATslipping,i = _(KL + J)Au1 (26)



as well as how much of that stress will be received by all other cells, ’j’

J
ATincoming,j = NAui (27)

Using Eq. (2.6) we can write Eq. (2.7) in terms of the stresses only

CAT
ATin(:oming,j = - NJ (28)

where we have defined the 'conservation parameter’ ¢ = ﬁJKﬁ which determines how much of the stress is
dissipated to the boundary spring when a cell slips; ¢ = 1 means all of the stress is conserved, leading to its
name. We simulate the system by tracking the stresses for all times. At each time step, we subtract stress
from any cells that slipped, and we take that subtracted stress and redistribute it to the system. We will
typically set the conservation parameter to c =1 — ﬁ so that enough stress is dissipated that avalanches do

not go on forever. When no cells are beyond the threshold, the avalanche terminates. With these definitions

in place, we outline the simulation results below.

2.2.2 Simulation Results

From the simulation we track the time trace of total system stress ©; = X 7, from which we can
extract avalanches by measuring drops in stress. The total drop in stress is the avalanche size, the total time
spent dropping is the avalanche duration. We will also consider the time derivative of this total stress time
trace, which we will define by capital gamma I'y = %. This time trace I'y will start at zero at the beginning
of an avalanche (fgart), making an excursion to negative values during the avalanche, and then crossing over
zero again to end the avalanche (tenq). We will call this temporal profile of I'y during tspart < ¢ < fend the
avalanche shape, and we will be interested in the average profile of these shapes for given sizes or durations,
as well as the statistics of the peak values of these shapes, I'j,.x. Technically, considering stress drops, our
avalanche sizes would be negative, so we will multiply I'y by —1 to instead consider stress jumps, which have a

positive size. I'y gets flipped about the time axis, accordingly, meaning the shapes are always above zero now.

Statistics

As mentioned in Chapter 1, the model predicts power-law distributions for the avalanche size, P(S) ~ S™7,
and duration, P(T) ~ T~%. By simulating many avalanches, we can estimate the PDF by constructing
a normalized histogram (see Appendix A). We use these histograms to verify analytical predictions for

avalanches. We show in Figure 2.2(a) the normalized histogram of avalanche size as simulated by our model
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(N=10000). We can see that it follows a power-law with the same slope as predicted by MFT, 7 = 3/2 (see
Table 2.1). Because the procedure for constructing the histogram requires you to pick a bin width, there are
technically several different normalized histograms for a given data set. We illustrate in Figure 2.2(a) how
the normalized histogram changes as you adjust the bin width.

Though these adjustments don’t seem to make much of a difference for the simulation data, for
experimental data, we find the distributions can be highly sensitive to this bin width. To avoid future
discrepancies, moving forward we opt instead to use the complement of the cumulative distribution function
(CCDF) of avalanche properties. The P(S) tells you the probability to have an avalanche of size S, while
the CCDF(S) (C(S)) tells you the probability of having an avalanche size greater than or equal to S. The
CCDF is 1 — CDF where CDF stands for cumulative distribution function. Since the C'DF is just the
integral of the PDF, our prediction for the distribution of avalanche size, for instance, P(S) ~ S~7 translates
to a prediction for the CCDF, C(S) ~ S~("=1 i.e., the same function, just with an exponent of 7 — 1,
instead of 7. The CCDF is much easier to construct since it does not require to define a bin width. This
also means there is one, and only one, CCDF for a given data set (see Appendix A). In light of these details,
we will use the CCDF for the remainder of this thesis. Indeed, the simulated CCDF of avalanche sizes is
shown to follow a power-law with exponent 7 — 1 in Figure 2.2(b), with rather indisputable comparison.

Similarly, the CCDF of avalanche duration, T, is shown in Figure 2.2(c), where it clearly follows a
power-law with exponent —(o — 1), C(T) ~ T~ (@~ The average avalanche duration (see Appendix A) for
a given size is also predicted to follow a power-law (T'|S) ~ S7"* with the MFT prediction ovz = 1/2 (see
Figure 2.2(d)). The three scaling exponents mentioned above are related to each other at the critical point
by the formula

L (2.9)

1—71 ovz

known as a scaling relation (see [8] for details on how one arrives at this relation).

Dynamics

Apart from the predictions outlined above, we can also make predictions about the entire temporal shape
of the avalanches. By temporal shape, we mean the time trace of the stress-drop rate, I'(t). Figure 2.3(a)
shows a sample of I'(¢) from the simulations with the stress trace, O(t), in the inset. Though the model
cannot predict the jagged shape of an individual avalanche, it can predict the maximum stress-drop rate
(T'max, see Figure 2.3(a)) averaged on size (I'pax|S), see Figure 2.3(b). The model also predicts what an
average temporal shape will look like. Specifically, it predicts that the average shape will be self-similar—

average avalanche shapes at differing sizes and durations will look the same under a simple rescaling. The

11



10%4

==+ MFT Prediction
—}— Simulation

[

o
)
1

(rmaxls)

1024

b

5800 6000 6200 6400 102 10! 10° 10!
time Size(S)
0.06 2.5.1e=3
_ || == MFT
- ) —
0.05 i 2.01 | N 7=30
0 ‘ —— T7=65
0.04+4 O —— 7=120
|°f - §1.5- o
50'03_ Size (S) E .
= C 1.04 Duration (T)
0.021 77" ~
—+ s =
0.01{f—+ S " 0-51 o
—+ s p | © d
0.004 v . ‘ 0.0 v - . .
0 10 20 30 40 0.0 0.2 0.4 0.6 0.8 1.0
t's tIT

Figure. 2.3: Comparing avalanche statistics: PDF vs. CCDF. a) (inset) The time-trace of total
system stress 6; for a portion of the simulation, showing (main) the time derivative of total stress I';. b) The
simulated maximum value of I'; for a given avalanche, or I'.x, averaged on avalanche size, with the MFT
prediction shown as a dashed black line. Ten logarithmically spaced bins were used for the averaging, with
error bars showing the confidence interval of each bin. ¢) The average avalanche profiles shown for three
different sizes in the scaling regime. The x and y axis are rescaled according to the MFT prediction to collapse
the average shapes onto one predicted critical scaling function (black dashed line, see Table 2.1). Averages for
each bin were taken using 51 avalanches, with error bars showing a 95% confidence interval. In the inset
we recreate the CCDF of avalanche sizes to highlight the place in the scaling regime where we sampled
avalanches from for shape averages in the main figure (marked with colored stars). d) The same thing as c),
but for bins in avalanche duration. Simulations were run for N = 20000, with uniformly distributed arrest
stresses with width w = 0.1, conservation parameter ¢ = 1 — 1/v/N, for 200000 time steps. See Appendix A
for details on how these quantities were extracted and/or computed.

profile that these average avalanche shapes all collapse onto after rescaling is called a critical scaling function,
and our model predicts (at least) two of them. Averaging avalanches of similar sizes predicts the scaling

function (Figure 2.3(c))

(Ls;(4)) t; | —B(L)? t;
" = A(—= ST =He(—X). 2.10
Vs s (75 (210)
Averaging avalanches of similar durations predicts instead (Figure 2.3(d))
T (4 ¢ ¢, t,
Irt)) T(-J» — By - Ay = ey, (211)
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See Appendix A for details on how average shape profiles are computed.

Disorder
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Figure. 2.4: Disorder. a) A portion of the simulated stress trace for four different disorder configurations.
b) The CCDF of avalanche size, for each of the four simulated disorder configurations. The black line shows
the disorder average of the four simulation trials and the dashed grey line shows the MFT prediction. ¢) The
CCDF of avalanche sizes for four different disorder strengths. Each line represents a disorder average over
four simulation trials. The grey dashed line shows the MFT prediction. We show the same thing in the inset,
but for a parabolic distribution of arrest stresses. d) The averaged avalanche shape for a given duration,
T, shown for the corresponding disorder strengths in (¢). The predicted critical scaling function is shown
with a dashed grey line. In the inset we show the equivalent averaged shapes for a given size, S, with the
corresponding MFT predicted scaling function as a grey dashed line. Error bars show the standard error of
the mean. Simulations were run for N = 500, with conservation parameter c=1—1/ V/N, for 200000 time
steps. See Appendix A for details on how these quantities were extracted and/or computed.

We introduced disorder to the simulations by using random arrest stresses. That is, each cell has an arrest
stress that was chosen randomly by sampling a uniform distribution. We gave the uniform distribution a
width, w, and centered it on zero. In this section we illustrate how the simulated avalanche properties depend
on 1) the particular realization of disorder for a given simulation trial and 2) the width of the distribution, w.
We shall find that the statistical and dynamical features highlighted in the next chapter are not significantly

dependent on the disorder.
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For each particular disorder realization, the system stress evolves uniquely in time. We illustrate this in
Figure 2.4(a) where we plot the total stress () as a function of time (we refer to this as the "stress time-trace"
or "stress-trace" for short) for four different disorder configurations. Similar features can be seen between all
configurations; the stress changing erratically over time but will occasionally build up stress to an unusually
large value followed by an unusually large drop (or avalanche in our language). These large drops also seem
to happen roughly periodically in time. Despite the similarities, the four different stress-traces are all unique
since they take on very different values of stress at any given time. It will turn out that the similarities
pointed out between disorder configurations emerge as an invariance (between disorder configurations) of
the scaling properties. We show as an example the avalanche size CCDF in Figure 2.4(b). We can see that
the slope of the power-law is consistent between all configurations and that the disorder average of all for
configurations gives a result that is indeed representative of the configurations themselves. The cutoff for the
size distribution, Syax, also stays fixed from one configuration to the next.

The disorder configuration does not change the relevant features of the model results and we show below
that the disorder strength only has an effect on the avalanche size cutoff, Syax. In Figure 2.4(c) we again plot
the avalanche size CCDF', where each line represents the average of four different disorder configurations.
While the slope of the power-law seen is consistent between different disorder strengths, the cutoff of the
CCDF does seem to change. Specifically, we see increasing disorder strength increases the avalanche size
cutoff. For completeness, we compared results with a parabolic distribution of the arrest stresses instead of
the uniform one. We show those results in the inset of Figure 2.4(c), where we see no noticeable differences in
behavior; the slope of the CCDF doesn’t change but the cutoff increases with increasing disorder strength.

Lastly, in Figure 2.4(d) we plot the simulated avalanche shapes, averaged around a certain duration,
T, for the same disorder averaged simulation results of Figure 2.4(c). We show similar results for shapes
averaged on size, S, in the inset. One thing to note is the maximum height of the average avalanche shape
increases with increasing disorder. This is consistent with the corresponding increase in avalanche size cutoff
mentioned above. The rough functional form of the shapes, however, does seem to be consistent between

different disorder strengths.

System Size

To close, we turn briefly to the system size dependence of our model simulations, highlighting subtle
deviations from the analytical predictions which technically only hold for infinite system size. Recall that we
have adopted the total stress drop as our definition of avalanche size. We do this since many experiments of
interest in avalanche research are related to some kind of deformation (see [9], and references therein), and

thus the stress signal is experimentally accessible; meaning we can measure avalanche sizes by measuring the
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stress drops. It is important to understand that the spring driving the system is responsible for absorbing
any lost stress during an avalanche and thus is directly related to the avalanche size. Specifically, a slipping
cell relieves to the spring a fraction 1 — ¢ of its total released stress. In this thesis, unless otherwise specified,
we set ¢ = 1 — 1/+/N. This means the smallest avalanche (one cell slipping) has on average a size of 1/v/ N
and the largest avalanche (N cells slipping) has on average a size of v/N. In Figure 2.5(a), we confirm this
with the avalanche size CCDF' from simulations of four different system sizes.

We see a similar trend of increasing avalanche duration cutoff with increasing system size (Figure 2.5(a),
inset). It is perhaps unsurprising that the smallest avalanche duration, on the other hand, does not depend
on the system size (Figure 2.5(a), inset) since the minimum avalanche duration is fixed by the simulation
time step to be At =1 for all N. Importantly, neither the power-law slope of avalanche size nor duration
changes with system size.

This trend of avalanche sizes translates of course to the size averaged on duration, shown in Figure 2.5(b),
i.e., the smallest avalanche is proportional to 1/ V/N. For small durations, there is a clear deviation from
the predicted MFT slope, until ~ 7' = 10, when (S|T) kinks upward to a slope much more comparable to
MFT. We again see that the slope of these power-laws for larger durations is not a function of system size,
and the cutoff in avalanche size increases like v/N. We point out that for the smallest simulated system size
(N = 100) the power-law slope is always shallower than the prediction of MFT. Said another way, the scaling
regime shrinks with decreasing system size until it is non-existent for system sizes smaller than N ~ 100.

The maximum velocity vs. avalanche size also shows an invariance of the power-law slope to the system
size, comparing excellently to the MFT prediction (Figure 2.5(c)). Here, instead of a power-law cut off beyond
some largest avalanche size, we find the power-law is obeyed only above a minimum avalanche size. This is
because the smallest avalanches consist of only one slip, but, because of the disorder, the stress released by
this one slip (and therefore the maximum stress-drop rate in the avalanche) varies according to the strength
of the disorder. That is, this minimum cutoff does not show up if we take the avalanche size to instead be
equal to the number of total slips, a definition we will make use of in future chapters (see, Chapter 4). For
now, to best prepare us for describing friction force avalanches in the next chapter, we adopt the former
definition. Finally, in Figure 2.5(d) we plot the first moment of avalanche size (main) and duration (inset)
vs. system size. Both moments roughly follow a power law, with slope 0.1 and 0.25 for size and duration,
respectively. We will compare this scaling behavior to experimentally extracted avalanches in samples of

varying system sizes (see Chapter 7).
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Figure. 2.5: System size. a) The CCDF of avalanche sizes, shown for varying system sizes, with the
MFT prediction shown as a black dashed line. The inset shows the corresponding CCDF of avalanche
durations. b) The avalanche size, averaged on duration, with the MFT prediction shown as a black dashed
line, with error bars showing a 95% confidence interval. ¢) The maximum velocity for a given avalanche
(T'imax) averaged on size, with the MFT prediction shown as a black dashed line, with error bars showing
a 95% confidence interval. d) The first moment of avalanche size plotted vs. system size, with error bars
showing a 95% confidence interval. The black dashed line is shown as a guide for the eye. The first moment of
avalanche duration vs. systems size is plotted in the inset, with error bars showing a 95% confidence interval.
A black dashed line is shown as a guide for the eye. See Appendix A for details on how these quantities were

extracted and/or computed.
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Chapter 3

Linking Friction Scales in Molybdenum
Disulfide (MoS9) from Nano to Macro via

Avalanches

3.1 Description of Collaborative Team

The contents of this chapter in its entirety are published in the journal of Tribology Letters (Tribol Lett 70,
82 (2022). https://doi.org/10.1007/s11249-022-01619-x). Several authors contributed to this work; John Curry,
Tomas Babuska and Nicolas Argibay ran tribometer experiments and post-processed the data. Frank DelRio
ran AFM/FFM experiments and post-processed the data. Adam Hinkle and Michael Chandross performed
molecular dynamics simulations and post-processed the data. Karin Dahmen helped with interpretation of

the data as well providing overall guidance for the project.

3.2 Abstract

Steady-state fluctuations in the friction force of molybdenum disulfide (MoSs), a prototypical lamellar
solid, were analyzed experimentally for newton-scale forces and computationally via molecular dynamics
(MD) simulations for nanonewton-scale forces. A mean field model links the statics and the dynamics of
the friction behavior across these eight orders of magnitude in friction force and six orders of magnitude in
friction force fluctuations (i.e., avalanches). Both the statistics and dynamics of the avalanches match model

predictions, indicating that friction can be characterized as a series of avalanches with properties that are
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predictable over a wide range of scales.

3.3 Introduction

Understanding the shear strength of lamellar solids like MoSs and graphene, materials that are widely
used for their exceptional lubricity (i.e., low shear strength), is important for many engineering applications
where traditional fluid lubricants cannot be used. Commonly used in mechanisms that operate in inert
environments, such as in hermetic enclosures or exposed to the vacuum of space, MoSs films in the form
of engineered coatings can undergo a transition to low friction coefficients () during use, a phenomenon
commonly referred to as “run-in.” This transition in friction behavior is accompanied by structural changes of
the coating surface [10-12] and the formation of a transfer film [13-15] on the mating counterface, generating
a self-mated contact. The first few cycles of sliding cause shear-induced reorientation of the constituent
atoms, leading to the formation of large, basally-oriented MoSs sheets at the shearing interface parallel to the
direction of sliding. These self-mated sulfur-terminated lamellae interact through weak van der Waals forces
that easily shear and provide low steady-state friction coefficients (¢ < 0.05). In cases where the MoS, films
are sufficiently pure, devoid of adsorbate contaminants, and basally oriented, superlubricity can be achieved,
which is associated with friction coefficients 1 < 0.01 [16]. Additionally, in this low friction regime, wear rates
are also low, corresponding to the removal of as little as one molecular layer per sliding pass [17-19]. When
in the steady-state friction regime, shearing planes of highly-ordered MoSs can display persistent fluctuations
in friction force (as shown in Figure 3.1,a(b)) [17, 20] that have been attributed to stick-slip behavior [2, 21].
In this regime, atoms in adjacent lamella periodically become stuck in mutual local potential wells.

Here, we try to understand these low friction coeflicients and wear rates from the statistics of fluctuations
in the friction force that arise from underlying slip avalanches. An avalanche describes the cascading nature of
failure events, experimentally observable as sharp drops in friction force. To understand the statistics of these
avalanches, we model friction of MoS, lamellae via the slipping of elastically-coupled weak spots between
material layers [2, 22, 23|. These weak spots arise from the natural variations at the interface between the two
sliding layers. Weak spots are regions that are most prone to slipping. Without thresholds to sliding, sliding
would proceed smoothly in response to an applied external force. Heterogeneities at the interface, for example
via local asperities, introduce a local threshold force to sliding, implying that the interface will remain stuck
(or ‘pinned’) for small external forces. In response to a small force increase the interface slips in avalanches
until is pinned again by new asperities. Only for forces larger than a critical force, i.e. large enough to
overcome all asperities, will the interface keep slipping. That critical force constitutes a critical point [24]

that separates the pinned regime from the sliding regime. If we drive the system with a soft loading spring
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the system self organizes to operate near the critical force. In that case it responds with avalanches that
are widely distributed in size with statistical distributions that are characterized by scaling exponents and
scaling functions. These only depend on a few basic properties such as symmetries, dimensions, interaction
ranges etc., but not on the microscopic details of the system. Below we describe a simple microscopic model
that captures the basic properties and makes predictions for these universal exponents and scaling functions
that can then be compared to experiments.

The statistics of these friction force avalanches resemble those in a chaotic regime of friction described in
[19], as well as sudden stress drops arising from internal friction during deformation of a wide range of solids
across a broad range of length scales [2, 25-30]. The model suggests that this behavior is similar because
the underlying mechanism in all cases is slip avalanche weak spots. Predictions from this model have been
confirmed by recent experiments on internal friction during slow compression of bulk metallic glass specimens;
in these materials, the weak spots are shear transformation zones (STZs) [25] that predominantly slip in
shear bands. Here, we show the statistics and dynamics of friction force avalanches measured in macroscale
tribological experiments on sputter-deposited MoS, thin films. The results are compared with data from
nanoscale molecular dynamics simulations of shear between MoS; lamella and predictions from a simple
analytic model for the slip statistics during friction. The application of renormalization group methods to
this simple analytic model enables the determination of aspects of the slip statistics and dynamics that are
independent of microscopic details and therefore apply across a wide range of scales. We find good agreement
between the experiments, simulations, and theoretical mean-field theory (MFT) model.

In plastic deformation experiments, avalanches manifest as sudden drops in stress [2, 25-30] with statistics
and dynamics that are described well by a simple MFT model of coupled weak spots undergoing slip [2].
For friction, avalanches are observed as sudden drops in friction force with weak spots corresponding to
local asperities at the interface. We define u(r,t) (sometimes referred to as the displacement field) as the
interfacial offset since time ¢t = 0 of a weak spot at location r. With an applied shearing force Fiyy, elastic
forces from all other asperities oint(r, t), and asperity pinning due to pinning forces fy,[u,r, {u(r,t’ < t)}],

the displacement field u(r,t) evolves in time according to (see Chapter 2 and [2])

n Ou(r,t))

p = Foxt + Oing (1, 1) — folu, v, {u(r,t’ < t)}], (3.1)

where 7 is an effective viscosity-like constant that sets the time scale of the slips and depends on the
microscopic details of the system. Renormalization group calculations show that elastic interactions are
sufficiently long range so that mean field theory, which approximates oin(r,t) to be a constant, gives the

correct scaling behavior in the physical dimension for slips along a shear band or frictional surface [5]. Thus,
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we take the mean field limit by assuming each site couples to the average force of all other sites u = [ dru(r,?)
with oy (r,t) = J[@ — u(r, t)], where J characterizes how strongly the slipping weak spots interact, i.e. it
really is an “elastic coupling coeflicient”. To make contact with the physical system of interest, the change in
local friction of a weak spot slipping at position r’ is defined as Af(r',t) = (J + Kr)Au(r',t), where K,
represents the effective bulk loading stiffness. The friction force at any asperity f(r’,t) can surpass a failure
threshold value, fr.i1, and slip to reduce its friction force to an arrest force, far(r’,t). The elastic interactions
mediate the transfer of this released energy to other asperities and may trigger more slips in what we refer to
as an avalanche. To mimic periodic noise during an experiment (e.g., from noise in the electrical circuits to
measure forces or ringing of the force sensors), we overlay friction-force traces produced by our model with a

signal resembling the periodic noise.

