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Chapter 1

Invitation

Is there an equation that describes how tall an elephant grows? Sure; it might look something
like

H Cijk T ik
Z ! L = Yi%i - (1.1)

zyk j

Many features of biological systems—from obvious characteristics like height, to the com-
plicated failure modes associated with disease—are ultimately due to interactions between
genes. Different genes influence each other’s expression (the number of a gene’s correspond-
ing RNA or proteins that exist in a single cell at some time), for example by interfering with
or enhancing the transcription of the RNA associated with that gene. More colloquially,
different genes turn each other ‘on’ or ‘off’.

Equivalently, we can say that something like elephant height is ultimately determined by
the dynamics of gene networks. We can consider two genes ‘connected’ if they influence each
other’s gene expression in some way, and write down mathematical models that instantiate
this intuition in a quantitatively concrete form.

A classic example is the bistable switch, which describes two genes which inhibit each
other (reduce gene expression) and activate themselves (increase gene expression). A plau-
sible set of equations for this reads

. L " n
T = — — Vo

Ac”—l—x" [c”—l—y” & (1.2)
Y= Acn+yn ICn—i-fL’n MY >

where x denotes the expression level (protein concentration, say) of gene X, y denotes the
expression level of gene Y, k4 is the self-activation strength, k; is the mutual inhibition
strength, c is some characteristic concentration threshold that separates low concentrations
from high concentrations, n quantifies how sharp the distinction between high and low con-
centrations is, and 7, and ~, are degradation rates (these terms must be present since, even
without gene-gene interactions, proteins degrade after some time).

A model like this can be made more complicated or generic, perhaps by including more
terms or by making weaker assumptions about parameters—after all, how much gene X
inhibits gene Y need not be equal to how much gene Y inhibits gene X, or even take the
same functional form. But the point is that we can write these models down as a first pass
at understanding what’s going on. We can analyze them, make predictions, compare them
with experiment, refine them, and so on, in iterative fashion, until we have a satisfactory
description of the dynamics of some gene network of interest.



The kind of models described by Eq. and are ordinary differential equation
(ODE) models. They describe deterministic systems; two identically prepared initial states
will always evolve into identical final states after some particular amount of time. But gene
expression is known to be stochastic. In practice, two states that seem to be ‘identically’
prepared may evolve into very different states, because how the numbers of molecules inside
cells change over time is partly random. A more technically useful way of stating this is: we
cannot predict how many RNA or proteins a cell will have, but we can predict the probability
it has this many or that many at some specific time in the future.

This randomness arises, in some sense, because of subtleties associated with defining the
‘state’ of a cell. We count cells as being in the same state if the numbers of certain reference
molecules are the same (e.g. specific RNA or proteins of interest), but we care less about the
motion and number of (for example) all water molecules inside a cell. Because the jostling
about and interactions between every member of the complex soup of molecules inside the
crowded interior of cells affects how the molecules we care about diffuse and interact, we get
randomness mostly in the sense of statistical mechanics—due to incomplete information.

And this randomness can have real consequences. The ODE models above generically
have different attractors / stable states. Once a cell reaches a state where the competition
between forces that increase certain concentrations balance with all of those forces that
decrease those concentrations, its concentrations stop changing entirely. If a perturbation
pushes a cell slightly away from this state, it will return to it relatively quickly. But in
‘noisy’ models of gene regulation, just by chance a cell can be pushed into a completely
different attractor entirely, and make what is called a noise-induced transition. This simple
idea is thought to be used by eukaryotic developmental programs to correct cell fate errors
[1], and by tumor cells to avoid drug treatments by randomly switching between sensitive
and resistant states [2], among other things.

But there is also a completely different reason to care about noise. All things in the
physical world are made of elementary particles (or more precisely, quantum fields), which
can only interact in a small number of ways, and whose behavior over time is completely
governed by the Schrodinger equation. In some sense, the project of understanding all
physical phenomena can in principle be reduced to understanding the Schrodinger equation
in various circumstances.

‘In principle’ may be the operative phrase, here. In practice, it is not necessary to solve
the Schrodinger equation for a collection of 10?3 interacting atoms in order to describe the
trajectory of a ball in a weak gravitational field. Nevertheless, just knowing that such a
reduction is in principle possible has lead to important physical insights about everything
from the stability of matter [3, 4] to why systems tend toward thermal equilibrium [5].
More broadly, having a well-understood and well-defined theoretical framework sitting at
the bottom of our hierarchy of models of physics allows us to reason quite clearly think
about what is and is not within the realm of physical possibility.

Is there a grand unified theory of biology? Despite our best hopes, probably not. But
there is something like the Schrodinger equation for gene regulation: an equation sitting at
the bottom of our hierarchy of models, that includes every other model of gene expression



as a special case. I am talking about the so-called chemical master equation.

The chemical master equation (CME) describes how the probability of observing different
numbers of molecules in some chemical system (e.g. a single cell) changes over time. It is
discrete, because it treats molecule numbers as nonnegative integers rather than continuously
varying concentrations, and stochastic.

A CME is determined by four things:

1. a list of chemical species

2. a list of chemical reactions

3. propensity functions / rate parameters for each chemical reaction
4. initial conditions.

If we think about CME dynamics like a play, to fully specify a model we need to specify its
actors, the possible actions, how frequently each action tends to happen, and how the story
begins.

It is worth making a point of this: all known models of gene regulation can be imagined to
be approximate descriptions of some underlying CME model (see Chapter . Stochastic
differential equation models can be derived via the chemical Langevin approximation or
by taking the large volume limit (both of which are discussed in Ch. . Deterministic
ordinary differential equation models can be derived from taking the low noise, local, or
thermodynamic limits of those models. Boolean networks (deterministic or stochastic) can
be derived by coarse-graining molecule number or concentration states. Markov models with
finitely many states (e.g. each state is a different cell type) can also be derived by grouping
different states together. All roads lead to the CME.

Just as our best physical theories identify which kinds of interactions are ‘fundamental’
(e.g. renormalizable interactions in quantum field theory, or conservative forces in classical
physics) and which can only come about as an approximate description of more complicated
dynamics, so too does the CME offer a strong sense of which kinds of interactions are
‘fundamental’ and which are not. Crudely, monomolecular (involving at most one input
and one output molecule) and bimolecular (involving at most two input and two output
molecules) reactions with elementary propensity functions (see Chapter are fundamental,
while other reactions must only be approximate descriptions of some more complex CME.

For an equation that offers a foundational theoretical framework for chemical kinetics
and gene regulation, the CME—and particularly many of its mathematical properties—is
surprisingly poorly studied. Most existing work on the CME focuses on approximating it so
that it reduces to a more tractable model, or simulating it on a computer using variants of
Gillespie’s algorithm [0, 7], §].



If we would like the CME to play the same role in gene regulation that the Schrodinger
equation plays in physics, we need to understand it much better. This means that we should:

1. know how to think about it,
2. know how to simplify it, and
3. know how to solve it.

The aim of this thesis is to explore and offer partial progress toward the above three aims.
Particular emphasis will be placed on exploring theoretical properties of the CME, and de-
veloping mathematical tools for working with it. It will turn out that the analogy between
the Schrodinger equation and the CME is quite mathematically deep, and that many theo-
retical tools originally developed for studying the Schrodinger equation (e.g. path integral
representations and ladder operators) are useful in this biological context too.

The structure of this thesis is as follows. In Chapter [2 we will introduce the CME as
a theoretical framework uniquely appropriate for studying fundamental problems in gene
regulation. This partly addresses how to think about the CME