3.4 Methods

Friction force fluctuations of MoS, were measured in ultra-high vacuum (UHV; 10~ torr) with a
linear-reciprocating micro-tribometer at a 10 kHz acquisition rate [31] (Figure 3.1,a(c)). Force measurements
were achieved via capacitance probes that measure the deflection of a custom dual-axis cantilever. On the
end of the cantilever, a spherical probe (the counterface) is held fixed while the substrate is displaced parallel
to the contact plane using a motorized stage. To establish a reference dataset for system noise, measurements
were performed while the probe was out of contact and the stage was moving, and also while in contact with
the stage stationary. More information regarding measurement uncertainty for force measurements can be
found in previous manuscripts [32]. Experiments consisted of bidirectional sliding cycles at a normal force of
0.2 N and sliding speed of 1 mm/s. The 3.2 mm diameter spherical probes, made of 440C stainless steel, were
brought into sliding contact against 440C' stainless steel polished coupons with an approximately 100 nm thick
pure MoS, film deposited using an N, spray impingement process [20]. Each experiment consisted of 500
bidirectional cycles with a 2mm long stroke length. MoSs coatings under shear typically show a run-in period
where friction coefficients and wear rates evolve from high (x> 0.1) to low (p < 0.05) as the surface structure
transitions from amorphous (or near-amorphous, depending on the deposition method) to ordered lamellae
[33]. To capture the physics of the steady state regime, only the final 400 cycles of each experiment were used
to extract magnitudes S, lengths T, and force-drop rate I' of the friction force avalanches (Figure 3.1(d)).
The method to extract the avalanche sizes and durations from the data is as follows: Zero crossings of the
time derivative of the friction signal (I'(¢)) from positive to negative indicate when avalanches (i.e. force
drops) start (t = tsart). At the following zero crossing from negative to positive the avalanche ends (t=tend).,

see (Figure 3.1,a(b)). The avalanche duration T is then defined as T' = tend — tstart, and the avalanche size S
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is equal to the amount by which the friction force dropped during the duration, S = F'(tstart) — F (tend)-
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Figure. 3.1: Friction force fluctuations. a) Friction force measured in a UHV tribometer. Vertical
red lines mark the start and end of a single avalanche. S is the total drop in force, while T is the difference
between start and stop times. b) Friction forces from MD simulations show similar fluctuations. ¢) The
force-drop rate profile of the single experimental avalanche and the maximum force drop rate I',x. We use
only experimental data from the steady state regime, as shown in d). Note in (b), the flat sections are not
actually flat, but slightly curved downward, and thus the region between the red lines is one single avalanche.

Friction force microscopy (FFM) measurements were performed on an Asylum MFP-3D atomic force
microscope (AFM). MoSa-coated silicon substrates were mounted inside a humidity sensing cell on the sample
stage. The humidity cell was attached to high purity nitrogen (N3), such that the cell was maintained at a
positive gas pressure and the relative humidity was close to that of the dry N5 source. Rectangular quartz-like
cantilevers with SiOs colloidal spheres were used to facilitate a well-defined contact geometry (Nanosensors
CP-qp-SCONT-SiO probes with a sphere radius of R = 1 pm). The normal force calibration C, and spring
constant k, for a single probe were measured with the thermal fluctuation method [34]; multiple C, and
k, values resulted in means and standard deviations of C, = 1.48 +0.02 nN/V and k,14.6 & 0.2 pN/nm.

The lateral sensitivity S of the probe was assessed with the extended wedge method [35]; multiple S values
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resulted in S = 12.8 + 1.9. Following calibration, the probe was brought into contact with the MoSs until a
normal photodiode voltage V, = 5.26 V was reached, translating to a normal force F;, = 7.8 nN. Repetitive,
single-line scans were performed over a 1 pum distance at a frequency of 0.10 Hz. The lateral photodiode
voltage during the trace Vy; and retrace Vi, were measured for each cycle. For each V;; and V4, pair, the
friction loop width W = (Vi — V4,)/2 and offset A = (Vi + Vir)/2 were calculated to determine friction
force Fy = C,(S)(W) and coeflicient of friction p = (S)(W)/V, [35]. The Fy data from the steady-state u
region (final 400 cycles) were analyzed for avalanches.

MD simulations were performed using a reactive force field [36] at a fixed shear velocity of 1 m/s. Two
sets of simulations were performed: (1) one with MoSs single crystals (15 square lamellae of MoSs ~ 9nm on
a side) to study commensurate (high friction) contact and (2) another with a single sheet rotated by 30°
to study incommensurate (low friction) contact; details of the procedure are in [37]. Friction forces from
the simulations showed persistent fluctuations like those in the experiments (Figure 3.1(b)). This enabled a
determination of sizes, durations, and force-drop rates for the avalanches in the steady-state sliding regimes

(after = 100 ps and = 35 ps of sliding for the commensurate and incommensurate cases, respectively).

3.5 Results

The distribution P(S) of force drop sizes S (Figure 3.1,a(b)) scales as P(S) ~ S~7, with universal
(i.e., detail-independent) exponent 7. The prediction for 7 depends on whether there is slip weakening
(t =2) or not (7 = 3/2). This scaling holds for S within a power-law scaling interval S € [Smin, Smax]-
The interval is bounded by an upper cutoff Sy.x that depends on experimental tuning parameters such
as static and dynamic friction, machine stiffness, sample size, and driving rate. The region [Smin, Smax]
is often referred to as the scaling regime, and the exponent 7 is a critical exponent. To normalize scaling
regimes with the macroscale experiments (for better comparison in a single figure) we scaled the size of
MFT+noise simulations, commensurate MD simulations, incommensurate MD simulations and AFM/FFM
experiments by Sy = 2.75 x 1076 N, 2275 N, 9000 N, and 1.75 x 1073 N, respectively. Similarly, the durations
were rescaled by Ty = 1.4 x 107° 5,49 x 10?5,87.5 x 10° s and 15 s, respectively, along with and the maximum
force-drop rates by Go = 0.54,4.64 x 1078 N/s,1.03 x 107" N /s and 1.5 x 10~*N/s, respectively. We extracted
several universal scaling properties from this regime and compared them to the critical exponents and scaling
functions predicted by the MFT model (Figure 3.2).

To avoid ambiguities from varying histogram bin widths (see Appendix A and [38]), we focus on power-
laws in the complement of the cumulative distribution function (CCDF'), or one minus the integral of the

probability distribution function (PDF') P(S). The CCDF of avalanche size C(5) is the probability to have
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Figure. 3.2: Comparing to simple slip model. CCDF of a) size C(S) and b) duration C(T). (a,b) are
plotted with error bars calculated with a Bayesian technique with 95% confidence interval. Distributions of
(c) fluctuation duration and (d) maximum force-drop rate vs. size. (c,d) are plotted with error bars from
the standard error in a log binned average over size. The power-law slopes predicted by the MFT model
are plotted as black dashed lines. All units were normalized to the UHV experiments via three parameters
(So, Ty, Gp). The power-laws are predictions for an infinite size system without noise or oscillations and
overlapping blue data points in (b) stem from the discrete durations of AFM avalanches.

an avalanche of size S or larger, and scales as C(S) ~ S~("~1) (Figure 3.2(a), and Appendix A) with 7 = 3/2
in the absence of slip weakening. Similarly, the CCDF of avalanche durations C(T') scales as C(T) ~ T~ (@1
(Figure 3.2(b)) with a = 2. Avalanches are predicted to proceed in time such that the distribution of sizes
scales as (S)(T) ~ T'/7¥* (Figure 3.2(c)), where angle brackets denote the average (see Appendix A).

The size-averaged maximum force-drop rate scales as (I'max)(S) ~ S7”* (Figure 3.2(d)). Historically,
1/ovz is the fractal dimension of the avalanches in the scaling regime, with o describing the stress dependence
of the largest avalanche in the scaling regime, z describing the scaling of the duration of avalanches with their
diameter, and v describing the scaling of the correlation length near criticality. Within error bars, all critical
exponents obtained in experiments and simulations were consistent with the MFT simulations with emulated
machine noise (see Appendix B, Section 2). To strengthen agreement, we compared to stricter predictions.

Two of the most stringent validations are the time profiles of the average force-drop rate as a function of size
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and duration, or T-profiles [11, 15, 32]. The I'-profiles of N = 21 avalanches within a bin size centered at S;

were averaged to obtain the size averaged I'-profile (see Appendix A)

(rs ) = w2, o), 52)

Tl (#;) is the force-drop rate of the n' avalanche in the i'" bin, where N is the number of avalanches in
the bin S;. Time was offset such that all avalanches start at t = 0 (¢; = ¢ — to, where ¢o is the avalanche start
time). The MFT model predicts that the averaged force-drop rates, drawn from different size bins in the

scaling regime of C(S), have the same form as the universal scaling function (see Appendix A and [2, 22|)

(Ls;(4)) ti \ ~B)*
Figure 3.3,a,c,e (left column) show that plotting % Versus (%) collapsed the profiles. The

experimental noise caused deviation from the analytical prediction at small values of ﬁ, however when the
experimentally-determined periodic noise signal was included in the MFT model, the deviations were nearly
the same (Figure 3.3(c) and Appendix B, Section 2, Figure B.1, top right). Matching the functional form of
scaling functions was a more stringent test of the theory than merely matching power-law exponents. As
shown below, we find good agreement between experiments and theory for two different scaling functions and
four exponents.

In addition, C(T) followed a power-law in the duration scaling regime (Figure 3.2(b)). Averaging the
force drop-rate time profiles of avalanches of about the same duration 7; gave the duration averaged I'-profiles
(I'7;(t;)). MFT predicts that avalanches in this regime obey the scaling law

(T7(t)) ¢;

S — a0 - () (3.4

Figure 3.3,b,d,f (right column) show that this prediction also matches experiments and MFT with added
noise. The noise in the experiments again obscured the shapes, here for both small and large ﬁ, and the
MFT with noise showed similar deviations (Figure 3.3(d)). In summary, we see strong agreement between
the experiments and the model predictions for (1) the avalanche statistics, as seen in the scaling exponents of
the statistical distributions, and (2) the avalanche dynamics, described by the average I'-profiles that match
the predicted critical scaling functions. This agreement between theory and experiments indicates that the
fluctuations in the friction force indeed reflect the underlying critical point predicted by our simple MFT
model. That is an important result because the model predicts that the statistics and dynamics of these

fluctuations should be universal and independent of the microscopic details and the scale of the system. In
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other words, the MFT predicts that friction experiments on different materials should yield similar results,
and that the results from the lab scales should be transferrable to systems on much larger or much smaller

scales, as long as the symmetries, dimensions and interaction ranges are the same.

3.6 Discussion

System oscillations paired with periodic noise limited our analysis to regimes away from spikes in
the power spectrum (see Appendix B, Section 4 and Figure B.4 - B.6). Although the scaling regime in
the experiments spans less than two orders of magnitude, the agreement of our data with more than six
measures including scaling collapses with universal scaling functions suggests the data strongly support model
predictions. It is the robust scale invariance predicted by the model that explains why both UHV experiments
at mN scales and MD simulations at nN scales follow the same MFT scaling behavior. As predicted by MFT,
both experiments and simulations showed a distinct scale invariance, reflecting an underlying critical point.
The agreement in friction force fluctuations across six orders of magnitude suggests a common thread of
slipping elastically-coupled weak spots, as described by MFT.

The MFT model is not necessarily expected to describe experimental results for small event sizes and
durations, as it is designed to describe only long wavelength and low frequency regimes where universal
behavior is found. At small scales, microscopic details come into play and deviations between MFT and
experiments are unsurprising. Such deviations can be seen in the CCDF (Figure 3.2,a(b)) for small sizes and
durations. Interestingly, in the small size and duration regime, experimental results more closely matched
MD simulations with incommensurate contacts. While the registry of experimental systems is unknown,
the two simulation cases (i.e., commensurate and incommensurate) represent bounding cases and suggest
that macro-scale steady-state low friction consists of primarily incommensurate shear (see Appendix B,
Figure B.7).

Moreover, there was no evidence for critical avalanches in the AFM/FFM data (Figure 3.2). However,
this was again expected, considering the single-asperity nature of FFM [15, 17, 18]: Avalanches in FFM
involve slipping of the entire contact area, i.e., the entire tip slides on the surface until it is caught by a strong
enough asperity. The model presented here predicts that power-law scaling is only seen when the slipping size
is much smaller than the size of the contact area. If that is not the case then the model predicts that finite
size effects prevent the emergence of power-law scaling, because the tip size sets a length scale that destroys
scale invariant behavior. We estimated a ratio of slipping area to contact area, for the largest avalanche, and
found it to be of order 1000 to 1 for the AFM experiments. Thus these dramatic finite size effects explain the

absence of scaling of avalanches in AFM data. On the other hand, for the MD simulations we find this ratio
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to be 1 and for the UHV experiments it is 2.5. If the largest slip is comparable to the contact area, then
all smaller slips in the experiment are smaller than the contact area, and power-law scaling can emerge as
predicted. We note that the MD simulations do not have multiple, simultaneous slip locations, but instead
the whole interface slides at once [39]. Importantly, there are layers beyond the interface that also slip, so in
this case our model can be understood as describing the slipping of elastically coupled layers.

Importantly, we point out that the AFM data can still be described by our model, albeit in a parameter
regime where the slips are large compared to the contact area (or system size). Similar effects can be achieved
in the model, for example for large slip weakening in the system, and in a somewhat different way also for
effectively soft loading springs. Either way this type of behavior is seen in model parameter regimes where
the system is not close to a critical point and thus the avalanches are not power-law distributed. Thus these
model predictions match the observations from the AFM experiments also.

Finally, new modeling work [40] further supports the idea that friction force fluctuations should match
our model with weakening [5, 7], based on comparison to simulations of a rate and state model [41]. We note
importantly here that, though the slope of the size and duration CCDF' in the mentioned work are steeper
than the MFT prediction without weakening (instead being a closer match to the prediction of the model
with weakening) our MFT +noise simulations suggest this is simply a consequence of the periodic machine
noise. It will be interesting to see if the exponents resembling those of the weakened model will persist in

experiments without machine noise.

3.7 Conclusion

In summary, the results demonstrated that friction behavior of lamellar solids, and possibly materials in
general, can be accurately described by our MFT model, and that this framework can be used to understand
the similarities and differences between macroscale and nanoscale friction measurements. The framework
can also be used to transfer friction results between scales, predict future friction behavior, and diagnose
and quantify potential changes in friction over time. As friction is linked to plastic deformation, the broad
agreement with predictions from the MFT model suggests the possibility of linking friction force statistics

with internal friction and wear rates as a future application.
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Chapter 4

Analyzing Neuronal Spiking Data

4.1 Introduction

Now we transition from discussing friction force drops in materials to in-vitro neuron spiking signals
from cultured mouse cortex. We’ll introduce the analysis necessary to extract and characterize avalanches
from spiking neuron activity, with a focus on how this characterization changes as we vary input parameters
of the analysis.

To record spiking activity from many neurons, its typical to use an electrode which can be used to record
voltage fluctuations from nearby neurons. A Micro electrode array (MEA) is an array of several (hundreds
of) electrodes, spaced only micrometers apart. A very common way to record neuronal spiking activity is to
culture a system of neurons on top of an MEA. Once the culture becomes spontaneously active, the electrical
signals at each electrode inform us when a neuron spikes. With many details left to references [42], the data
can be processed from continuous voltage signals at each electrode to discrete spiking signals at each neuron.
In this data form, the neurons can be in one of two states; either they are spiking (we’ll represent this with a
1) or they are not spiking (represented by a 0). Now it should be clear that our data set consists of a binary
list of zeros and ones for each of the N neurons in the system.

From these lists we wish to learn something about neural dynamics, specifically, in this thesis we are
going to be concerned with neuronal avalanches. We illustrate two techniques used for extracting avalanches
from the kind of spiking data described above. We'll refer to the first technique as the "Traditional’ technique
since it was introduced when the first neuronal avalanches were discovered [43]. The second technique was
introduced under the name 'Causal Webs’ over a decade after the discovery of neuronal avalanches [44]. After

comparing results from each method, we close by highlighting how a possible artifact may be introduced to
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Figure. 4.1: Raster plot. The N ~ 300 neurons in the data set are labelled with an ID which is an integer
between 1 and N. One second of spiking data from mouse cortex is plotted vs. time for each neuron. To
indicate that neuron 'n’ spiked at time 't’, we place a blue dot at the coordinate (v = ¢,y = n).

the data from the causal webs processing.

4.2 Traditional Neuronal Avalanche Analysis

Starting with N binary lists representing the state of all N neurons of the system in discrete time, we can
visualize the spiking behavior with a Raster Plot. To construct the raster plot, it will be useful to transform
our data from a list of zeros and ones to a list of discrete times that a neuron spiked. We’ll call this list ¢; »,,
where i’ indexes time (i.e., the discrete times that the neuron spiked) and 'n’ indexes the neuron. A raster
plot is built out of the set of t; , as follows; 1) Take the first neuron in the system, label it with the number
’1” and place a dot at the coordinates (¢;1,1) for all times ¢; ; that neuron 1 spiked. 2) Repeat this for all N
neurons at the corresponding y-value i.e., place dots at the coordinates (¢ n,n) for all times ¢; , that neuron
'n’ spiked. Figure 4.1 shows the raster plot for an exemplary 1-second long portion of a spiking data set.

From the raster plot we notice that there are not only correlations of a single neuron in time (a neuron
firing in periodic fashion, for instance), but also correlations between different neurons in the system (for
instance the quasi-synchronous activation of many different neurons). The goal of this section is to try and
access these system wide correlations from the individual neurons spike-traces through a spatio-temporal
average. This coarse-grained spiking rate will yield information about the systems collective dynamics, not

just the behavior of a single neuron. We will extract avalanches from this signal to compare their statistical
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Figure. 4.2: Traditional neuronal avalanche extraction. a) The same raster plot seen in Figure. 4.1,
with the spiking rate (I') overlayed in red. A temporal width of ¢ = 8 ms was used to construct the
spiking rate signal. An example avalanche is shaded in grey. b) A zoom in on the shaded avalanche from
Figure. 4.2(a). The start and end of the avalanche (when I' = 0) are labelled with arrows, with the difference
between the two times defining the avalanche duration (purple). The spiking rate signal itself between the
start and end times is the temporal profile (green) and the total area under the spiking rate signal is the
avalanche size (grey). The maximum value of T' in the example avalanche, I'y,.x, is marked with an arrow.

properties with a candidate theory of neuronal avalanches.

We’ll refer to the system wide spiking rate as I' since it will turn out to play an analogous role to the I'
defined in Chapter 2. We can construct I' easily once we have the list of single neuron spike times, ¢; ;. First,
we simply concatenate all 'n’ lists together into one list representing the spike times of the entire system.
The resolution of our data set is 20 kHz, but we would like to know what the averaged number of spikes are
in a small window of time d¢, otherwise known as the spiking-rate. By dividing the time axis into bins of
width ¢, we add up all spikes occurring within each bin to construct the spiking-rate at a temporal width 6t
(Figure 4.2(a)). The corresponding effects of §t on the estimated avalanche properties will be discussed in
Section 4.4 below.

We define an avalanche as any excursion of the spiking-rate above zero. An example avalanche is shaded
in grey in Figure 4.2(a), which we zoom in on in Figure 4.2(b). To be explicit, the avalanche starts once T’
becomes nonzero and ends once I returns to zero (marked by an arrow labelled ‘start’ and ‘end’, respectively,
in Figure 4.2(b)). The time difference between these points, tend — tstart, defines the avalanche duration,
marked in purple in Figure 4.2(b). The total number of spikes between tenq and tsiart defines the avalanches
size (grey, Figure 4.2(b)) and the temporal profile is defined as the portion of the spiking-rate between tenq
and tgare (green, Figure 4.2(b)). We will also be interested in statistics of the peak value of this profile,
marked with an arrow labelled T'yax in Figure 4.2(b).

Before we explore the resulting avalanche statistics, we describe a separate technique for extracting
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Figure. 4.3: Causal web avalanche extraction. a) The same raster plot seen in Figure. 4.1, with
causal pairs drawn as red lines connecting any two spikes. b) A zoom in on the same section of spike trace as
Figure. 4.2(b). Causal web avalanches are defined as any connected cluster of causal pairs. We show pairs
belonging to the same avalanche in the same color. The size of the avalanche is the number of total neurons
in a connected cluster, and the duration is the difference between start and end times.

neuronal avalanches known as 'Causal Webs’ [44].

4.3 Causal Webs Avalanche Analysis

The causal webs technique, unlike the traditional one, does not involve directly averaging over neurons or
time. Instead, there, one uses the estimated functional connectivity between neurons, paired with the spiking
data and a measure of transfer entropy (TE) to extract causally connected pairs of spiking neurons. Briefly,
when neuron n; spikes at time ¢; and neuron no to spikes at time t5, the causal webs method would determine
whether or not neuron n; caused neuron ny to spike. The estimated functional connectivity between the two
neurons can be used in part to determine this—if two neurons are not strongly connected, the spike pairs
may not be causally connected. However, spike pairs between two neurons that are strongly connected are
a candidate for a causal pair. The transfer entropy, an averaged measure of information transfer between
neurons in the time series, will either increase or decrease from including this proposed causal connection. If
the TE increases, the pair of spikes is deemed to be ‘causal’ as long as the time separating the two spikes
isn’t too long. We call the longest amount of time permitted between two spikes in order for them to be
deemed causal, the 'maximal time delay parameter’, or just ‘d’ for short (see [44] for more details).

Our raw data is a list of the tuples representing causal pairs. From this list of tuples, avalanches are
defined as any connected cluster of causal spike pairs. In Figure 4.3(a), we show the same section of data as
in Figure 4.2(a), but with causal spike pairs identified by a red bar connecting the two dots. We zoom in on

the same subset of data as Figure 4.2(b) in Figure 4.3(b) and show causal pairs that are part of the same
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avalanche with bars of the same color. Here the avalanche size is again equated to the number of spikes in
the cluster, with the duration again being the difference between the start and end times.

The first striking feature we see is that, where the traditional method finds a single avalanche, the causal
webs method may find several. This not only leads to obscured avalanche statistics, but a deeper issue; which
one is the true avalanche? It may be that there is not a clear answer to that question at this time, but we

proceed, nevertheless.

4.4 Compare and Contrast: Traditional vs. Causal Webs Analysis

In this section we will compare and contrasts the estimations of the empirical avalanche properties, from
the traditional vs. causal webs methods. We focus for the time being on the statistics of avalanche sizes and
durations as well as their temporal profiles and the peak value of these profiles I';,.x. We will compare the
results to the analytical predictions of our MFT model (see Table C.1) and also empirical estimations taken

from neuronal avalanches in rat cortex [45].

4.4.1 Size and Duration Distributions

In Figure 4.4(a), we plot the CCDF of avalanche sizes as estimated by the traditional method (shown
in greens) and the causal webs method (shown in reds). For the traditional analysis, we show results using
three different values of the temporal bin width, d¢, with darker green lines corresponding to larger values of
o0t. For the causal webs analysis, we show results using three different values of the maximal delay parameter,
d, with darker red lines corresponding to larger d. We can see increasing dt or d has the effect of making the
power-law slope shallower. The decrease of slope is particularly pronounced when §t is adjusted from 1.5 ms
to 5 ms in the traditional method of analysis. Interestingly, this shallowest slope best matches the empirical
estimates made in rat cortex with the same experimental setup (dashed purple line in Figure 4.4(a), see [45]).
There, they too used the traditional method of avalanche detection and with a bin width of 4ms, so this result
is not surprising, but nevertheless confirms the statistics of these avalanches across these two species (rat and
mouse). In the inset of Figure 4.4(a) we show the avalanche duration CCDF for the corresponding methods
and parameter values used in the main figure. The same general trend of decreasing slope with increasing dt
or d seen for avalanche sizes is seen in avalanche durations as well. Again, using a ¢ = bms in the traditional
analysis produced a slope closest to the empirical estimations in rat cortex (dashed purple line, Figure 4.4(a),
inset). We do see, however, that the range of the power-law scaling is much smaller in the inset than it is in
the main figure. This is of course consistent with our expectations from the theory, since the durations scale

like the square root of the size (see Chapter 2), and thus the range of durations (and accordingly the range of
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durations that scales) is significantly reduced in comparison to the corresponding range of sizes.

4.4.2 (T|S) vs. Size

From the traditional analysis, the duration averaged in logarithmically spaced bins of size follows a
power-law with a steeper slope than predicted by the MFT, but which is consistent with the empirical
estimation found in rat cortex [45] (Figure 4.4(b), dashed purple line). This slope is consistent (within error
bars) for all three values of §t used in the analysis. The mean has a small kink upward that appears for larger
sizes in the dark green (6t = 5ms) line. In contrast, for avalanches not too large, the causal webs analysis
produces a shallower power-law than the traditional analysis, one that is much closer to the prediction of
MFT (Figure 4.4(b), reds). However, for larger avalanche sizes, the slope kinks slightly upwards for all values
of d. We note that for all values of d and for the largest value of §t shown, duration averaged on size kinks

upwards to the same slope (which itself is steeper than the MFT prediction).

4.4.3 T',,.x vs. Size and Duration

Using the traditional analysis, the maximal value of the spiking-rate, I';ax, averaged in logarithmically
spaced bins of size is shown in Figure 4.4(c). We can see that for 5 = 0.9 and 1.5 ms, the slope for small
avalanches is slightly shallower than the MFT prediction, though still matching it within error bars. For
larger avalanches, the power-law begins to fall off. For the largest value of 6t (5 ms), the slope for the smaller
avalanches is not as clear, and the largest avalanches kink downward instead of gradually falling off as was
seen with the traditional analysis. The same general trends are true for '« as estimated via. causal webs
(Figure 4.4(c), reds), though the power-law slope for smaller avalanches seems to match the MFT predictions
better than the traditional analysis (greens).

In the inset of Figure 4.4(c), we again show I';ax, but this time averaged on duration. Here the error bars
are larger than in the main figure and the scaling regime extends over a smaller region of durations, making a
power-law slope tough to define. Still, some sections obeying power-laws can be discerned. Specifically, for
smaller avalanches found using the traditional analysis, a power-law shallower than the MFT prediction is
followed for a very small range for durations. This range broadens for increasing §t. We see again for longer
duration avalanches that the power-law falls off at some maximal duration that increases with increasing dt.

Similar trends are seen for the causal webs analysis, except the width of the scaling regime is slightly
larger than in the traditional analysis, and this width does not vary significantly with d, as it did with d¢.
We also note that d sets the minimum duration for the power-law, below which (I'yax|T) is significantly

shallower. After a maximal duration, the power-law slope begins to fall off. In the next section we discuss
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Figure. 4.4: Compare and contrast avalanches from both techniques. a) CCDF of avalanche
size (main) and duration (inset), as estimated by the traditional avalanche analysis (greens) and causal
webs avalanche analysis (reds). Darker lines correspond to increasing the temporal bin width (§t) and
maximal delay parameter (d) for the traditional and causal webs avalanches, respectively. b) Avalanche
duration averaged in ten logarithmically spaced bins of size, shown for causal webs and traditional avalanches
with reds and greens, respectively. Error bars are showing a 95% confidence interval. ¢) 'y averaged
in ten logarithmically spaced bins of size (main) and duration (inset), for the causal webs and traditional
avalanches, with reds and greens, respectively.Error bars are showing a 95% confidence interval. d) The
averaged avalanche shape for a given duration, 7, shown in reds and greens for the causal webs and traditional
avalanches, respectively. Error bars represent the standard error of the mean. To reduce clutter, only every
tenth bin is plotted for each of the averaged shape profiles shown in d). In all figures, we show the prediction
of MFT with a black dashed line, and the empirical estimates found in [45] with a purple dashed line. See
Appendix A for more details on how these quantities were computed.
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the averaged temporal profiles for a given duration, 7', which is marked in blue in Figure 4.4(c) for reference.

4.4.4 Temporal Profiles

In Figure 4.4(d) we show the avalanche profile averaged in a bin of duration 7 = 50 ms (see Figure 4.4(c),
vertical blue line). For the traditional analysis we again find agreement between §t = 0.9 ms and 6t = 1.5 ms,
where both profiles roughly follow a parabola with maximum height around 4 [spikes/dt]. In contrast, for
dt = 5ms, we see a relatively flat profile at the y value 2 [spikes/dt] for most of the avalanche. This is simply
because at this largest value of dt, durations of 7 = 50 ms are actually quite short in comparison to the
longest avalanches, meaning they are also quite small and thus have a smaller maximum height. For the
causal webs analysis (see Appendix C for details on how these shapes were computed), the maximum height
consistently decreases with increasing d, and the shapes become more localized around ¢/7 = 1/2. We note
there is a slight leftward skew in the averaged profiles estimated by causal webs with d = 6 ms and d = 10 ms,

as well as the averaged profile estimated with the traditional analysis at ¢ = 0.9 ms.

4.5 Post-Processing Artifacts and Bursts

In this section, we take a closer look at the effects of the maximal delay parameter, d, used in the causal
webs method. We have already found that the slope of the CCDF of avalanche size decreased with increasing
d, which corresponds to a decreasing value of 7. In Figure 4.5(a), we show the CCDF of avalanche sizes
for five different values of d, clearly showing the trend of decreasing 7. For a more quantitative look, we
show the value of 7 as extracted by a Bayesian maximum likelihood estimator (see Appendix C and [46])
as a function of d in the inset. In the inset we not only show the slope of the avalanche size CCDF with
triangular markers, but also the slope of the avalanche duration CCDF and the slope of (T|S) vs. size,
with circular and square markers, respectively. From this we notice that the slope of the avalanche duration
CCDF decreases with increasing d, just as 7 does, but at a faster rate. In contrast, we see the slope of the
power-law of (T'|S) vs. size actually increases with increasing d.

We recall that the MFT not only predicts values for the corresponding scaling exponents, but it also
predicts a relation that should be fulfilled by the exponents as well, Eq. (2.9). In Figure 4.5(b) we illustrate
this relation by plotting the left- and right-hand sides of Eq. (2.9) on the x and y axes, respectively. If the
scaling relation is held, then the dot should lie on the line y = x, shown in Figure 4.5(b) as a black dashed
line. We can see that, increasing d roughly leads to a decrease in (a« — 1)/(7 — 1) and an increase in 1/ovz.
Thus, from Figure 4.5(b) it seems there may be a hypothetical value of d that leads to this scaling relation

being satisfied (somewhere between d = 6 ms and d = 10 ms).
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Figure. 4.5: Effects of changing maximal delay time, d, Sample 1. a) CCDF of avalanche size,
shown for five different values of d, the longest time allowed between two spikes if they are to be deemed
causally connected. The inset shows the estimated values for the critical exponents 7, o and 1/ovz, with
triangular, circular, and square markers, respectively. The error bars are insignificant enough to be hidden
behind the markers (see Appendix C for details on how the error was estimated). b) For each value of d,
the left and right hand of the scaling relation Eq. (2.9) is plotted on the the x and y axes, respectively. A
black dashed line is shown on the line y = x to mark where the scaling relation is fulfilled. ¢) The thirty
longest avalanches are used to construct an averaged temporal profile, (I'|T), for each value of d. The median
duration of the thirty events is shown in the legend and, to reduce clutter, data are only plotted for every
tenth bin and the error bars show a 95% confidence interval. d) The CCDF of avalanche durations, shown
for each of the five values of d. The blue dashed line shows the CDF of burst durations (see Appendix D).
The inset shown the percentage of avalanches in the sample that had durations larger than the minimum
burst duration, "% DG B’, seen in the same sample, for each of the values of d. Error bars in all plots represent
the standard error of the mean. See Appendix A for more details on how these quantities were computed.
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In further investigation, we’ve sought out to reconcile a slower timescale phenomena seen in the data,
known as 'bursting’ (see Appendix C) with the extracted avalanche properties. We’ve averaged together the
temporal profiles of the thirty largest avalanches and plotted them on top of each other in Figure 4.5(c).
In these averaged profiles, in stark contrast to the downward facing parabola predicted by the MFT (see
Figure 2.3(d)), we see a profile that is skewed to the left quite significantly. We hypothesis that this is due to
the influence of bursts, which carry a similar profile that decays in time [47], though we return to this feature
in Chapter 7.

To validate this hypothesis, we checked for overlap between the avalanche durations (Figure 4.5(d),
reds) and the burst durations (Figure 4.5(d), black dashed line, see Appendix C). We indeed find that the
percentage of avalanche durations that overlap with burst durations (i.e., the percentage of avalanches with
durations larger than the minimum burst duration, what we define as % DGB, or ‘the percent of avalanches
with Durations Greater than the minimum Burst duration’, see Appendix C) increases with increasing d
(Figure 4.5(d) inset). Aside from the median avalanche duration in the bin increasing with increasing d, we
do not see any qualitative changes in the five separate average profiles (see Figure 4.5(a)).

Finally, we check to see how robust these results are when we change to a new sample. For bookkeeping
purposes, we’ll call the first sample (what we have analyzed until now) ‘Sample 1’ and this new sample
‘Sample 2’. In Sample 2 we find, in contrast to Sample 1, the avalanche profiles become more and more
skewed to the left with increasing d (see Figure 4.6(c)). This would suggest that the value of d is too large
and gives credence to the idea that d should be adjusted for each sample. To add to that, we find in Sample
2 that increasing d decreases 7 and « at a much faster rate than it did for Sample 1(Figure 4.6(a), inset).
This manifests in a scaling relation that does not seem to be satisfied for any hypothetical d. Lastly, we also
find a larger percentage in Sample 2 than Sample 1 of avalanches with durations greater than the minimum

burst duration (Figure 4.6(d)).

4.6 Discussion

In this chapter we introduced techniques for extracting avalanches from spiking neuron data and illustrated
their resemblance to avalanches produced by the MFT model of Chapter 2. Though we find clear evidence of
scaling in the extracted neuronal avalanches, the exact values of the scaling exponents are not consistent with
the MFT model. While we find that both traditional and causal webs analysis produce power-law distributed
avalanche sizes and durations, the exponents were steeper than 7 = 3/2 and « = 1, respectively. Both 7 and
a were found to decrease linearly with increasing temporal input parameter (6¢ or d) and in the most extreme

case of the traditional analysis (6t = 5 ms) the slopes even decreased enough to be consistent with the MFT
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Figure. 4.6: Effects of changing maximal delay time, d, Sample 2. a) CCDF of avalanche size,
shown for five different values of d, the longest time allowed between two spikes if they are to be deemed

causally connected. The inset shows the estimated values for the critical exponents 7, « and 1/ovz, with

triangular, circular, and square markers, respectively. The error bars are insignificant enough to be hidden
behind the markers (see Appendix C for details on how the error was estimated). b) For each value of d,
the left and right hand of the scaling relation Eq. (2.9) is plotted on the the x and y axes, respectively. A
black dashed line is shown on the line y = x to mark where the scaling relation is fulfilled. ¢) The thirty
longest avalanches are used to construct an averaged temporal profile, (I'|T), for each value of d. The median
duration of the thirty events is shown in the legend and, to reduce clutter, data are only plotted for every
tenth bin and the error bars show a 95% confidence interval. d) The CCDF of avalanche durations, shown
for each of the five values of d. The blue dashed line shows the CDF of burst durations (see Appendix D).
The inset shown the percentage of avalanches in the sample that had durations larger than the minimum
burst duration, '% DG B’, seen in the same sample, for each of the values of d. Error bars in all plots represent
the standard error of the mean. See Appendix A for more details on how these quantities were computed.

38



prediction. Knowing that the power-law exponents estimated for a data set may depend on the given input
parameters of the analysis is important in its own right, but what is perhaps more interesting is making a
connection between two seemingly unrelated phenomena; the effect of increasing d merges avalanches together,
just as what happens in magnet avalanches when you increase the rate at which you sweep the external
magnetic field [48].

We found that o changed with changing maximal delay parameter, d, in a linear fashion i.e., & ~ ag — ¢d,
with ¢ a constant. What makes this interesting is past work on avalanches in magnets [48, 49], where an
analogous equation is seen, describing the change of a.. There, the avalanches were composed of spin flips in
a magnet (see Chapter 1) and the avalanche duration exponent « increased linearly with the rate that the
external magnetic current was swept. That work proposed that the increasing sweep rate caused more than
one avalanche to nucleate at a time, and, since the experiment only measures changes in magnetization, all
simultaneous avalanches appear as one merged avalanche. Multiple avalanches merging shifts the statistics of
the avalanche durations in the magnet. Here, in analogy, the linear increase of o with d suggests that multiple
avalanches are merging together as you increase d. This aligns with our intuition since, as you increase d,
new causal connections appear and link together previously separate clusters of causal pairs (i.e., multiple
avalanche merge into one).

The causal webs method for all d, and the traditional method with ¢ = 5 ms found agreement (within
error bars) with the MFT predicted slope of (I'max|S) and (T'max|T) vs. S and T, respectively. The duration
averaged temporal profiles for the sampled duration bin 7 = 50 ms also roughly obeyed the parabolic MFT
prediction. For both methods, the power-law in (T'pax|S) and (Tmax|T) eventually decayed for the largest
sizes and durations. This is unsurprising since we saw in Figure 4.5(c) and Figure 4.6(c) that in general, the
larger duration shapes are flatter than the parabolic prediction of MFT, providing a probable explanation for
the decay of power laws in (T'yax|T) for the largest durations.

Both techniques also admit scaling of (T'|.S) with S, and the causal webs technique even produces an
exponent that is nearly consistent with, but slightly steeper than, MFT. When using the traditional analysis,
however, the predicted slope is much steeper than anticipated by the MFT model. A steeper slope here
means the avalanche durations are longer than expected, for a given size. An avalanche like this would be
long but flat; again, resembling the abnormally flat duration averaged temporal profiles (see Figure 4.5(c)
and Figure 4.6(c)).

Lastly, we raise concern for the possibility of mixing avalanches with bursts. We found that using too
large a value of the maximal delay parameter, d, made duration average avalanche profiles skew leftward for
the longest durations—resembling the exponential decay of a burst. Indeed, we found the durations of these

longer avalanches were longer than the minimum burst duration measured in the same experiment. This
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affect was more prevalent in some samples than others (see Appendix C) suggesting that we may need to

choose d separately for each sample, or that d is non-universal.

4.7 Conclusion

We showed that neuronal avalanches are consistently found to have scaling regardless of which technique
is used or what the temporal input parameter is set to. In general, the avalanches extracted with the causal
webs technique seemed to have larger scaling regimes with critical exponents and averaged shape profiles that
matched the MFT predictions most closely. When extracting avalanches with the causal webs method, we
illustrated that care must be taken to not overlap avalanches with bursts and shed light on the idea that the

maximal delay parameter may need to be tuned for each sample.
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Chapter 5

A First Step at Modeling Neuronal
Avalanches: Weakening and Global

Inhibition

5.1 Description of Collaborative Team

The contents of this chapter in its entirety is under review for publication in Physical Review E. Several
authors contributed to this work; John Beggs ran the experiments and performed post-processing and also
helped edit the manuscript. Karin Dahmen supervised the project and also helped edit the manuscript. I ran

model simulations, analyzed experiments and wrote the manuscript.

5.2 Abstract

A simple model for a population of spiking excitatory neurons is used to model seizures (see Chapter 2).
Two key features are introduced into the model: 1) an external inhibitory population of neurons that drain
potential out of the system and 2) a threshold weakening mechanism that adds memory to the dynamics.
A seizure-prone state corresponds to a phase where the system can suddenly switch from a “healthy” state
with small scale-free avalanches, to a “seizure” state with almost periodic large avalanches (“seizures”) where
all neurons in the system spike. Simulations of the model predict the dependence of the average time spent
in each state on the amounts of inhibition and threshold weakening. Our results predict that increasing

inhibition will make seizures less frequent and shorter lived. The results are compared to empirical and
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theoretical examples of similar behavior in neuronal systems.

5.3 Introduction

In this chapter we redefine « as the strength of the inhibition instead of the avalanche duration critical
exponent (as it was defined in earlier chapters). This won’t cause any confusion since we will not discuss the
duration critical exponent in this chapter.

In the simplest sense, the characteristic feature of a neuron is the sudden release of an action potential
(or ‘spike’) after the membrane potential surpasses a threshold. After a neuron spikes, the released membrane
potential is transferred through synaptic connections to other neurons in the network. Spiking neurons can
trigger other neurons to spike also, leading to collective behavior such as synchronous oscillations [50-53],
spiral waves [54] and cascades of spiking activity (or ‘neuronal avalanches’) [43, 45, 55-57]. In a neuronal
avalanche a single neuron spikes and triggers one or more neurons to spike afterwards. Tools from statistical
physics, such as the theory of phase transitions and criticality, provide simple predictions for the statistical
properties of these avalanches that can be validated by experiments [43, 45, 55, 56].

Criticality refers to a system that has large fluctuations because it is going through a ‘continuous phase
transition’. In the following, it will suffice to know that spiking neuronal systems have been hypothesized to be
operating near a continuous phase transition between the so called ‘absorbing’ state, where the avalanches are
small and the ‘active’ state where, avalanches proliferate through the entire system (i.e., grow macroscopically
large). The critical point defines the parameter values where this phase transition occurs. Near the phase
transition we expect avalanches of all sizes.

The total number of spikes emitted during an avalanche (or avalanche ‘size’), S, can be recorded for
many avalanches in an experiment to obtain a histogram, or the probability distribution of S, P(S) (see
Appendix A). Statistical physics predicts that, near criticality, this distribution will look like a power-law
over a broad range of sizes (see Chapter 2 for more details). In finite sized systems or for parameters slightly
away from the critical point, there will be a maximum avalanche size Sp,.x that depends on the system size or
the distance of the parameters from the critical point. This maximum avalanche size is reflected by a cutoff
of the probability distribution (e.g., P(S) e~5/SmaxS~7 see Table B.1). The regime where the avalanche
size distribution can be described by such simple scaling laws is referred to as the scaling regime. Indeed,
empirically observed distributions of avalanche sizes and durations resemble power-laws, with the power-law
extending over 3 or more decades in size (S) [43, 45, 56-58|.

Further, these scaling predictions are equivalent for entire classes of models that have differing microscopic

details—a feature known as ‘universality’. Many biologically motivated models thus predict the same universal
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scaling of the avalanche statistics [45, 59-66]. These models are said to be in the same ‘universality class’.
The renormalization group (RG) makes it possible to identify which properties are relevant for the scaling
behavior on large scales, and which ones are irrelevant. Therefore, the RG can be used to predict which
biologically motivated amendments of existing models alter the universality class [67-69]. These tools are
now commonly used to study neuronal activity and will inform our model.

Here, to include memory in an avalanche, we introduce a mechanism that, once a neuron has spiked,
dynamically reduces the spiking threshold for the remainder of the avalanche. This threshold reduction (or
‘weakening’) changes the avalanche statistics [70], and so is a relevant parameter (in the sense outlined in the
previous paragraph). Specifically, with weakening, periodically occurring system spanning (or ‘runaway’)
avalanches occur, that are composed of a significant amount of cyclic recurrent spiking [71]. The recurrent
spiking was validated by in-vitro cortical spiking data that too showed a large amount of cyclic recurrent
activity in large avalanches. These results point towards a memory mechanism like weakening that has a
significant effect on the size distribution of the spiking avalanches.

We wish to mention that similar recurrent large avalanches can be obtained by overshoots that may be
caused for example by temporary increases in the coupling between neurons [5]. Here we use the weakening
as a representative of a class of many different mechanisms that can cause such large avalanches. The results
discussed here should apply in similar ways to other mechanisms, like overshoots or temporary coupling
increases in the same way. In either case, the large recurrent avalanches may be similar to seizures, so it is of
great interest to understand how their size can be reduced.

To this end, we also include inhibitory neurons, which send negative ionic currents when they spike,
preventing more neurons from spiking soon after [72, 73]. In this work we test the hypothesis that the size of
seizure-like large avalanches can be reduced by the inhibitory neurons. For simplicity, we model an excitatory
population of neurons that feel an averaged effect of an external population of inhibitory neurons. The effect
of an inhibitory neuron spike amounts to a reduction in the potential of the whole system. In the following,
we survey the implications of our model for our understanding of the epileptic state and neuronal dynamics

in general.

5.4 Model

To study the dynamics of a system of N spiking neurons, it’s typical to define the state of the network
as V = V; where V; is the potential of neuron ‘’. We note that if the local cell stress, 7;, is replaced by the
neuron potential, V;, the simulation outlined below is identical to that of Chapter 2. The network state

evolves when a neuron reaches its threshold potential, Vinesn = 1, whence it emits a spike, reducing its own
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dissipated by
inhibition

Figure. 5.1: Graphic of main changes to typical neuron models. When a neuron reaches threshold
(left) it spikes, sending a portion of the potential released back into the system. The rest of the potential is
dissipated by inhibition. The threshold is reduced after spiking until the avalanche is complete (right).

potential by AV; =1 — V; ;. Here, V;; is the neuron-dependent reset potential, which is distributed randomly
to capture the inherent disorder in neuronal systems. The released potential is dispersed evenly to the rest of
the system via the synaptic connections, increasing the potential of all other neurons by AV} system = AVi/N.

To include realistic neuronal effects, here we will introduce two features: 1) A separate population of
inhibitory spiking neurons whose effect will be to suck potential out of the system with strength «. This

amounts to a change in AV gystem — (1 — @) AV gystem. This assumption is justified by experiments that
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show that the number of inhibitory neurons that spike in each avalanche is proportional to the number of
excitatory neurons that spike in the same avalanche (see Appendix D, Section 1). We also point out that the
inhibition defined this way is related to the effective spring constant, Kp,, of the model used in Chapter 2 and
Chapter 3 describing slip at an interface. Specifically, « =1 —c¢=1—- J/(J 4+ K). 2) A threshold reduction
mechanism has been shown to be useful in replicating experimentally resolved recurrent spiking in large
neuronal avalanches [71]. After a neuron spikes, the threshold necessary for a subsequent spike is lowered
Vihresh — Vihresh — €AV for the remainder of the avalanche. e € [0, 1] is the strength of the weakening. We can
see this effect is equivalent to instead fixing the threshold and increasing the gain function (or strengthening
the couplings) of a neuron after it has spiked; either way the neuron reaches threshold faster. Though the
latter may be more biologically motivated, we use the former for ease of comparison with previous work [5, 7].
In the following we’ll therefore discuss the behavior of our system as a function of inhibition and weakening

(i.e., in {«, e}-space). A graphical representation of the model described above is shown in Figure 5.1.

5.5 Results

The model described above produces dynamics in the form of avalanches. There are two predicted steady
states, determined by the position of the system in {a, e}-space. For @ > a* = €/(1 + ¢€), in the region of
Figure 5.2(a) labeled ‘stable’; the system response consists only of scale-invariant avalanches (Figure 5.2(b),
€ = 0) up to a maximum size that broadens with increasing alpha as S%,. ~ 2a=2 4+ O(a?) [7]. We will refer
to this as the normal state. For @ < o, in the region labeled ‘bi-stable’; a second steady state is possible,
consisting of temporally quasi-periodic system spanning avalanches, with smaller scale free avalanches in the
times between. We refer to these smaller avalanches happening in between the system spanning avalanches as
the “background activity”. The size distribution thus has a power-law for small sizes (from the background
activity), up to a cut off S5, = 2(1 —€)?/(e — a)? + O((e — @)?) < S2.. |7], followed by the system-spanning
avalanches, together yielding a bimodal distribution (Figure 5.2(b), e = 0.4, red). These large avalanches are
referred to as runaway events, and we refer to this state as the seizure state.

Since the switching times grow with the system size, for N — oo, the initial conditions (within the
bi-stable region) determine whether the steady state system operates in the normal or seizure state. For finite
N, however, the probability of spontaneously switching between the two states is nonzero and switching from
one to the other is expected. This switching from the normal state into the seizure state is facilitated by a
nucleation mechanism, where an avalanche of size larger than the nucleation size Sc, (1 — €)N/(1 — a) grows

into a system spanning avalanche [7]. The system can also transition back into the normal state from the

seizure state if there are not enough neurons available to participate in a runaway event (see [7]).
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Figure. 5.2: Bi-stability between normal and seizure states in simulations. a) Phase diagram
for a,e € [0,1]. Phase boundary a* (black dashed line) separates the stable and bi-stable regimes. A
teal perimeter highlights the region of phase space sampled for switching statistics. b) Avalanche size
distribution for weakened (e > 0) and non-weakened (¢ = 0) simulations. Black lines show the two predicted
critical exponents. System spanning avalanches are evident by the sharp vertical lines in the weakened
case. Simulations parameters (N = 25000,w = 0.1, = 0.005 [green line: « = 0.008]). ¢) Time trace
of avalanche sizes in model simulations. Seizure states are highlighted in grey and AT marks the seizure
duration. Simulation parameters (N = 100, w = 2/19,¢ = 0.46, « = 0.25).

This switching is visible in a typical time trace of avalanche sizes from model simulations (shown in
Figure 5.2(c)). We will focus on the mode switching process from seizure to normal state (describing the
duration of the seizure state) which has a persistence time AT, depending on «a, €, N and the characteristic
time needed to load a neuron to threshold, Ty. The average persistence time is predicted by our model to

have the approximate form [7]:

ToN3/? .
(AT) ~ (Sos e(X+X2)N/Smax (5.1)

respectively, where x = (a* — a)/[(1 — a*)(1 — @)] [7].

For a portion of {«, e}-space in the unstable region (red box Figure 5.2(a)) we extracted the first moment

of time spent in the seizure state (AT) from model simulations. In Figure 5.3(a) we plot the (AT) vs.
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weakening, for varying values of inhibition. We see inhibition reduces the average time spent in the seizure
state (i.e., (AT) decreases with increasing inhibition). We also see this reduction competes with the weakening
which acts to increase (AT) (see Figure 5.3(a)).

As an initial comparison of the model with data, we have examined spiking signals from many hundreds
of neurons in a slice culture of mouse cortex [74]. A feature of most all in-vitro spiking neuron systems is the
presence of slow oscillations between a state of low activity and one of high activity, a phenomena usually
referred to as bursting [57]. We extracted times spent in each of the states (see Appendix D) and constructed
complementary distribution functions to compare with the model’s switching times (e.g., by identifying the

high activity state with the seizure state and the low activity state with the normal state, Figure 5.3(b)).

5.6 Discussion

10°4
- exp
-- Sim
104+ a=0.25

1034

Average seizure time ((AT))

0.45  0.46  0.47  0.48
Threshold reduction (&)

Figure. 5.3: Switching times in model simulations and experiments. a) average seizure time as a
function of threshold reduction €, for varying values of inhibition «. The error bars show a 95% confidence
interval. b) Probability of seizure times being larger than 7 shown for varying values of threshold reduction
and fixed inhibition o = 0.25. Three different exemplary spiking data sets are shown in black lines.

The results predict collective behavior in large systems of excitatory and inhibitory spiking neurons.
Specifically, modeling both memory effects (through the dynamic threshold weakening) and inhibition (through
the interaction with the inhibitory population) leads to the prediction of two possible outcomes for the
neuronal dynamics. Without inhibition, the network is predicted to be in the bi-stable phase, susceptible to
runaway avalanches. However, the results indicate that increasing the inhibition will tune the network into
a stable phase absent of these runaway avalanches. Therefore, this model prediction can potentially help
estimate the strength of inhibition needed in a network to prevent runway avalanches. Most importantly, if
these runaway avalanches are related to seizures [75-78] our results predict a way to tune global inhibition

(for instance through the addition of inhibiting drugs [79, 80]) to relax the epileptic system back to stability
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(Figure 5.2(b)).

To understand seizures, which are temporary episodes of bursting behavior, we focus on the bistable
phase. Here, the system switches between the normal state or the seizure state. In the seizure state the
avalanche size distribution follows a power-law with a bump in the tail reflecting the runaway avalanches [81,
82|, while in the normal state the avalanches are distributed according to a power-law with a smaller cutoff.

The switching phenomena provides a possible mechanism responsible for excessive brain activity [80,
82-84]. This is because the seizure state nucleates out of the normal state at random—that just means that
if the avalanche size surpasses a critical value, it turns into a runaway avalanche, transitioning the network
into the seizure state. This random occurrence would explain why it is difficult to find reliable precursors to
seizures.

The nucleation of a seizure state is ultimately a consequence of the dynamic threshold weakening. The
nucleation size, i.e., the critical avalanche size needed to trigger this switching, S¢; ~ 1 —¢)N/(1 — a) depends
on N, « and e. By measuring this size, it may be possible to estimate where a real system lies in «, e-space.
More importantly, by changing the various parameters through appropriate drugs it may be possible to
increase the nucleation size so that seizure episodes are less likely and thus greatly suppressed.

These results show how inhibition reduces hyperactivity [75, 85]. We find that introducing more inhibition
to the system will help reduce the average time spent in the seizure state (Figure 5.3(a)). Thus, increasing
inhibition («) is predicted to make seizures end more quickly. We found the effects of inhibition to be in
competition with the dynamic threshold weakening—enhancing the amount of weakening (¢) made seizures
longer, while a reduction in the weakening also reduces occurrence rate of seizures.

We compared the statistics of burst times in the experimental (in-vitro) data (e.g., time spent in the
high or low activity states) to see if the trends resemble the predictions of our model. Our simple model has
only a few limited ingredients, but we are still able to capture several features of the data. In particular we
compare the high activity state in experiments to our model’s seizure state. We find that the average time
spent in the high activity state roughly follows a Poissonian distribution, consistent with the prediction of our
model for the seizure state [7] (see Figure 5.3(b) and Appendix C). Further, comparing three separate data
sets (i.e., from different brain slices on different MEA’s) we find a possible explanation for differing burst
statistics; that the effective memory from MEA to MEA is differing, as exemplified by Figure 5.3(b).

It’s also important to note that studying these switching times (rather than avalanche properties directly)
is not vulnerable to the massive problem of subsampling in neuron data sets [86]. To be clear, we mean that
a subsampled data set will give the same results for switching times as the fully sampled set (since we see
roughly the same burst outline even after subsampling, see Appendix C).

Our work also encourages a discussion about which critical point is controlling the system. Inhibition
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induced desynchronization is seen in experiments 75, 79, 80] and indeed many models suggest a synchronization
transition is controlling the system [62, 78, 84, 87-89]. On the other hand, several other models suggest
the critical point is that of directed percolation, describing the transition between the active and absorbing
states [63, 65, 66, 81, 90, 91|. Even combinations of the two have been suggested [62, 90, 92]. We are
instead suggesting a close cousin to directed percolation, the weakened-depinning transition, that resembles
the problem of an elastic interface moving in a disordered environment [3| that includes dynamic threshold
weakening [5]. This weakening is the key ingredient out of which the quasi-periodic runaway events emerge,
whose connections to oscillations in neuronal systems warrants further investigation.

We would also like to draw some comparisons to other work. First, we note that the runaway avalanches
in our model compare closely to dragon king avalanches [82] as well as giant depolarizing events [80, 83]
reported in previous work. The various approaches corroborate that neuro-dynamics lie in the bistable phase.

Lastly, the question of self-organized criticality (SOC) that arises in much of the neuroscience literature
[43, 57, 59, 61, 63, 68, 82, 93] can be studied in the context of domain wall motion in magnets, where global
dipolar effects called “demagnetization fields” can self-organize the wall to the center of the system [70, 94, 95].
These demagnetization fields are equivalent to inhibition in our system, and an important prediction of [94] is
that SOC is only realized with infinite ranged (global) weak demagnetization fields. This would suggest that
real neuronal systems (i.e., those with an underlying network structure) are not expected to be self-organized
critical, but rather near an ordinary critical point, and that they can be tuned closer to or farther away
from criticality by tuning parameters such as inhibition strength and weakening. Future directions include

extending this work beyond MFT models to include e.g., these underlying network structures.

5.7 Conclusion

We have shown that global inhibition plays the role of preventing large periodic avalanches in the
collective activity of neuronal systems. Our results predict a regular (normal) and epileptic (seizure) state,
and the possibility of switching from one to the other in any finite sized system. We showed that average
time spent in the normal state was enhanced through inhibition (decreasing the likelihood that a seizure
happens) and the seizure state was impeded by inhibition (preventing long seizures). This seizure phase is only
possible when inhibition is below a critical value, suggesting that inhibition in real systems is an important
ingredient for preventing epileptic activity. The model makes predictions that can be tested experimentally.
For example, it predicts how the dwell time in these various dynamical phases depend on the experimental

tuning parameters, such as inhibition strength and weakening.
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Chapter 6

Modeling Recurrent Cortical Spiking
Activity from Large Neuronal Avalanches

in Mice

6.1 Description of Collaborative Team

The contents of this chapter in its entirety is published in the journal "Scientific Reports". Several
authors contributed to this work; John Beggs ran the experiments and performed post-processing. Benjamin
Nicholson and Christopher Meyers post processed the data from raw spikes into causal webs and performed
an analysis of the cycles in these causal webs. Karina Avila wrote the simulation code and helped with
preliminary modeling and data analysis. Karin Dahmen supervised my role in the project, specifically as
it pertained to modeling. I ran model simulations and analyzed experiments. All authors contributed to

writing the manuscript.

6.2 Abstract

A new statistical analysis of large neuronal avalanches observed in mouse and rat brain tissues reveals
a substantial degree of recurrent activity and cyclic patterns of activation not seen in smaller avalanches.
To explain these observations, we adapted a model of structural weakening in materials. In this model,
dynamical weakening of neuron firing thresholds closely replicates experimental avalanche size distributions,

firing number distributions, and patterns of cyclic activity. This agreement between model and data suggests
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that a mechanism like dynamical weakening plays a key role in recurrent activity found in large neuronal
avalanches. We expect these results to illuminate the causes and dynamics of large avalanches, like those seen

in seizures.

6.3 Introduction

Neuronal firing signals measured from the cortex of animals and humans are known to occur in quick
intermittent bursts, involving complex cascades of electrical activity [43, 45, 55-57, 68, 96—-101]. Here we
show that while the smaller cascades typically are not recurrent and occur temporally clustered, the largest
cascades or avalanches are periodically occurring and highly recurrent. Understanding the origin of large
avalanches and predicting their timing is important for preventing their potentially catastrophic impact
for instance during a seizure. The hope is that understanding the underlying mechanism provides new
insights for preventing serious problems such as epilepsy, which affects roughly one percent of the world’s
population. Possible mechanisms include pre-existing feedback loops in the underlying neuronal network,
temporary strengthening of active connections between neurons, or firing threshold weakening. Here we
appeal to a biological threshold weakening mechanism that has been reported [102]. We find that including
this mechanism in an established model for firing avalanches qualitatively reproduces the experimental data.
We also discuss connections to other models.

The results of this study are relevant not just for neurons but also for many other systems: similar
collective bursts of cascading activity — or “avalanches” occur in a broad range of experimental and natural
systems, including magnets, fluids in porous media, and earthquakes [5, 24, 103]. The power-law scaling
behavior of avalanche statistics and dynamics can often be described in the framework of second order phase
transitions [24]. Since the smaller avalanches in healthy brain tissue are often also power-law distributed,
the brain has been conjectured to operate near a critical point [43]. In this work, we expect the weakening
parameter to increase the avalanche size scaling exponent from 1/2 to 1, describing the universality class of
de-pinning with dynamical weakening [5]. We will refer these avalanches in the power-law scaling regime of
the size distribution as "small avalanches", and those that are larger than the scaling regime (i.e., in the
exponential tail of the distribution) as "large avalanche". Several statistical and dynamical model predictions
have been investigated through experiments [45], but the interplay between the dynamically changing neural
network and the avalanches and especially the dynamics of catastrophically large avalanches, have yet to be
fully understood.

Electrical activity in neurons travels along networks defined by neuronal connectivity. Broadly speaking,

activity can propagate through a network of interconnected neuronal nodes in either a feedforward or in
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a feedback manner. In feedforward propagation, activity visits each neuron only once in a given cascade.
Feedforward cascades are relatively brief in duration, typically stable, and can be used to perform computations
that rapidly converge [104]. In feedback propagation, some nodes are reactivated, possibly many times, during
a cascade. Feedback cascades can be relatively long in duration, can amplify and become unstable, and
can be used to perform iterative computations that take longer to converge [105]. This type of propagation
could easily be harmful as well, since it can promote self-generated activity that may not be desirable. Some
experiments have found recurrent activity in neurons [75, 85, 106-108], usually as the driving force behind
self-generated sustained activity, where it was seen to arise during seizures in rats [75]. It was also shown to
generate slow oscillations in cat neocortex [106] and suggested to play a role in synchronization in Guinea
pig hippocampal slices [85]. Despite this past work, limitations of the spatial and/or temporal resolution of
most methods for recording the activity of a sufficiently large number of neurons has prevented recurrent
activity within neuronal avalanches from being experimentally resolved. Here we leverage a novel technique
[44] to reexamine neuronal firing data [45, 74|, allowing us to disentangle neuronal avalanches into causally
connected webs of firing activity. This affords us a high enough spatial and temporal resolution to reliably
(see Appendix E, sec. 2) characterize signatures of recurrent activity for the first time within avalanches,
both qualitatively and quantitatively.

We note here that firing frequency adaptation [109] is normally thought to suppress recurrent firing
(within the timescale T). However, the recurrent firing seen in the data suggests additional mechanisms are at
play. A mechanism that weakens thresholds dynamically (and temporarily) is known to affect the dynamics
of many systems such as earthquakes [110], shear deformation in materials [111] and even the formation of
river basins [112, 113]. Here we invoke an analogous neuronal weakening mechanism for three main reasons:
(1) Inhibitory neurons have a regime where their firing thresholds decrease as they are driven more strongly
[102]. In addition, the hyperpolarizing effects of inhibition have been shown to lower firing thresholds and
reduce refractory periods of excitatory neurons [114]. (2) The effects of a weakening mechanism are equivalent
to the effects of temporary coupling strength increase immediately after a firing event [5]. Neuronal data
support this idea as synapses onto inhibitory neurons in the cortex have short-term facilitation [115]. Thus,
the literature suggests a biological tuning parameter that controls recurrent (such as “epileptic” [75]) activity
in neuronal networks. The new parameter could be either temporary threshold weakening or, equivalently, a
coupling strength increase. (3) Here we use the language of weakening simply to connect the description to a
much broader class of systems with similar recurrence effects, including earthquakes and brittle behavior,
where weakening is the more natural description. Yet, both mechanisms equally promote recurrent activity
within large avalanches because they are analogous to each other, and both interpretations can be used

interchangeably.
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6.4 Methods

6.4.1 Data from microelectrode arrays

The data that we analyze here were collected using a 512-microelectrode array and previously published
[45, 74]. This array has an electrode spacing (60 um) and sampling rate (20 kHz) that let us detect individual
neuron firing events and track their transmission within a densely connected cortical network. The tissue
we used in these experiments came from slices of mouse and rat cortex that were cultured for two weeks
until they showed mature patterns of neuronal activity. These patterns allow for extraction of avalanche size
and avalanche duration distributions. For several of these samples, those distributions can be approximated
by power-laws, indicating that these networks may be operating near a critical point [56]. We thus focused
our attention on those samples that reflect the most relevant state seen in-vivo for active and anesthetized

animals [116-118].

6.4.2 Causal webs
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Figure. 6.1: Causal webs. Time trace of a recurrent avalanche in mouse. For a single large avalanche
with size S = 399 and number of neurons U = 162, the causal web of firing activity. Individual neurons are
labeled by an arbitrary neuron index (y-axis, not all neurons participate in this avalanche), which spike at
particular times (x-axis, in ms since start of recording). The causal web is a directed graph whose nodes are
indexed by the pair (neuron, time). Nodes with no incoming edges are indicated by right-pointing triangles,
nodes with no outgoing edges are indicated by squares, and nodes with both incoming and outgoing edges are
indicated by circles. Patterns of recurrent neural activity are seen as particular neurons spiking repeatedly
during the avalanche, leading to horizontal trace of like-colored symbols.

From firing activity, we need to infer neuronal avalanches. Most previous work has relied on temporal

binning of the data, to identify temporally connected bins of activity [43]. One problem with this method is

53



that it can merge avalanches that occur at the same time but at disconnected locations. In this work, we have
used instead a recently developed method of “causal webs” [44]. Briefly, this assumes that avalanches can
only propagate along connections between neurons and at delays that are consistent with those connections.
We used transfer entropy [119] to estimate statistically significant functional connections between neurons
and their corresponding delays [120-123]. We then mapped the observed network activity onto avalanches
that were consistent with the connections and delays we found previously in the network. Activity that could
not be accounted for by these connections and delays was excluded from avalanches. From the raw firing
data, we extracted causal webs for several mouse and rat neural tissue recordings (a single avalanche is shown
in Figure 6.1). Generally, each recording consisted of many tens to hundreds of thousands of avalanches
involving hundreds of neurons. Not all samples show evidence of power-law distributed avalanche statistics,
so we use such statistics as a quality control filter, resulting in six mouse samples and two rat samples which

we use for further analysis (see Appendix E, Figure E.1).

6.4.3 Bi-Test

The Bi-test extracts temporal information about avalanches in the form of a distribution of interevent
times [124]. These times can be broadly classified as either clustered or periodic: information that can suggest
different mechanisms underlying recurrent avalanche activity. Given a set of M avalanches one can observe
the set of starting times T' = ¢;,i = 1,..., M to construct the values H; = At;/(At; + A1;/2). Here At; is
taken as the minimal interevent time, min(|t; — ¢i.1], [tir1 — &), and A7 is the subsequent interevent time
([tic1 — ti—2| or [tig2 — tiy1]|). Once H = {H;} is found, the form of the temporal correlations can be inferred

from the shape of the cumulative distribution function (CDF) of H (see Figure E.13) [124, 125].

6.4.4 Model

The broad model describing systems like earthquakes and magnets [5, 24, 103] is adapted to include
not only excitatory (i.e. positively coupled), but inhibitory (i.e. negatively coupled) cells as well, to better
represent real neuronal systems. We further replace the uniform coupling constant J by a weight matrix J;;
with an all-to-all topology and the strengths randomly distributed. This represents the connections between
a pre (i) and post (j) synaptic neurons. In view of experimentally observed functional connectivity [122, 126,
127], the elements of this matrix are sampled from a log-normal distribution

1 —in(sy)?
N

P(Jy) = ——
( J) Jij\/QTFNe

Simulations start by defining for all neurons an arrest potential V; sirest that is sampled from a uniform

(6.1)
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Figure. 6.2: Recurrent activity in mouse cortical neurons. a) Scatter-plot of avalanche size S
as a function of the number of individual neurons U participating in each avalanche, as estimated by the
causal-webs method [44]. For the mouse sample 434 neurons participated in 86936 avalanches. For rat 106
neurons participated in 77648 avalanches. b) Distribution of the mean number of times each neuron spikes in
an avalanche, for avalanches within specified size bins. Note the rat data had no avalanches in the largest
(size=512-2048) bin. c¢) Avalanche interevent time correlations. The cumulative distribution function of
H; = At /(At; + A1y /2), where At; is taken as the minimal interevent time, min(|¢; — ti—1|, [ti+1 — i), and
AT is the subsequent interevent time (|t;_; — t;_a| or |ti12 — tiy1]|). Poisson distributed random interevent
times fall directly on the dashed line, while perfectly periodic interevent times fall on the dotted line. The
bi-test in the green regime is a signature of temporal clustering while in the purple regime is a signature of
temporal quasi-periodicity.

55



distribution on the interval [—w/2,w/2]. We initialize all N neurons with a random potential value

ij = Vvi,arrcst + EAV; (62)

where 0 < ¢ <1 is uniformly distributed and for simplicity we have defined AV; = Vinresh — Vi,arrest- This
simply initializes the system in a mixed up state so the steady state is reached quickly. Next, the inclusion of
inhibitory neurons amounts to designating Ney. neurons to be excitatory and Ny, neurons to be inhibitory
(N = Nexc + Ninn)-

When an inhibitory neuron i spikes, the synaptic connections with all other excitatory type neurons j are
less than zero (J;; < 0) so that inhibitory neurons do indeed inhibit excitatory neurons from firing. We use
four times as many excitatory neurons as inhibitory (Nexc = 4Nin) as typically reported in cortical tissue
[128].

To start an avalanche, we raise the potential V; of all N neurons by the amount Vippesn — max(V;) such
that the “origin” neuron i which is closest to the firing threshold Vipesh = 1 is caused to spike. When this
neuron i spikes, the simulation resets its potential to a resting value V; — V; — AV}. In the subsequent time
step (we have checked that delaying this does not change our results, see Appendix E, sec. 4) the firing event
from neuron i then contributes to all other N — 1 neurons the potential AVi/(N — 1).

The new failure threshold for an already spiked neuron is weakened to a dynamical value Vaynamical =
Vihresh — eE/IAVi, with 0 < egy; < 1. Note that this parameter is not necessarily the same for excitatory
neurons as it is for inhibitory ones. Thresholds for the firing of a neuron during an avalanche are diminished
due to this weakening process but are reset to their original default after an avalanche terminates. Thus, the
model assumption relies on a separation of time scales between intra-avalanche and inter-avalanche firing
(verified in the data, see Appendix E sec.3) and assumes that some unspecified relaxation process allows for
the resetting of firing thresholds on sufficiently long timescales after an avalanche terminates. As discussed
below the separation of time scales does not have to be perfectly fulfilled to observe the predicted trends.

Avalanches emerge in this model when the origin firing event triggers one or more firing events in a
cascading fashion. We identify the avalanche size S to be the number of total firing events, and U as the total
number of neurons involved. All simulations were performed for 200,000 time steps each. To match both

mouse and rat data sets we simulated system sizes from 450 to 2000 neurons and disorder strength w = 1.9.

6.4.5 Sub-sampling

In the experiment, the cortical slices are laid atop a 1 by 2 mm rectangular electrode array. Because only

roughly one quarter of the total slice is being recorded by the MEA, there is chance that neurons outside of
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the field of view affect the recorded neurons i.e., by causing one of them to spike. To emulate this in our
simulations, we have up-sized our system by a factor of four and then analyzed only one fourth of the neurons
when constructing avalanches. We outline the sub-sampling procedure in more detail in Appendix E. We
find that sub-sampling the data has the effect of increasing both the level of recurrent activity as well as
the robustness of the clustered bi-test signature for small avalanches. In the Appendix E, Figure E.9, we
show that the sub-sampling alone cannot reproduce the data, and that weakening is indeed necessary for our

simulations to reproduce the data.

6.5 Results

6.5.1 S vs U: evidence of recurrent activity

Having reconstructed avalanches, we examine the relationship between the overall size S of an avalanche
(total number of firing events) and the number of unique neurons U firing during that avalanche. For both
mouse and rat samples, Figure 6.2(a), shows the relationship between the size S and number U participating
in each avalanche. Smaller avalanches tend to involve approximately only a single firing event per neuron
during an avalanche (S & U), whereas the largest avalanches in this recording involve some neurons firing
more than once (S > U). Note that the mouse sample (black) shows more recurrent activity than the rat
sample (S/U greater for the largest avalanches). Appendix E shows similar plots for other samples and

recordings (Figure E.2).

6.5.2 Distribution of recurrent activity

We examine further the nature of these repeated firing events by considering the distribution of the
number of times each neuron spikes during an avalanche. Representative data are shown in Figure 6.2(b), for
the rat and mouse samples, where we bin avalanches by their total size S and compute the mean number
of neurons F'(m) that spike m times during an avalanche. For any given avalanche bin (range of avalanche
sizes), F'(m) falls off roughly exponentially, but for larger avalanches, this exponential decay becomes slower
and slower, with some neurons firing dozens of times in a single avalanche. In some samples (see Appendix E

Figure E.3), some neurons spike hundreds of times during an avalanche.

6.5.3 Cycles: the nature of recurrent dynamics

While the distributions shown in Figure 6.2(b) demonstrate that some neurons spike many times during

an avalanche, they do not reveal the structure of these avalanches or the role played by neurons firing many
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Figure. 6.3: Model comparison to data. Causal web analysis of neuronal avalanches in both mouse
(black line, a) and rat (grey line, b) are shown in comparison to model simulations (blue and red lines,
respectively). Lines represent the average value of size, S, within bins of the number of neurons, N. We use
twenty logarithmically spaced bins and error bars show the standard deviation of the bin. Using ¢, = 0.5
€ = 0.8 the model captures the recurrent activity and matches the S vs. U distribution in the mouse.
Adjusting the number of neurons in the simulation and the weakening parameters (e, = 0.6 ¢ = 0.7) the
model fits the rat distribution as well. We reduced the inhibitory-excitatory coupling strengths by a factor
of v = 4.8 and v = 2.5 for the mouse and rat simulations, respectively. The complement of the cumulative
distribution for avalanches size S (C(5)) is shown in the inset compared to the simulated distribution, which
qualitatively (power-law) and quantitatively (—1 slope) match the experiments, for mouse and rat both.
Note that the avalanche sizes involved in the mouse experiments were larger than those in the rat, so the
axes in the right span a smaller range for qualitative comparison of the distributions in different species.
Mouse ¢) and rat d) neurons spike multiple times in an avalanche. The model simulations (empty markers)
qualitatively follow the broadening of the experimental distributions (filled markers) signifying recurrent
activity. Importantly, the simulations also broaden more for larger size avalanches, which is seen in the
experiments facilitates the bending in Figure. 6.1. No avalanches existed in the largest size bin (128 —512) for
the rat, and the axes are different between left and right for better qualitative comparison. All simulations
were run for 200,000 time steps with a disorder strength, w = 1.9.
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times. Are large avalanches characterized by many spontaneous (untriggered) firing events that propagate
through the system in a feedforward manner, or are there cycles of feedback in which activity loops back to
trigger previously active neurons? To address this question, we have probed the net- work structure of these
neuronal avalanches to identify cycles of activity. Each avalanche consists of a directed graph whose nodes
are particular neurons firing at particular times (i.e., (neuron, time) pairs), and whose edges connect nodes if
there is an inferred causal link from a source node to a destination node (i.e., source contributes to the firing
of destination). A time trace of one such large avalanche with recurrent activity is shown in Figure 6.1. For
our purposes here, a cycle is any directed path in an avalanche on which a given neuron spikes at some initial
time and then spikes again at one or more subsequent times on the same directed path, implying a causal
path connecting a neuron to itself at a later time.

In general, we find a complex, interwoven set of cycles, with multiple paths of activity leading into and
out of recurrent loops, shorter cycles sometimes embedded in longer cycles, and injections of new activity
from spontaneous activation events with no apparent triggering event. Characterizing the detailed structure
of these cyclic patterns of activity is beyond the scope of the current work, but we can summarize the
statistics of cycles as shown in Figure 6.4, for both the mouse (a) and rat (b) samples examined previously.
In particular, for any avalanche, we have calculated what fraction of (neuron, time) nodes in a causal web lie
on at least one cycle, as defined above. Most small avalanches are completely feedforward with no cycles
(the lower branch for small S), although some of the small avalanches do involve small cycles among a few
neurons (the upper branch). As avalanches grow larger, they tend to have a larger fraction of firing events
occurring within these cycles, and the mouse sample reveals a greater fraction of activity taking place within
recur- rent cycles for the largest avalanches. Interestingly, recent work examined the same data set [129],
and although defining “cycles” in a different manner (more akin to our definition of “recurrence”), showed in
simulations of networks that cascade duration increased with the number of embedded cycles, thus preserving
information longer. In our analysis, working back from the data, we see that larger avalanches are associated
not just with a greater amount of recurrent activity, but also a greater amount of cyclical /feedback activity,

as we have defined it.

6.5.4 Evidence of weakening

The Bi test extracts interevent time correlations that are used to investigate the presence of dynamic
weakening. Here we use the Bi-test to show that the addition of dynamical weakening to our model produces
a specific temporal signature: quasi-periodic interevent times between the large avalanches in the tail of the

distribution Figure 6.2,(c) (see [125]). We note that a further signature is predicted; clustered interevent
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times between the small avalanches in the scaling regime, for our bare MFT model. We find, however, that
using both inhibitory neurons as well as increased disorder strength causes this temporal signature to vanish.
We outline in Appendix E when the clustered signature does and does not show up in our model simulations
(Figure E.10) and show how sub-sampling in the data could be a reason that we see bi-test signatures in both
small and large avalanches in the data (See Figure E.11 in Appendix E). See Figure E.5 for results of the

Bi-test on other samples.

6.5.5 Model fit to S vs U

Adding dynamic weakening to the model enhances the possibility of recurrent activity, by successively
lowering thresholds to activation and facilitating neuronal firing. We find this activity in both mouse and rat
cortex, which manifests as an upward bending of the S vs. U curve away from the purely feedforward line
(Figure 6.2(a)). Model simulations without weakening produce S vs. U curves that follow this feedforward line
(see Figure E.14, bottom, blue).Those with weakening however produce curves bent above the feedforward
line (Figure E.14, bottom, red). We allow the inhibitory and excitatory weakening values to differ and find
the optimal parameters for mouse and rat to be (eg = 0.5, ¢; = 0.8) and (eg = 0.6, ¢ = 0.7), respectively.
With these parameters alone, we find the S vs. U distributions bend, although there are larger avalanches in
the experiment, and thus the tails of the scatter plot do not match (See Figure E.14, top, red).

By reducing the coupling strength between excitatory and inhibitory neurons by a factor of v (Figure E.14,
top, green), we effectively enhanced the network excitability, leading to larger avalanches for a better fit
to the tail of the experimental scatter plot Figure 6.3,(a-b). For the mouse and rat data, we found good

agreement with v = 4.8 and v = 2.5, respectively.

6.5.6 Model fit to firing distribution

With the addition of dynamic weakening, the model is able to qualitatively capture the phenomena of
multiple neuronal firing. To further investigate the structure of recurrent firing we have constructed the
distribution of single neuron firing times for every avalanche which we then averaged together using bins in
size, analogous to the data presented in Figure 6.2(b). As with the experimental data, we see that larger
avalanches in the model are associated with a widening of the distribution of neural firing (i.e., neurons are
more likely to spike repeatedly). With these parameters, however, the simulations somewhat overestimate the
probabilities in the tails of the distributions (Figure 6.3,(c-d)). We note that this widening of the distribution

of neural firing in our model is very slight unless we add weakening (see Appendix E, Figure E.15).
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6.5.7 Recurrent cycles in model simulations

We analyzed the dynamical trajectories generated by the simulation model to assess the presence of
cycles, as for the experimental data. In the model, a given set of neurons spike at one discrete time step,
leading to the firing of a different set of neurons firing at the next time step. Therefore the “causal webs” that
we infer from the model trajectories are more densely connected than those we infer from the experimental
data, since each neuron firing at one time step contributes in principle to the activity of all firing neurons at
the next time step. Nonetheless, we have computed the fraction of model firing events that lie on a cycle as a
function of avalanche size, and plotted those results in Figure 6.4,(c-d) for mouse and rat parameters. These
results on top (experiments) are qualitatively similar to the analogous plots on bottom (model simulations),
revealing the merging of distinct feed-forward and recurrent branches of activity for small avalanches, and an

increase in cyclic activity as avalanches grow larger.
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Figure. 6.4: Cycles in recurrent avalanches. Fraction of firing events that lie on a cycle of activity, as
a function of overall avalanche size S, for mouse experiments a), rat experiments b), mouse simulations c)
and rat simulations d). By detecting cyclical activity of firing events on directed causal paths (see text), all
firing events are classified as either lying on a cycle or not. For each model simulated avalanche, the fraction
of firing events in a cycle for that avalanche is plotted as a function of avalanche size. Large avalanches are
characterized by more recurrent firing, and a greater fraction of firing lying on cycles.
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6.6 Discussion

Here we have demonstrated that dynamic threshold weakening can induce recurrent firing patterns
in cortical neurons. This dynamic reduction of firing thresholds is reminiscent of structural weakening in
materials models [5] and has been inferred from parameter estimation algorithms applied to current clamp
recordings of neurons [102]. Importantly we note that in addition to dynamic threshold weakening, there
is also evidence for a firing frequency adaptation mechanism [102]|. Since recurrent activity emerges at the
onset of a seizure [75] we could use this effect, whatever its origins, to understand and combat dangerous
pathologies such as epileptic activity.

These basic patterns were observed in multiple tissue samples, from both rat and mouse. The similarity
of these two example cases suggests much broader applicability of the results. For both mouse and rat
data, the same model qualitatively reproduces the bending of the S vs U curves (Figure 6.3,(a-b)), the
broadening of the distribution of multiple neuron firing events (Figure 6.3,(c-d)) and the propagation of
activity around cycles (Figure 6.4,(c-d)). Note that the relationship between avalanche size and the time
interval between avalanches (previously studied in [68]), is separate from the relationship between avalanche
size and the intervals of recurrent firing events within them (here called cycles). With very minimal tuning of
the weakening parameter between species, the model comparison can even be quantitative (e.g., it predicts
the maximum values of avalanche sizes for a given network size, maximum number of times one neuron will
spike in a given avalanche, etc.). This robust confirmation across data sets indicates that this weakening
phenomenon is likely a general feature of neuronal avalanches in cortex.

Interestingly, other systems in nature also display weakening effects, which might help provide intuition
about the dynamics of neuronal systems. Weakening has been observed in a wide variety of systems, and it is
often associated with dynamical instabilities, spatio-temporal pattern formation, and spatial localization.
Velocity-weakening friction in models of earthquakes leads to localized pulses of slip that propagate along
faults [110]. Shear localization in materials involves spatially concentrated bands of shear deformations
triggered by weakening [111]. Formation of river basins proceeds through a feedback process of canalization
whereby locally increased water flow results in increased soil erosion, thereby supporting greater flow through
emergent channels [112, 113]. We therefore speculate that weakening in neuronal networks might show similar
dynamics, with channels of recurrent neural activity carved out by the avalanche dynamics itself, a scenario
that can be studied in future work.

To strengthen the model, different biologically inspired amendments could be considered. For instance,
the topology of neuronal systems is not all-to-all as we have assumed in this work for simplicity. Whether

large avalanches and their recurrent activity are affected by topology in the model presented here could be
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the subject of some interesting future work. Further, our instant re-healing of a firing threshold after an
avalanche terminates was ultimately used to limit the timescales introduced in the problem, but could instead
in the future be modeled by a slower re-healing process. We lastly point out that results in-vivo, where the
separation of timescales assumed here is not likely to be true, have never the less been captured by models
that require such a separation in timescales [56, 100, 101, 116|, supporting the claim that our results may too

be applicable in-vivo.

6.7 Conclusion

Here we have shown that the larger avalanches in neuronal networks involve distributions of recurrent
electrical activity, with multiple feedback cycles permeating the avalanche dynamics. We have demonstrated
that a dynamic weakening of thresholds for neuronal activation is a plausible explanation for the experimental
neuronal firing data.

Our model was purposefully designed as simply as possible to reproduce the trends in the data. That
way we could extract the key components of the underlying mechanism for the recurrent behavior, and make
predictions for universal aspects of the dynamics, that do not depend on the microscopic details. Future work
could include the microscopic details of specific neuronal systems and refine the model for detail dependent
predictions.

Our simple coarse-grained model with weakening reproduces patterns of recurrent activity observed
in the data without the need to include intrinsic neural dynamics. A Bi-test applied to the data, and the
fits of the avalanche model with weakening, both support the notion of a dynamical weakening mechanism.
This weakening mechanism leads to the recurrent operation of neurons and the formation of large “runaway”
neuronal avalanches. For large weakening these runaway avalanches sweep most of the neurons — reminiscent

of pathologies such as epileptic seizures.
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Chapter 7

Exploring Dual Species Neuronal

Avalanches

7.1 Introduction

This chapter will take a closer look at the data and model of the previous chapter, this time with
information not only about which neuron spiked and at what time, but also whether a neuron is inhibitory or
excitatory. We seek answers to two questions: 1) Could we differentiate between the two types of neurons
within an avalanche? The fraction of neurons that are activated within an avalanche could be compared
between the two species, for instance. Then, we could even compare the recurrent activity in an avalanche
between the two species. 2) Piggy backing on this question, if we looked at a system with one ratio of number
of inhibitory to number of total neurons (Ni,n/N, we’ll refer to this as the ‘inhibitory ratio’ from now on),
how would we expect avalanche properties— size, duration, averaged temporal profiles, etc.,— look as compared
to a system with another inhibitory ratio? We’'ll first tease out signatures in the data that could help us to
answer these questions, and then we compare them with the model simulations. We will find that both are

highly sensitive to the inhibitory ratio, with the inhibitory neurons making up most of the avalanche activity.

7.2 Experiments

In this section, we reinvestigate the experiments from Chapter 6 with a valuable new piece of information—
each neuron in the data set is now labeled as ’excitatory’, ’inhibitory’, or 'unidentified’. We’ll first use this

information to look for correlations between various avalanche properties and the percentage of inhibitory
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neurons in the sample. Next, we’ll take a closer look at the internal structure of neuronal avalanches by

comparing the abundance of inhibitory activity relative to the excitatory activity.

7.2.1 Sample to Sample Variation

We start by making some definitions. Since there are now two species of neurons, we define the number
of excitatory (inhibitory) neurons as Nipp (Nexe). We define the total number of inhibitory and excitatory
spikes with Si, and Sexc, respectively, as well as the number of unique excitatory (inhibitory) neurons active
in an avalanche, Uexc (Uinp)- In Figure 7.1(a) we show an example of a cartoon avalanche before and after
species labeling).

For the sample focused on in Chapter 6, of the N = 434 neurons, 95 were identified as inhibitory, 247
identified as excitatory, and 92 were not able to be identified as either inhibitory or excitatory. This of course
is inconsistent with the estimated ratio used for simulations in Chapter 6 (20%) as it severely underestimates
the prevalence of inhibitory neurons in the sample. In fact, according to the species labels, not one of the 14
examined data sets had an inhibitory ratio as low as 20% Figure 7.1(b). We do, however, point out that
the inhibitory ratio roughly decreases with increasing system size (i.e., number of total neurons, N), hinting
that the discrepancy between previously reported ratios [128] and those found here might resolve with larger
sample sizes.

What’s even more obscure is the first moment of the avalanche size distribution has no visible correlation
with system size here. This is in stark contrast to the expectation from our simulations without inhibitory
neurons (c.f. Figure 2.5(d)), where we see instead see the first moment of the avalanche size distribution
scales with system size, N. Here, the average avalanche size does, however, roughly increase exponentially
with increasing inhibitory ratio, though there are a handful of outliers to this trend (Figure 7.1(c)). Similarly,
the average amount of recurrent activity in a sample, (S/U), roughly increases exponentially with increasing
inhibitory ratio, with no obvious trend in system size (Figure 7.1(c), inset). In summary, we observe that the
inhibitory ratio changes from sample to sample with no obviously predictable consequences on the reflected

avalanche properties.

7.2.2 Inhibitory vs. Excitatory

Now we take a closer look at the internal structure of the neuronal avalanches in hopes of clarifying the
aforementioned observations. Since the avalanches are composed of two different species, we first look at
what fraction of neurons from each underlying species are activated in an avalanche. In Figure 7.2(a) we

plot the fraction of activated excitatory (inhibitory) neurons, Uexc/Nexe (Uinh/Ninh) as a function of the total
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Figure. 7.1: Differentiating between inhibitory and excitatory neurons. a) A schematic of
avalanche characterization with species (inhibitory or excitatory). A red outline indicates that a neuron has
spiked, and a label ‘n’ indicates that the neuron spiked n times. (Left) The size is the number of total spikes
(S = 10) and the number of unique neurons is (U = 6). (Right) Avalanches now are characterized by the
species differentiated number of active neurons (Uin, and Uexc) i.€., the number of neurons that spiked at least
once, as well as the species differentiated avalanche size (Sipn and Uexc). b) The system size is plotted as a
function of the percentage of inhibitory neurons, (Nj,,/N), for all fifteen samples. Marker color corresponds
to system size, and we have highlighted the background of the figure in green where the inhibitory ratio is
less than 50% (excitatory dominant) and purple where the inhibitory ratio is greater than 50% (inhibitory
dominant). c) The first moment of the avalanche size distribution, (S), plotted as a function of percentage of

inhibitory neurons. Markers and background are colored the same as in b). Error bars show a 95% confidence
interval.
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level of recurrent activity in the avalanche (S/U). On average, around four percent of excitatory neurons are
active in a feedforward (i.e., S/U = 1) avalanche and this percentage monotonically increases until saturating
for the most recurrent avalanches at approximately ~ 60% average activated excitatory neurons (see green

lines and markers in Figure 7.2(a)).
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Figure. 7.2: Inhibitory neurons dominate avalanche activity. a) The species-differentiated fraction
of active neurons is shown for each avalanche (circle markers) as a function of the level of total recurrent
activity. Markers are color coded green and purple for excitatory and inhibitory neurons, respectively. The
average, taken in twenty logarithmically spaced bins, is shown with solid lines and the error bars represent a
95% confidence interval. We highlight the difference of the species-differentiated fraction of active neurons
(%‘—22 - %) in the inset. b) The same as in a) but for the species-differentiated level of recurrent activity
(5‘—:: — %) c) The difference of the species-differentiated levels of recurrent activity is plotted on double-
logarithmic scale to highlight the scaling with level of total recurrent activity. The lines represent the average,
taken in twenty logarithmically spaced bins with error bars representing a 95% confidence interval. The
fifteen samples are shown with line colors corresponding to different system sizes (see legend in d)). The
background is highlighted in purple to indicate the recurrent activity is dominated by the inhibitory neurons.
d) The probability distribution of the percentage of inhibitory spikes in an avalanche (‘% inh. spikes’). The
distribution is constructed for avalanches larger than size S = 10 and the background is highlighted green

and purple to indicate excitatory and inhibitory dominance, respectively.

Qualitatively, the fraction of inhibitory neurons behaves like the excitatory neurons with increasing level
of recurrent activity, however, we can see that the inhibitory neurons consistently have a higher average

activated fraction for a given level of recurrent activity. Specifically for the feedforward avalanches, there are
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on average roughly 15% activated fraction of inhibitory neurons, and this fraction increases monotonically
with the level of total recurrent activity in the avalanche, saturating at roughly ~ 75% average activated
inhibitory neurons (see purple lines and markers in Figure 7.2(a)). We highlight the difference between these
activated fractions (Uinh/Ninh — Uexe/Nexc) in the inset of Figure 7.2(a). There, it seems that the average
value has a peak for some intermediate level of recurrent activity. By that, we just mean that this difference
initially increases with increasing recurrent activity, until some intermediate value of S/U, beyond which the
difference gradually decreases.

We have seen that there is, on average, a larger fraction of inhibitory neurons involved in an avalanche
than excitatory ones. Now we’ll disentangle the recurrent activity coming from the inhibitory vs. excitatory
neurons by looking at the difference of species differentiated recurrent activity, Sinh/Uinh — Sexc/Uexc. In
Figure 7.2(b) we show the species differentiated level of recurrent activity (Sinn/Uinn in purple and Sexc/Uexc
in green) vs. the total level of recurrent activity (S/U). As a guide for the eye, in grey we plot the line S/U
vs. S/U, to emphasize that the inhibitory neurons lie above this line and the excitatory neurons lie below
this line. This means that the majority of the recurrent activity is emitted from inhibitory neurons, and this
becomes truer for avalanches with higher levels of activity. This is quantified in the inset of Figure 7.2(b),
where we plot the difference of species differentiated recurrent activity as a function of total recurrent activity.
Plotted with double logarithmic axes, the difference of species differentiated recurrent activity even appears

to scale with the total recurrent activity (Figure 7.2(c))

Sinh Sexc S A

with A ~ 5/4. As important as the scaling itself, is the consistency with which it shows up among the 14

samples (shown in different colors, Figure 7.2(c)). Nearly all samples at least begin to scale with the level
of recurrent activity, and for a majority of the samples, the scaling is undeniable. We show in the inset of
Figure 7.2(c) the average difference of the species differentiated fraction of active neurons. Again, all samples
show a dominance of the inhibitory species, and the qualitative features are roughly consistent between
samples.

To further confirm the dominance of inhibitory spikes in neuronal avalanches, we wanted to characterize
what percentage of an avalanche is composed of inhibitory spikes. We extracted a histogram of this inhibitory
percentage ('%inh.’) and normalized the counts to estimate the probability distribution, PDF(%inh.)
Figure 7.2(d). Here, we are interested in the larger, and more recurrent, avalanches, where the inhibitory
dominance is most clear. To extract a PDF resembling the statistics of just these larger avalanches, we only

sample avalanches that are greater than size 10. This number is chosen mostly arbitrarily, just large enough
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to suppress the very small avalanches causing the spikes at zero- and one-hundred percent inhibitory spikes,
and instead highlight the statistics of the most recurrent avalanches. We have checked that the results that
follow do not depend on the exact value chosen for this minimal avalanche size (see Appendix F).

When focusing just on the larger avalanches, an indisputable preference towards inhibitory spikes is
seen in all but one sample Figure 7.2(d). What we mean is that the distribution is sharply peaked around a
value that is larger than one-half, signifying the avalanches are composed of a majority of inhibitory spikes
rather than excitatory spikes. The results of this section point to a clear dominance of activity by the
inhibitory neurons, despite the fact that they are the minority population, which should be considered the

most important takeaway from this section.

7.3 Model

In this section, we test whether these results outlined above can be recovered by our model that includes
both inhibitory and excitatory neurons. First, we’ll reiterate the details of the model, emphasizing the
parameter combinations that will be most important to us when fitting the data. We’ll show that the model
is indeed able to produce qualitative features seen in the difference of species differentiated fraction of active
neurons as well as the difference of species differentiated recurrent activity. We also show the percentage of
spikes in the model avalanches are on average inhibitory dominant. We’ll close with a brief investigation of
the average avalanche shapes produced by the model simulations.

We employ the model from the previous chapter (Chapter 6) to simulate two species of spiking neurons,
inhibitory and excitatory. The underlying process that is simulated is the spiking of one (’pre-synaptic’)
neuron, triggering the release of, and corresponding redistribution of membrane potential to the neurons
that are synaptically connected to this pre-synaptic neuron (i.e., the 'post-synaptic’ neurons). Excitatory
and inhibitory neurons both behave the same way in our model— once their membrane potential surpasses
a threshold, they spike. However, the species which was the presynaptic neuron determines the resulting
redistribution of membrane potential. If the pre-synaptic neuron is excitatory, when it spikes, it increases the
potential of all post-synaptic neurons, regardless of species type. In contrast, if the pre-synaptic neuron is
inhibitory when it spikes it will increase the membrane potential of the inhibitory post-synaptic neurons and
decrease the potential of all post-synaptic excitatory neurons. This is where the name ’inhibitory’ comes from
since they are inhibiting the excitatory neurons from spiking.

As outlined in the previous chapter, when a neuron spikes, it loses potential in the amount AV}

A‘/l = denamical - ‘/arrest,i (72)
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where this dynamical threshold, arising from the weakening, takes on two values during an avalanche

1 before spiking
denamical = (73)
1 —eg/; after spiking, for remainder of avalanche

When the neuron is not spiking, it is just receiving incoming potential from all neurons that spiked in

the previous time step. Specifically, a neurons potential increases by an amount

Ji; AV,
A IHCOmII] IJ 74
gi Z Z |JkJ ( )

where the sum is over all neurons that spiked in the previous time step. Given the way we defined the
interaction strengths between any two pairs of pre- and post-synaptic neurons, it will be more illuminating to
rewrite this equation separately for each species. First, an inhibitory neuron experiences the same increase in
potential whether an excitatory or an inhibitory neuron had spiked. The increase in potential would then be
identical to Eq. (7.4), where the sum over '’ is over all spiking neurons in the system. In contrast, excitatory
neurons experience an increase in potential from other spiking excitatory neurons, but a decrease in potential
from spiking inhibitory neurons. We then define any connection strength between a pre-synaptic inhibitory
neuron and a post-synaptic excitatory neuron as —J/v where, as explained in Chapter 6, 7 is introduced to
control the level of inhibition in the system. The two important equations defining our model simulations

then simplify to

T AV; JijAV; iinhibi
AV A for i inhibitory
it %leﬂ fer 20k [l
A‘/incoming,i = (75)
Jii AV; Jij AV : :
S50 - % s~ foriexcitatory
jee ¥ Y jez —x

where £ and 7 are the sets of excitatory and inhibitory neurons that spiked in the previous time step,

f /4§ row in the

respectively. The denominator of this term represents the sum of the absolute value o
synaptic weight matrix J.

When simulating this model, we must fix the number of excitatory and inhibitory neurons, Ney. and
Ninn, respectively. The next free parameter is v which we can use to adjust the strength with which a spiking
inhibitory neuron reduces the potential of an excitatory neuron. We’ll find that v and the inhibitory ratio
have similar effects on the avalanches, and thus we can increase v to compensate for an increase in Njyy,.

With the addition of dynamical weakening, there are two more parameters,eg and €, representing the

strength of this weakening for the excitatory and inhibitory neurons, respectively. Finally, the width of the
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disorder distribution, w, and the width of the coupling matrix distribution, AJ, are the last free parameters.
We’ll discuss below how these parameters can be adjusted to find excellent agreement with the empirical

results outlined in the previous section.

7.3.1 Comparing with Data

For the simulation results below, we will fix the inhibitory ratio to 20% (previously reported in mouse
cortex [128]) as well as the widths of the two disorder distributions, w = 1.9 and AJ = 1, leaving only
v, €1, €g to vary. The first question we have is whether our estimate of 20% inhibitory neurons was skewing
our simulations. We show in Figure 7.3(a) the comparison between avalanche size CCDF of the experiment
and simulations. As we saw in the previous chapter, with 20% inhibitory neurons, there is a set of parameters
that matches the data very well (y = 2.25,¢; = 0.85,eg = 0.55). When we adjust this ratio to the empirically
measured value (~ 28%), we see the power-law decays faster than when using a 20% inhibitory ratio, and
to smaller avalanche cutoff (Figure 7.3(a), green line). Similarly, the level of recurrence decreases slightly,
descending slightly from the maximum value of S vs. U we had earlier (Figure 7.3(a)). Importantly, by simply
reducing the strength of the inhibitory to excitatory connections, v = 2.25 — 3, we can get the simulations to
converge back to the experiment even while using the empirically observed ratio of inhibitory to excitatory
neurons (~ 28%, Figure 7.3(a), red line).

We’ve seen the results of Chapter 6 are robust when we increase the inhibitory ratio in the simulations to
the empirical value. The next question is, does the simulation also reproduce the dominance in the inhibitory
species that we saw in the previous section? First, we show the difference of species differentiated recurrent
activity (c.f. Figure 7.2(b)) for our simulations before (blue) and after (red) increasing this inhibitory ratio.
We can see that in both cases the simulations reproduce the scaling law found in the experiments (c.f.
Eq. (7.4)). Interestingly, increasing the inhibitory ratio from 20% to ~ 28% did not change the scaling
produced by the simulations, but did increase the maximal level of recurrent activity (the red line extends
further than the blue in Figure 7.3(b)). In the inset of Figure 7.3(b) we confirm the fraction of activity
inhibitory neurons is greater than the excitatory ones, just as seen in the experiments.

A clear picture of inhibitory dominance is starting to appear, but could it really be that avalanches are
predominately composed of inhibitory spikes? After all, the excitatory neurons are certainly the majority
species (except for two samples). To verify this, we extract the fraction of total spikes in an avalanche that
were emitted from an inhibitory neuron and characterize with a PDF that we can compare to experiments
(c.f. Figure 2.2(d)). We see that the simulations with only 20% inhibitory neurons were not able to reproduce

the experiment, and instead, the PDF is skewed to the left, signaling excitatory dominance. In contrast,
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once we corrected the inhibitory ratio to the empirical value of ~ 28% and adjusted v from 2.25 — 3, the
PDEF shifts to the right, signaling more inhibitory dominance, and, lining up more closely with experiments.

Lastly, we wanted to see if this inhibitory dominance has any noticeable signature in the averaged
avalanche shape profiles. As we pointed out in Chapter 4, these profiles, averaged in bins of duration, start to
skew leftward for the longest duration avalanches (Figure 7.3(d), black). Amazingly, this is indeed a feature
that our simulations produce when we have inhibitory neurons. We can see that when adjusting the ratio of
inhibitory neurons from 20% (blue) to the empirical value (~ 28%, red) the duration averaged spiking-rate
profile skews further to the left, suggesting the inhibition may be at the root of the leftward skew. We leave
further investigation of the shapes to future work but mention this additional agreement between the model

and simulations here for completeness.

7.4 Discussion

The first striking feature we observed in this chapter was that the inhibitory ratio was larger than the
typically reported [128] and simulated [2] value of 20%. This was true of all samples investigated, though as
the sample sizes (N) got larger, the inhibitory ratio roughly tended towards 20%, bottoming out at ~ 28%
amongst the fourteen data sets (Figure 7.1(b)). This trend may be suggesting that for larger system sizes
this ratio may truly be closer to 20%, as typically reported [128]. Nevertheless, the observation we point out
here (that the inhibitory ratio is larger than 20%) certainly should likely be considered when trying to model
in-vitro cortical slices with order hundreds of neurons.

Though the inhibitory ratio was larger than anticipated for all samples, it was almost always less than
50% (excluding two samples) i.e., the excitatory population tends to be the majority. It is then very interesting
that the majority of the spikes measured in avalanches are in fact coming from the minority population; that
of the inhibitory neurons. We confirmed this inhibitory dominance with several measures, indeed finding
consistency across all of them—the inhibitory neurons are more active. Not only this but since there are
typically fewer inhibitory than excitatory neurons in a sample, this smaller population of inhibitory neurons
must have been firing several times each, i.e., they were highly recurrent, which is exactly what we observe.

We also point out the need to introduce « into our model in order to produce large enough avalanches to
match the experiment. This was introduced in [71], when we used the conservative inhibitory ratio of 20%.
Importantly, we found that increasing the inhibitory ratio (to the empirically estimated value of ~ 28%) in
our simulations required that we also increased ~ from 2.25 — 3 in order to still match the experiments. This
provides a useful insight—that the strengths of the synapses may be able to adjust in order to account for the

specific inhibitory ratio in a system. Synapses that adjust themselves dynamically have long been discussed
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Figure. 7.3: Reproducing inhibitory dominance with model simulations. a) The CCDF of
avalanche size is shown for the experiment (black) and model simulations with parameter values found in
Chapter 6 (blue). The ratio of inhibitory neurons is adjusted from 20% to the empirically estimated value of
~ 28%, with all other parameters held fixed (green). The simulation parameter + is then adjusted from 2.25
(green) to 3 (red). The inset shows the averaged number of spikes (S) given the total number of neurons (U),
with error bars showing the standard deviation. b) The averaged difference in species-differentiated recurrent
activity for each avalanche is plotted as a function of total level of recurrent activity (circle markers) for the
experiment (black) and the simulations before (blue) and after (red) adjusting the inhibitory ratio and + from
2.25 to 3, respectively. The average, taken in twenty logarithmically spaced bins, is shown with a solid line.
Error bars represent a 95% confidence interval, and the background is highlighted purple to indicate inhibitory
dominance. The inset shows the average difference of species differentiated fraction of active neurons for
each avalanche (circle markers) plotted as a function of total level of recurrent activity. Solid lines represent
the average, taken in twenty logarithmically spaced bins. Error bars represent a 95% confidence interval,
and the background is highlighted purple to indicate inhibitory dominance. ¢) The probability distribution
of the percentage of inhibitory spikes in an avalanche (‘% inh. spikes’) for the experiment (black) and the
simulations before (blue) and after (red) adjusting the inhibitory ratio from 20% to ~ 28% and ~ from 2.25 to
3, respectively. The distribution is constructed for avalanches larger than size S = 10 and the background is
highlighted green and purple to indicate excitatory and inhibitory dominance, respectively. d) The averaged
temporal profile for forty of the longest duration avalanches (i.e., those outside of the duration scaling regime)
is shown for experiment (black) and the simulations before (blue) and after (red) adjusting the inhibitory
ratio and «. The y-axis is rescaled by the maximum value of each curve for ease of comparison.

in the literature of both experimental and theoretical neuroscience, under the name of synaptic plasticity
[130]. Our work here may be suggesting that some aspect of synaptic plasticity, specifically involving those

synapses connecting inhibitory to excitatory neurons, may be driven by changes in the inhibitory ratio. If
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future experiments could replicate several samples with precise inhibitory ratios, one could test this prediction
by comparing the fits to v between the different samples (i.e., different inhibitory ratios). In this scenario,
our work suggests you would find v would increase with increasing inhibitory ratio.

We have started to build up a sketch of inhibitory-excitatory avalanche dynamics, where the inhibitory
neurons are spiking much more than the excitatory ones, and they are coupled more weakly to excitatory
neurons than to other inhibitory ones. This image is consistent with the idea that the inhibitory neurons
act as a sea of constant spiking [131], taking several inhibitory spikes per excitatory spike to calm down the
behavior. Crucially, this observation would be consistent with the idea that neurons act like the ‘brakes of
the brain’ [132, 133]. Interestingly, we also found the average avalanche temporal profiles displayed a leftward
skew of the averaged temporal profiles for fixed duration for the largest duration avalanches, and this feature
was not just seen in the experiments, but in the model as well. It is certainly suggestive that this leftward
skew could originate from a situation where, at first, many excitatory neurons spike quickly, and then, with
some temporal delay, the inhibitory neurons came on afterward to quell the activity. Indeed, this might cause
the decay in the temporal profile observed in Figure 7.3(d). This is certainly work that should be pursued in
the future, and while it is beyond the scope of this thesis, we have included a brief investigation of this idea
in Appendix F.

To close, we briefly mention that our work connects to avalanches outside of the realm of neuroscience as
well; anywhere that negative couplings arise (for example in antiferromagnets). Recall that we found the
difference of species differentiated recurrent activity scaled with total recurrent activity (c.f. Eq. (7.4)). The
traditional scaling reported in avalanches (neuronal avalanches and otherwise) is usually attributed to an
underlying critical point, which tells you about the the behavior of the system on large length and time
scales. It would be important as a next step then to figure out if the scaling law observed in this chapter also
stems from the underlying critical point, or if it stems from something more mundane. If it is the former, our

results could be connected to other systems using the principle of universality.

7.5 Conclusion

In this chapter, we showed how the additional information of the species type helped to uncover previously
unknown features of neuronal avalanches. We found that, though the inhibitory neurons typically were the
minority population, they tended to make up a majority of the avalanche activity. This of course implies
the inhibitory neurons must have been much more recurrently active, a feature we predicted with our model
simulations. We also showed that the average avalanche size, as well as the total recurrent activity (i.e.,

the total number of spikes in an avalanche (S) divided by the number of unique neurons that participated
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in the avalanche (U)), increased roughly exponentially with the inhibitory ratio. Model simulations found
best comparison to data when reducing the inhibitory to excitatory connection strengths (by a factor of
~v = 3), evidence in favor of the idea that the inhibitory spikes are like a weak sea of activity surrounding
the excitatory neurons. Lastly, with the leftward skewed avalanche shapes (i.e. the average firing rates for
avalanches of a given duration) we provided preliminary experimental and simulation evidence that the

inhibitory neurons turn on to stop long avalanches, i.e., that they are the ‘brakes of the brain’.
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Appendix A

Appendix to Chapter 2

A.1 Constructing a Probability Distribution Function (PDF)

The probability distribution function, PDF'| can be constructed from data via. a histogram. In
Figure A.1(a) we show the counts (i.e., the number of occurrences) for a list of random integers X; this is
what we mean by a histogram. To construct the PDF from such a histogram, one just has to scale the
y-axis by the number of samples, Ngamples. We show in orange the PDF for the list of random numbers X,
highlighting that the PDF is normalized to unity. In Figure A.1(b) we highlight the PDF' estimated from
a histogram of avalanche sizes (neuronal avalanches from Chapter 6). You can see that, depending on the
number of bins used to construct the histogram from the data, you can get varying results for the PDF.
This discrepancy can be avoided completely by instead using the complement of the cummulative distribution

function, CCDF'.

A.2 Constructing the Complement of the Cummulative Distribution

Function (CCDF)

The CCDF(z) of a random variable X tells you the probability of having x take on a value greater than
or equal to X. This means, for z < min(Xx’), the CCDF should equal unity and for > max(X’), the CCDF
should equal zero, i.e., there is one-hundred percent chance of finding a value of z that is in X', and zero
percent chance of finding a value of z that is not in X. To construct the CCDF, simply order the list of
random numbers X from smallest to largest. This ordered list is the x value of the CCDF graph. If the

number of elements in the list is NV, then the "y’ value assigned to the smallest value in the list is 1, and every
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i'th element after the first one is assigned a ’y’ value of 1 —i(1/N). That is, the 'y’ value assigned to the
largest value in the list is just 1/N (i.e., approaching zero for large N). In Figure A.1(c), we plot the CCDF

corresponding to the random list X from Figure A.1(a).

A.3 Averaging in Bins
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Figure. A.1: Statistical analysis of data a) For an example set of random numbers (X) we plot
the counts (number of times of occurrence of a number in the set) in grey. The PDF, shown in orange,
is constructed by normalizing the counts by the number of samples, Ngamples- ) We show the PDF of
avalanche size, S, for the neuronal avalanches found in Sample 1 (see Chapter 4). We construct the PDF
using 50 (blue), 20 (red), 10 (green) and 5 (purple) bins, to highlight that the number of bins can cause slight
differences in the estimated PDF'. ¢) The complement of the cummulative distribution function (CCDF)
is plotted for the same set of random numbers in (a), X. d) Two sets of random variables, Y and Z are
plotted vs. each other as black dots. To find the average value of Z for a given value of Y, we take bins in
the Y-variable (shown with grey vertical lines) for which we assign a Z value equal to the mean of the Z
value of all black dots that lie within the bin (orange line connects these means). To show the error of the
bin average, we can use the standard deviation (orange), the confidence interval (green) or the standard error
of the mean (blue).

We can test predictions for expected values of avalanche size given duration, for instance, by ’bin-
averaging’ the scatter plot of size vs. duration. In Figure A.1(d), we illustrate the procedure of bin-averaging

with some fabricated random data, Y and Z. First, we make a scatter plot of Z vs. Y (shown as black
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dots in Figure A.1(d)), then we divide the Y axis into bins; evenly spaced segments of the Y range of the
data (shown with grey lines in Figure A.1(d)). The bin-average for a given bin is simply the mean of the
data points that lie within the bin. The error bar for the bin-average is typically chosen to be the standard
deviation of the data in the bin (S.T.D), or the standard error of the mean (S.E.M=S.T.D/v'N, where N
is the number of events in the bin) or even the confidence interval (C.I, 2(S.E.M)). In Figure A.1(d), we

illustrate these three different error bars in orange, blue and green, respectively.

A.4 Constructing Average Avalanche Temporal Profiles

Size Averaged Duration Averaged

0.257 a —— Single avalanche profile 0.254 t,
Average avalanche profile '

0.204

0.154 /
/T
0.10- / \1
L L 0.00 Ll Ll Ll Ll L}
0 20 40 60 80 0.0 0.2 0.4 0.6 0.8 1.0
t tIT

(r|m

N

Figure. A.2: Constructing average avalanche temporal profiles a) Individual avalanche profiles (I'(t)
during the duration of the avalanche) are shown in blue for four different avalanches with similar sizes. The
average avalanche profile is shown in orange, with error bars representing the standard error of the mean. b)
Individual profiles (I'(¢) during the duration of the avalanche) are shown in blue for four different avalanches
with similar durations. The average avalanche profile is shown in orange, with error bars representing the
standard error of the mean.

To compare data with the predictions of the critical scaling function, we need to form an averaged
avalanche profile, and we have to do this for different sizes (and/or durations), in order to check for a scaling
collapse. To collapse average profiles is easy enough; just follow the scaling laws in Table 2.1. It is maybe
not obvious, however, how to construct the average avalanche profile from a set of individual profiles. To
average avalanche profiles of similar size, we first rescale all the profiles to start at t = 0 (Figure A.2(a)).
Avalanches with similar size will not necessarily have the same duration, so we pad all avalanches with zeros
at the end until they are all equal to the length of the longest duration avalanche in the bin. Now, the average
shape is taken simply by averaging the individual shapes point-wise. The error bar shows the standard error
of the mean, since we would ultimately compare this to a prediction of the critical scaling function, which

predictions how the average values of these profiles will look.
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Similarly, to average profiles of similar duration, we first rescale them to start at t = 0 (Figure A.2(b)).
Here, in contrast to the size averaging, we do not pad the avalanches with zeros, but instead rescale the time
axis by the avalanches duration, T', so that all of the individual avalanche profiles start and end at zero and
one, respectively. In contrast to the size averaged profiles, now we see that there does not exist a unique data
point in each shape for us to take a point wise average with. By this, we just mean that there are not the
same number of data points in each avalanche profile. To average, we simply divide the time axis into bins
and take the average of any data points that lie within the bins. Here, we again use the standard error of the
mean for the error bars, and, the number of bins is set by the number of data points in the shortest of the

individual (blue) avalanche profiles.
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Appendix B

Appendix to Chapter 3

System

Table B.1: Analytical predictions of simple slip model.

T

o

ovz

a—1
T—1

1
ovz

Micro-tribometer
MD Simulations
MFT e=0
WMFT € >0
MFT+Noise

2.0139 £ 0.0223
1.9448 £ 0.0638
1.5
2
1.9063 + 0.0164

2.1285 £ 0.0088
2.8535 £ 0.1775
2
3
1.8336 £ 0.0065

0.7125 £ 0.0117
0.5554 £ 0.0322
0.5
0.5
0.4892 £ 0.0121

1.1130 +£0.0124
1.9617 +£0.1032
2
2
0.9197 £+ 0.0089

1.4034 £ 0.0117
1.8004 £ 0.0322
2
2
2.0438 £ 0.0121

The mean-field model for material deformation was solved [2, 134] and the critical exponents cataloged

[135]. Table B.1 summarizes the six model predictions that were compared in this paper.

B.1 Simulating the MFT Model

With the appropriate pinning forces (see [5]) the dynamics of the model are completely described by

the local friction force at each asperity site ‘¢’. When the local friction force surpasses the (uniform) failure

force (i.e., frain = 1), its friction force is reduced to f(ri,tjt+1) = f(ri,t;) — [frait — fare(ri)]. Here, we chose to

include the effects of the quenched disorder (f,,) in the form of disorder in this arrest force. Specifically, the

arrest force is sampled from a uniform distribution of width w, centered on f,,; = 0. In the mean field theory,

the energy lost due to this reduction of force at site ‘i’ is redistributed by increasing the friction force at all

other local asperities by J/N{ftai1 — fare(ri)] at time step ¢j41.

To account for the externally applied force, F', we apply a uniform velocity v a distance L away from the

friction interface, which emulates a spring force with constant Kj, such that ' = vK7y, [5, 7]. Thus, at all

time steps we uniformly raise the friction force at each asperity by the amount v K7, which could in principle
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Figure. B.1: Emulating periodic machine noise in model simulations reproduces artifacts from
tribometer experiments. a) The derivative with respect to time of friction force (main) and a zoom-out
(inset). b) ccdf of avalanche size, for micro-tribometer experiments (blue) MFT prediction (dashed grey) MFT
simulation (black) and MFT+noise simulation (red).c) Average force-drop rate profiles for micro-tribometer
experiments. The profiles were computed from n avalanches found in a narrow size bin centered on 5;, for
three bins in the scaling regime. Markers are shown with error bars calculated from the standard error in a
log binned average over time. The size averaged profiles are predicted to collapse onto each other when both

the x and y-axis are rescaled by S, 12 (inset). d) Same as (c), but for MFT+noise simulations.
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help to persist avalanches longer if this extra amount of friction force allows a new asperity to slip. Here,
however, we are interested in the dynamical regime where the asperities interact much more quickly than the
external force changes, i.e., VKT, < (ftaii — farr(7i)) [7]- Here the average is taken over all asperities, and so
represents the characteristic amount of force needed to raise an arrested asperity to failure. With the system
driven slowly enough, the effect of driving force F' on the avalanche statistics vanishes.

In our simulations, without the external driving force, we simply raise the friction uniformly at all sites
until one fails. From this failure, we distribute the friction force to the rest of the system, which causes other
asperities to surpass threshold and fail, in a chain reaction or ‘avalanche’. After an avalanche, we randomize
the friction forces, raise the force uniformly until the next site fails, and repeat until we have constructed
an ensemble of avalanches. The size of the avalanche is taken to be the number of cites that slipped, and

duration of the avalanche is the time of the final slip minus the time of the initial slip

B.2 Periodic Noise (Experiments)

The experiments have periodic noise (Figure B.1(a), downstream from the measurement. Every 100 us,
there is an 18 time-step (1.8 x 1073 s) burst of fluctuations in the force-drop rate, with average amplitudes
close to twice the average maximum velocity seen in the extracted avalanches. We therefore expect that simply
overlaying the equivalent periodic noise signal over a simulated time trace of the mean field theory (MFT)
will show results similar to experiments (Figure B.1(b)). Specifically, we add Gaussian noise (with a mean of
0 and a standard deviation of 1) to the velocity time trace from the MFT simulations, in the same periodic
manner of the experiments. The effect of the noise is to cut off the avalanches at the beginning, resulting in
nonzero starting velocities, as seen in the size averaged shapes from both experiment and MFT simulations
with noise (Figure B.1(c) and (d), respectively). The periodic noise populates the avalanche size distribution
with multiple fast events that have a size proportional to the noise amplitude. The MFT simulations with an

amplitude of 2 yielded results that qualitatively resemble the experimental size distribution (Figure B.1(b)).

B.3 Unavoidable Oscillations (MD Simulations)

The MD simulations have oscillations upstream from the measurement that are an artifact of the
simulation method. We therefore expect that modifying the MFT simulation to include oscillations will
show results those from the molecular dynamics simulations [125]. These effects are most clearly seen in
averaged velocity profiles (I'(t)) where 3 clear size regimes emerge (Figure B.2). The smallest avalanches are

unaffected by the oscillations (Figure B.2(a-b)) until a maximum size, after which the profiles of the avalanches
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themselves are the oscillation profiles (Figure B.2(c-d)). In avalanches that have an inverse duration T greater
than the frequency of these applied oscillations the duration and size averaged shapes resemble the MFT

predicted scaling function, but with a sinusoidal gain added (Figure B.2(e-f)).

B.4 Avoidable Oscillations (Experiments)

The experiments can also be affected by oscillations when, for instance, the cantilever is near a resonant
frequency. It was important to use a cantilever with a soft normal stiffness to minimize these resonance
effects (Figure B.3). The blue lines show the avalanche results for the stiffest cantilever. The signature in
the duration distributions of oscillations in experiments with stiff cantilevers is a shoulder at T' = Tos.. This
implies that the chance for an event of such a duration is large (Figure B.3,bottom right). The oscillation
frequency can be seen as a clear peak in the power spectrum (Figure B.3, bottom left). Using a softer
cantilever yields a lower resonant frequency, implying that for softer and softer cantilevers the peak seen in
Figure B.3(c) (blue) should shift further (orange) and further (green) to the left. The shoulder in the CCDF
will become less sharp (Figure B.3(d), orange) and ultimately disappear (green). The analysis regimes for
experiment and MD simulations were chosen by determining the regimes in the power spectra that were not

affected by oscillations Figure B.4- B.6.

B.5 Run-In Behavior (Experiments)

As mentioned in the main paper, the experimental analysis was performed in the steady state regime
only (Figure 3.1(c)), corresponding to the last 400 of 500 total cycles for each experimental dataset. These
results matched best with the purely incommensurate simulations. However, it is interesting to note that
when the run-in regime is analyzed, the results compare best with a mixture of MD simulations, 4 parts

incommensurate per 1 part commensurate (Figure B.7).
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Figure. B.2: The three qualitatively distinct size regimes seen in the average velocity profiles.
The analysis in this paper used avalanches from the largest bins shown in (e) and (f), with velocity profiles
that relaxed back to the MFT form. This is in contrast to those in the second regime where oscillations
dominate the profile (¢, d). (See also [125]).
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Figure. B.3: Reducing cantilever stiffness lowers oscillation frequency to uncover avalanches
in friction force fluctuations. a) Friction force measurements of MoSs in a micro-tribometer. b) The
derivative with respect to time of the friction force, I'. A black line at dI'/dt = 0 highlights the zero crossings
at the beginning and end of an avalanche. The inset shows a zoom in of one avalanche with a characteristic
duration T*. ¢) The power spectrum of the friction force trace for cantilevers with lateral stiffness’s 3794 N/m
(‘Stiff”), 1571.5 N/m (‘Medium’) and 42.8 N/m (‘Soft’). d) The ccdf of avalanche duration for the same three
cantilevers. The MFT predictions are shown with a dashed grey line.
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Figure. B.4: Defining the scaling regime in experiments. The power spectrum of the experimental
friction force time trace a) and the avalanche duration vs. size ¢) are shown with error bar markers calculated
from the standard error in a log-binned average over frequency and size, respectively. The duration b) and
size d) CCDFs are plotted with error bar markers calculated with a Bayesian technique with 95% confidence
interval [38]. Using the highlighted frequency regime in the power spectrum [fimin, fmax), we then define the
duration regime as [1/ fmax, 1/ fmin] (highlighted in the duration CCDF), that is used in conjunction with the
size vs. duration plot to fix the size regime [Spin, Smax| (highlighted in the size CCDF). Mean field power-law
predictions for infinite systems size with zero oscillations are plotted as black dashed lines.
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Figure. B.5: Defining the scaling regime in commensurate MD simulations. The power spectrum
of the experimental friction force time trace a) and the avalanche duration vs. size ¢) are shown with error
bar markers calculated from the standard error in a log-binned average over frequency and size, respectively.
The duration b) and size d) CCDFs are plotted with error bar markers calculated with a Bayesian technique
with 95% confidence interval [38]. Using the highlighted frequency regime in the power spectrum [fimin, fmax)s
we then define the duration regime as [1/ fmax; 1/ fmin] (highlighted in the duration CCDF), that is used in
conjunction with the size vs. duration plot to fix the size regime [Spin, Smax| (highlighted in the size CCDF).
Mean field power-law predictions for infinite systems size with zero oscillations are plotted as black dashed
lines.
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Figure. B.6: Defining the scaling regime in incommensurate MD simulations. The power spectrum
of the experimental friction force time trace a) and the avalanche duration vs. size ¢) are shown with error
bar markers calculated from the standard error in a log-binned average over frequency and size, respectively.
The duration b) and size d) CCDFs are plotted with error bar markers calculated with a Bayesian technique
with 95% confidence interval [38]. Using the highlighted frequency regime in the power spectrum [fmin, fmax),
we then define the duration regime as [1/ fmax; 1/ fmin] (highlighted in the duration CCDF), that is used in
conjunction with the size vs. duration plot to fix the size regime [Spin, Smax| (highlighted in the size CCDF).
Mean field power-law predictions for infinite systems size with zero oscillations are plotted as black dashed

lines.
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Figure. B.7: Demonstration of the comparison between results from a mixture of commen-
surate and incommensurate simulations and the run-in regime from the experiments. a) The
complementary cumulative distribution function (CCDF; probability of having slip size S or larger) for UHV
experiments during run-in (indigo), commensurate MD simulation (red), incommensurate MD simulations
(green), mixed MD simulation with 20% commensurate / 80% incommensurate (cyan), and MFT simulations
that were amended with noise (orange). b) CCDF of durations, C(T'). The cumulative distributions (a, b)
are plotted with error bar markers calculated with a Bayesian technique with 95% confidence interval [38].
c) Distribution of fluctuation size vs. duration. d) Distribution of maximum force-drop rate (I'payx) during
avalanches vs. avalanche size. (¢, d) are shown with error bar markers calculated from the standard error
in a log binned average over size. The power-laws predicted by the mean field model are plotted as black
dashed lines (see Table B.1 in Appendix B). The x and y axis of the three simulations were rescaled to lie on
the experiment, for comparison of the functional form only. Note that the power-laws are predictions for an
infinite size system without noise or oscillations.
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Appendix C

Appendix to Chapter 4

C.1 Constructing Shapes from Causal Web Data

To construct avalanche shape profiles, we usually start with the spiking rate (I'), but ' is not technically
defined within the causal webs framework. However, each causal web can be condensed into a list of spike
times. From this list of times, we can create something resembling a spiking rate by simply adding up all
of the spikes that happened at each specific time. We show an example avalanche profile found using this
method in Figure C.1,(a). We wish to point out here one unusual feature, which is that the time between two
consecutive points in the avalanche profile is not constant (see Figure C.1,(a), inset). This is because in the
causal web’s method, unlike the traditional analysis (see Chapter 4), avalanches do not terminate when zero
neurons spike in a given time step; the avalanche only terminates once there are no more future causal pairs
connected to the cluster of causal pairs that is the avalanche. This results in uneven spaced points in the
avalanche shape (see Figure C.1,(a), red), which at first sight seems concerning.

We'll explain now, why for the results of this thesis, at least, the aforementioned issue is of no concern.
First, in this thesis, we focused mostly on the profiles of the largest duration avalanches. We show in
Figure C.1,(b) that the average percentage of time steps in an avalanche that are larger than the minimum
time step (Ato = 1 ms) becomes insignificant for the longest avalanches. We confirm also that this is true for
all samples (see Figure C.1,(b), inset). Lastly, even if this discrepancy was more prevalent in the data, the
averaged avalanche profiles (the only profiles we have investigated in this thesis) would be unaltered by the
occasional absence of a data point. For these reasons we are confident the conclusions on the avalanche shape

profiles resulting from the causal webs analysis are valid.
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Figure. C.1: Constructing shapes from causal web data. a) A single avalanche profile as extracted
by the causal webs method is shown in blue. We highlight segments of the shape with temporal spacing
(At) greater than the acquisition time Aty = 1lms. In the inset, we plot the temporal spacing (At) between
each data point in the shape, to highlight that there are portions where the temporal spacing is larger that
Atg. b) In each avalanche, we plot the average difference between the time step and the acquisition time,
(At — Atp), versus the corresponding avalanches duration. In the inset, we show the equivalent figure for all
fifteen samples.

C.2 Estimating Critical Exponents in Data

To estimate the value of the critical scaling exponents 7 and «, we use a Bayesian maximum likelihood
estimator in the python library 'Power-law’ (see [46] for more details). When the entire range of the
data is used for the estimation (dashed grey line, Figure C.2(a)), the estimation is not very accurate (i.e.,
not representative of the potential power-law seen in the data). This is because the estimation considers
sizes outside of the scaling regime. The 'Power-law’ package has the ability to locate the scaling regime
(Figure C.2(a), orange highlight), however, after which the estimation is much more accurate (Figure C.2(a),
orange dashed line). To compare with the prediction of the scaling law of average size given duration, (S|T),
vs. duration T, we do not need to use the Bayesian maximum likelihood estimator, and instead, linear
regression works fine. However, when we limit the linear regression to the scaling regime, we again find a

more accurate measurement (Figure C.2(b), grey vs. orange).

C.3 Bursting

We used the data sets openly provided in [74] to make empirical observations on the switching time
distributions. The raw data (n = 15, mouse cortical slices above 512 electrode array) consists of labeled spike
times (i.e., the seventh neuron spiked at time ¢ = 400 — (7,400). We could visualize this, for instance, as a

‘raster plot’ (Figure C.3(a)) where a single dot is shown for each labeled spike-time-tuple in the data set,
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Figure. C.2: Estimating critical exponents. a) The CCDF of avalanche size is shown for the
experimental Sample 1 in black. The estimated power-law slope C(S) ~ S~(1~7) is shown with a grey dashed
line, as measured using the power-law package [46]. The orange dashed line shows the power-law estimated
while imposing a minimum size on the scaling regime ([Smin = 73, Smax = 1000], highlighted in orange). b)
The avalanche size, averaged on duration ((S|T)) is plotted in black versus duration for the experimental
Sample 1. The estimated power-law slope (S|T) ~ T?"# is shown with a grey dashed line, as measured using
linear regression. The orange dashed line shows the power-law estimated while imposing a minimum size on
the scaling regime ([Smin = 73, Smax = 1000], highlighted in orange).

located at x = spike time (e.g., 400) and y = neuron id (e.g., 7). In doing so, we observe (in all data sets)
synchronous activity, known as ’bursting’, where almost all the neurons in the system are spiking. These
regions of activity are usually referred to as ‘up-states’ and the regions of relative inactivity between them
are referred to as ‘down-states’. We will be interested in characterizing how long the system dwells in this
‘up-state’ (i.e., ‘seizure times’).

To this end, we extract the start and end time of each labeled ‘up-state’ in the 1-hour long recording.
Using a method derived from [136], we will first remove tonically spiking neurons (i.e., neurons that never
seem to stop spiking, no matter what state the rest of the system is in). We perform this by simply removing
neurons that spike more than a prescribed number of times (SpikeMax) in the 1-hour long recording. We
note that this simply makes our algorithm more robust while not obstructing the true start vs. end times
of an up-state. This is because the synchronous activity we seek to characterize is relatively insensitive to
spatial subsampling, by this we just mean that since the synchronous ‘up-state’ is a global feature of the
system, it is still very apparent even after subsampling (see Figure C.3(b)).

With this pre-processing of the data complete, we can cook up quite a robust algorithm for identifying
the start and end times of the ‘up-states’. Starting from the set of tuples, we can construct a global list of
spike times ¢; (e.g., ignoring neuron labels for now) and order it t; — {t;|Vi,j > ¢,¢; < t;}. The next step is
to coarse-grain this list (in time with bin-width At) such that we construct the sequence representing the

global spiking-rate I'2* = 2221+At517ti (Figure C.3(b), black line). We can use a simple algorithm (outlined
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in pseudo-code in Figure D.1) that picks out a start time (Figure C.3(b), vertical green lines) wherever the
signal rises above some threshold, I'2* > Ty, and equivalently picks out the end time (Figure C.3(b),
vertical red lines) when the signal subsequently crosses below a (separate) threshold, I'2 > Tiq.

We point out that the algorithm isn’t perfect, for instance in the second up-state of Figure C.3(b),
we see the end time is overestimated. This means the threshold T.,q wasn’t perfect. The parameters
SpikeMax, At, Tstart, Tend are chosen to get the most accurate estimation of start and end times. We catalog

the chosen parameters for each data set in Table C.1.
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Figure. C.3: Extracting seizure times from data. a) With black dots we show the raster plot for
spiking data taken in mouse cortex [120]. Blue dots show spikes only from neurons below some maximum
average firing rate. b) Blue dots from (a) are reproduced, and the spiking rate for a given temporal bin width,
At, is plotted as a black line. Green and red vertical lines show the start and end of the bursts, respectively,
as identified by the algorithm described in Appendix C.3. ¢) The cumulative distribution function (CDF)
of burst/seizure duration shown for a single sample. d) The cumulative distribution function (CDF) of
burst /seizure duration shown for all fifteen samples, each shown in a different color.
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Table C.1: Catalogue of parameters used in burst detection algorithm outlined in Appendix C.3

Data set | Spike Max [# x 103] | At[s] | Tstart[#] | Tenal#]
1 2.5 0.25 20 3
2 5 0.25 20 15
3 2.5 0.2 10 3
4 5 1.5 20 3
) 5 0.25 10 3
6 4 0.6 145 45
7 4 0.15 55 2
8 10 0.25 50 6
9 4 0.35 40 6
10 5 0.25 30 24
11 5 0.25 100 3
12 5 0.25 50 3
13 8 0.25 15 3
14 3 0.25 40 3
15 5 0.25 40 3

C.4 Burst/Avalanche Overlap

We show the avalanche duration CCDF plotted in comparison to the burst/seizure duration CDF, in
order to highlight overlap. The inset zooms in on this overlap, highlighted in orange, which quantifies how
much the bursts are interfering with the avalanches. We measure the percentage of the avalanches that have
durations larger than the minimum burst duration (i.e., those lying in the highlighted region of Figure C.5(a),
"%DGB’) for each of the fifteen samples. In Figure C.5(b), we plot %DGB’ versus the average avalanche
duration in the corresponding sample, to highlight that not all samples are effected by bursts in the same

way.
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Figure. C.5: Avalanches overlap with bursts. a) The CCDF of avalanche durations, T', is shown with
a dashed black line for the experimental Sample 1. The C DF of burst durations is plotted with a dashed grey
line. In the inset we zoom in on the portion outlined in red, showing the overlap with an orange highlight.

b) The percentage of avalanches with durations greater than the minimum burst duration, % DG B, for all

fifteen samples versus the samples corresponding average duration.
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Appendix D

Appendix to Chapter 5

Flag=0
T = [0, At, 2At, ...,3600]
ForiinTt:
If (Flag==1) & (rtAt < Tena):
burst_end_time=i
Flag=0
elif (Flag==0) & (TA* > Tyart):
burst_start_time=i
Flag=1

Figure. D.1: Pseudo-code for algorithm.

D.1 Inhibitory Neurons Spike Proportionally to Excitatory Ones

In this section, we briefly discuss the validity of an assumption made in Chapter 5-that the averaged
spiking rate of the inhibitory neurons scales linearly with the excitatory spiking rate. With recently discerned
information about species labels in the data studied above, we compare the number of excitatory spikes in
an avalanche to the number of inhibitory spikes in an avalanche (Figure D.2, left, 3 data sets used in main
paper). Since there is a different number of excitatory than inhibitory neurons, we normalize the spike count
in each avalanche by the number of excitatory neurons and inhibitory neurons in the system, respectively.
We see a striking trend towards linearity and further confirm this with a bin average over the x-axis, for all

n = 15 data sets (Figure D.2, right).
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Figure. D.2: Inhibitory neurons spike roughly proportional to excitatory neurons on average.
a) A scatter plot of normalized excitatory spikes vs. normalized inhibitory spikes, for the four data sets
used in the main paper (Figure. 6.3). b) A recreation of the left with the x-axis binned to show an averaged
trend), where different colors correspond to the different (n = 15) experiments.
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Appendix E

Appendix to Chapter 6

E.1 Filtering for Criticality and Experimental Robustness

The experiments that show agreement with the predicted -1 power-law decay of avalanche size CCDF
were used as critical data sets. Figure E.1 shows the critical data sets not used in the main paper. S vs.
N curves for all critical mouse and rat data show the characteristic bending (Figure E.2). Firing time
distributions for all experiments show multiple firings (recurrent activity) in both rat and mouse (Figure E.3).

Cycle (Figure E.4) and Bi-test (Figure E.5) plots looks the same for all experiments.

E.2 Artifacts of Spike Signal Processing

Activation of a neuron in separate avalanches can be falsely identified as recurrent activation if caution
is not taken during spike signal post processing. Traditionally, spike signals of continuous time are coarse
grained into bins of width ¢, after which an avalanche is defined as a set of consecutive nonempty bins
(bounded by empty bins) [43]. With this definition, two simultaneous yet separate avalanches involving
neuron i can be processed into a single merged avalanche. Therefore, the recurrent activation (of neuron i) is
only an artifact of this merging. Causal webs processing avoids this ambiguity [44] whereby only causally
connected strings of spikes are inferred to be avalanches. Accordingly, for a spike train analyzed via the
traditional time binning method, we would expect to see more recurrent behavior as compared to the same
signal analyzed via causal webs. Using a time bin width of 5 milliseconds we confirmed this hypothesis in the
mouse data set (Figure E.6). Thus, this method helps to assure that we are reporting something physical and

not just an artifact of post processing.
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E.3 Inter and Intra-Avalanche Firing Timescales

Our model assumes that there is sufficient time between avalanches to allow for firing thresholds to be
reset to their initial value after an avalanche ends, implying that typical intra-avalanche firing times are more
tightly clustered than are inter-avalanche firing times. Here we investigate that assumption. From the mouse
data set we extracted the inter-spike times of each neuron and calculated both the average time between
spikes within the same avalanche and the average time between spikes that were not in the same avalanche.
In Figure E.7 We plot the mean of each neuron below, with error bars showing the standard error of the
mean. For each neuron, the average time between intra-avalanche spikes (red) is orders of magnitudes smaller
than the average time between inter-avalanche spikes (green). This separation of the means was verified for
each neuron with a hypothesis test that the two means were the drawn from the same normal distribution.
We found the hypothesis to be rejected (p ~ 0) for all neurons in the system. Thus, the assumption of these
separated timescales has been justified for our data. We note that causal webs’ do allow for simultaneous
avalanches— yielding the possibility of a neuron having negative inter-avalanche firing times. We show in

magenta the averages with these negatives values removed and see that the change to the results are negligible.

E.4 Synaptic Time Delay in Simulations

Our model assumes that activity happening during an avalanche is much quicker than the time between
consecutive avalanches i.e., that the neurons effectively communicate instantaneously. Here we us the model
simulations to understand how our results change with the addition of a more biologically accurate synaptic
time delay. In the original simulation protocol, the i® neuron firing at time ¢ affected all other neurons j at
time t 4+ 1. We show in Figure E.8 the effect of delaying this until time ¢ + 7 for 7 = 1,2, 4, 20 simulation
steps. Though we find that increasing time delay decreases the avalanche size cutoff, the effect of recurrent

activations persists as an upward bending of the S vs. N curve.

E.5 Sub-sampling

The experimental setup suggests that roughly one quarter of the total number of neurons in the cortex
slice are being recorded by the MEA. This is not because the electrode density is too sparse to see all of the
neurons; in fact the electrode density is so high, all of the neurons above it can be identified with very high
accuracy through triangulation [120]. The other three quarters of the neurons actually come from the other
three quarters of the cortex slice that is not directly above the MEA. So, we have neurons outside of the view

('outside’ neurons) and neurons inside the view (‘recorded’ neurons). Not recording the entire cortical slice
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allows the possibility of an ’outside’ neuron firing and causing a ’recorded’ neuron to spike as well.

To account for this in our model, we performed a simple sub-sampling procedure on our simulation
output that allowed us to emulate this experimental detail; namely that the experiment involved an entire
slice but only recorded from a quarter of it. If our experimental system consisted of IV 'recorded’ neurons, we
would simply simulate 4N neurons, but only consider firing events from every fourth neuron in the system.
This way, when we construct the avalanches, neurons are truly receiving information from ’outside’ neurons,
which causes them to spike seemingly unprovoked. We have thus emulated the experimental situation of
neurons from outside the field of view influencing neurons within the field of view, some times referred to as
a ’sub-sampling’ effect.

The results in the main paper (Figure 6.3,(a-b)) are shown for simulations that had this sub-sampling
procedure performed and we can see again consistency between the data and experiment. We have also verified
that this sub-sampling was not affecting the presence of the recurrent activity. We show in Figure E.9,(a) how
the S vs. U curves change as we sub-sample. We find that the sub-sampling procedure enhances the recurrent
activity in our simulations. We point out however that this enhancement through sub-sampling is not sufficient
to account for the extent of the recurrent activity seen in the experiments alone (Figure E.9,(b)). We can
reproduce experimental avalanche size CCDF’s and Swvs.U curves with our simulations with weakening alone
or with weakening including sub-sampling, but not with sub-sampling alone. We also find the sub-sampling
procedure can induce a clustered bi-test signature in simulations where it once was not present without

sub-sampling, this trend is described in detail in the next section.

E.6 Bi-test for Model Simulations

Our simple slip model with weakening has been shown through large system- size simulations to admit
two unique signatures related to temporal correlations between avalanches (see chapter 2 in [137]). Specifically,
predictions about the intervals between consecutive avalanche start times can be made which admit a signature
that differs between small and large avalanches. This signature, the bi-test of inter-avalanche start times
(outlined in the manuscript), for small avalanches is either Poissonian when there is no weakening (Figure E.10,
Blue), or temporally clustered if there is weakening (Figure E.10, Red). Though these signatures are seen in
the bare MFT model, we can make the clustering vanish by making the width of the disorder distribution
large enough (Figure E.10, Green). Further, once we add inhibitory neurons, the clustering signature is
almost certain to vanish (Figure E.10, magenta). With both inhibitory neurons and high disorder width, as
we need for our simulation to match the model, we also fail to recover clustered small avalanche inter-start

times (Figure E.10, cyan).
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Since the clustered signature seen in the data is not predicted by our simulations (i.e., to be a result
of weakening), what causes it? We have investigated the effects of sub-sampling the simulations to more
closely replicate the experiments. We find that, under sub-sampling of our simulations, the clustered bi-test
signature for small avalanches is recovered (Figure E.11,). We were not able to get a sub-sampled simulation
to all at once match the size distribution, S vs. U and the Bi-test, but we propose that sub-sampling is a
possible reason for the appearance of the clustering signature in the data. We leave a perfect implementation

of a sub-sampling scheme to future work, for this paper, we simply show that it is a possible explanation.

E.7 Disorder Configurations

Each time we run the simulation, a new set of arrest stresses is drawn from a uniform distribution.
This means that each simulation will not have exactly the same evolution over time. Specifically, the stress
configuration of the system can stay relatively uniform for the duration of the simulation, or it can evolve
into a bunched state; see [5]. This can result in a handful of large events (significantly larger than the rest)
obscuring the fit to experiment (Figure E.12, disorder realization trials 1,3 — 6,8 — 10). Importantly the
statistical features we are concerned with, for instance, the power-law slope of the avalanche size CCDF, do not
change with these different realizations of disorder (Figure E.12). With that being said, the experiments have
one realization of disorder, which we are a priori unaware of. For this reason, in the main paper (Figure 6.4),
we highlight one disorder configuration that compares best with the experiment (disorder realization trial 2,

Figure E.12).
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Figure. E.2: Bending in S vs. U. spike signals of cultured cortex recorded with a 512-electrode array
and processed into causal webs were used to extract from each avalanche the number of unique neurons (U)
and size (S). The two are plotted vs. each other above on a log-log scale, with the black line S(U) = U,
shown here for five critical mouse data sets (a-e) and one critical rat data set (f) not shown in the main
paper. Bending in S vs. U. spike signals of cultured cortex recorded with a 512-electrode array and processed
into causal webs were used to extract from each avalanche the number of unique neurons (U) and size (.59).
The two are plotted vs. each other above on a log-log scale, with the black line S(U) = U, shown here for
five critical mouse data sets (a-e) and one critical rat data set (f) not shown in the main paper.
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Figure. E.3: Distribution of multiple firing events. spike signals of cultured cortex recorded with a
512-electrode array and processed into causal webs were used to extract the distribution of the mean number
of times each neuron spikes in an avalanche, for avalanches within specified size. They are shown here for five
critical mouse data sets (a-e) and one critical rat data set (f) not shown in the main paper.
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Figure. E.4: Cycles in avalanches. spike signals of cultured cortex recorded with a 512-electrode array
and processed into causal webs were used to extract cycles of recurrent activity shown here for five critical
mouse data sets (a-e) and one critical rat data set (f) not shown in the main paper.
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Figure. E.5: Bi-test. spike signals of cultured cortex recorded with a 512-electrode array and processed
into causal webs were used to extract avalanche interevent-times. The cumulative distribution function of
H; = At;/(Ati + A7i/2) is shown here for large (empty markers) and small (filled markers) avalanches. At; is
taken as the minimal interevent time, min(|t; — t;—1], [tix1 — ti]), and A7 is the subsequent interevent time
(Jti—1 — ti—2] or |tixe — tix1]). Poisson distributed random interevent times fall directly on the dashed line,
while perfectly periodic interevent times fall on the dotted line. The green regime is a signature of temporal
clustering while in the purple regime is a signature of temporal quasi-periodicity. They are shown here for
five critical mouse data sets (a-e, blue, square) and one critical rat data set ((f), red, triangle) not shown in
the main paper.
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Figure. E.6: Traditional avalanche definitions over-emphasize recurrent firing. spike signals of
cultured mouse cortex recorded with a 512-electrode array processed two ways: (blue) sorting spikes into
time bins of width ¢, defining an avalanche as any consecutive set of non-empty bins bounded by empty bins
[43]. (black) sorting spikes into causally connected space (neuron)-time pairs, defining an avalanche as any
string of causally connected spikes [44]. Avalanche sizes are plotted versus the number of unique neurons that
spiked in the avalanche.
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Figure. E.7: Neurons spike more frequently within an avalanche. Single neuron average inter-spike
time within avalanches (intra, red) and between consecutive avalanches (inter, green) are plotted for all 434
neurons in the mouse cortex sample. Error bars show the standard error of the mean. The average with
negative values removed is plotted in magenta and labelled as ’inter-avalanche®’. (inset) y-axis zoom in to
show separation of timescales.
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Figure. E.9: Clustered Bi-test signature is restored by sub-sampling. Simulations of the mouse
system (N = 434) were ran with w = 1.9, €. = 0.5 ¢ = 0.7, v = 4.8. a) simulations with nonzero weakening
show the sub-sampled system has good agreement with experiment (red line). b) the sub-sampled system
without weakening does not replicate the data nearly as well as the simulations with weakening (red line).
From this figure we conclude that sub-sampling alone cannot account for the recurrent activity seen in the

data.
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Figure. E.10: Clustered Bi-test signature is destroyed by disorder and inhibition. Simulations of
the mouse system (N=434) were run with low disorder (w = 0.1), €, = 0.5 ¢ = 0.7, v = 4.8. a) With out any
weakening, the small avalanches show a near Poissonian bi-test signature (blue). b) With the addition of
weakening, the signature resembles clustering (red). However, the addition of strong disorder (w = 1.9, green)
or inhibitory neurons (magenta) or both (cyan) leads to the destruction of this clustered signature. From this
investigation we provide a possible explanation for why the clustered signature is not present in our model
simulations that include inhibitory neurons and large disorder.
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Figure. E.11: Clustered Bi-test signature is restored by sub-sampling. Simulations of the mouse
system (N = 434) were run with w = 1.9, ¢, = 0.5 ¢ = 0.7, v = 4.8. The solid line shows the full simulation
(with 4N neurons) and the dashed line that same simulation after being sub-sampled by a factor of 4. From
this figure we conclude that sub-sampling could be partially responsible for the clustered signature we see for
small avalanches in the data.
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Figure. E.12:

Disorder average. We show the CCDF of avalanche size for 10 different realizations

of disorder (or ’trials’) in varying colors. The experimental trial from the main paper, mouse, is shown in
purple and the disorder averaged CCDF is shown in black. a) shows the CCDF with out sub-sampling, b)
shows the CCDF with sub-sampling. All configurations on the left match the tail of the distribution fairly
well, along with the disorder average. There is discrepancy for smaller sized avalanches though, and this
discrepancy seems to relax with sub-sampling (right figure). The trade off is that there are sometimes large
avalanches in the sub-sampled (and accordingly quadrupled in size) system, as explained in the Appendix E.
Still, an individual simulation trial (trials 2 and 7, for instance) compare quite well to one experimental trial.
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Figure. E.13: Calibrate the Bi-test. The cumulative distribution function of H; = At;/(At; + A1 /2),
where At;is taken as the minimal interevent time, min(|t; — t;_1]|, [tix1 — ti|), and A7 is the subsequent
interevent time (|t;—1 — ti—2| or |tit2 — ti+1|) shown here for example Poissonian (left), periodic (center) and
quasi-periodic (right) spike-trains. For applications of the Bi-test to plasticity see [125].
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Figure. E.14: Reducing the strength of inhibitory couplings and adding dynamic weakening.
Simulations of the mean field model were run with 108 inhibitory neurons and 326 eg:citatory neurons
in(uss

Wﬁe 2<Ntu) , where Ny is the
total number of neurons and a factor of —1 is added when neuron ¢ and j are not of the same type. Avalanche
sizes are calculated, along with total number of participating neurons, shown here plotted against each other
on a log-log scale. Spike signals of cultured cortex recorded with a 512-electrode array and processed into
causal webs were used to extract from each avalanche the number of unique neurons (n) and size (S) shown
in black circles.(Top) Non-symmetric coupling: The excitatory to inhibitory weights were reduced by a factor
of one (red dots) one half (blue dots) and one third (green dots).(Bottom) Weakening needed for bending in
model: The model simulations are plotted with (red dots) and without (blue dots) dynamical weakening.

connected by a weight J;; drawn from a log normal distribution P(.J;;) =
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Appendix F

Appendix to Chapter 7

F.1 Percentage of Inhibitory Spikes in an Avalanche

To investigate whether the avalanches of Chapter 7 were really dominated by inhibitory activity, in
each avalanche we measured the percentage of spikes that were emitted from inhibitory spikes, % inh. spikes.
We plot a distribution of these values, for experimental Sample 2, in Figure F.1(a), where we see that the
distribution is dominated by the values zero, one-half, and one. This is coming from very small avalanches,
of only a few spikes, such that there can be no inhibitory spikes, all inhibitory spikes, or exactly one-half
inhibitory spikes. To parse out the features of the larger (and more recurrent) avalanches, we will construct the
PDF again, but ignoring avalanches of size S less than some prescribed amount. Specifically, in Figure F.1(a),
we do this for five particular values of Sp;,, showing that the larger avalanches do indeed have a bias toward

inhibitory domination.

F.2 Inhibitory Neurons are the 'Brakes of the Brain’

As a first test of the idea that the inhibitory neurons could be turning on after the excitatory neurons—
resembling a ’brake’ of the brain— we plotted an average avalanche profile for the longer duration avalanches
(Figure F.1(b), black). We separated the spikes coming from inhibitory and excitatory neurons and plotted
their separated profiles in purple and green, respectively. From this first glance, it seems that the inhibitory
neurons do seem to be responsible for the left-ward skew, but it is hard to tell if this is just because they are
overwhelmingly active in the avalanche compared to the excitatory species. More investigation will need to

be done in order to parse out the details of this hypothesis, but they are left as future work.
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F.3 Unidentified Species

The method used to identify the species of each neuron in the cortical mouse data was not always
successful. There were some neurons in each data set that were not able to be identified as excitatory or
inhibitory, and were labeled as 'unidentified’. We show in Figure F.1(c-d) that results of Chapter 7 are
not significantly different when we ignore the unidentified neurons (black) compared to when we assume
all unidentified neurons were actually inhibitory (red) or even when we assume the unidentified neurons
were all actually excitatory (blue). Quantitative changes may be present between the three options, but
qualitatively the story is identical; scaling of the species differentiated the difference of recurrent activity
(signaling inhibitory dominance) and a rough increase of the average total recurrent activity versus inhibitory

ratio for the fifteen samples.
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Figure. F.1: Verifying miscellaneous features in the data. a) The PDF of the percentage of spikes
in an avalanche emitted from an inhibitory neuron, Si,,/S. The PDF is constructed, omitting avalanches
smaller than a minimum, Spin, for Spin = 0,3,6,9,12 and 15. b) An average profile of a longer duration
avalanche in experimental Sample 1, shown in black. The avalanche is separated into excitatory and inhibitory
spikes, and the separate profiles are plotted in green and purple, respectively. Error bars show the standard
error of the mean. c¢) The average difference of species differentiated recurrent activity, (5—:: — %), is
plotted vs. the total recurrent activity, S/U. The black line shows the experimental Sample 1, with all
unidentified neurons not considered. The red and blue lines illustrate how this changes when you take all of
the unidentified neurons to be inhibitory or excitatory, respectively. d) The average total recurrent activity,
(S/U), is plotted for all fifteen samples versus the sample’s corresponding inhibitory ratio. Black markers
denote (S/U) with the unidentified neurons not considered, red markers denote (S/U) with the unidentified
neurons taken to be inhibitory and blue markers denote (S/U) with the unidentified neurons taken to be

excitatory.
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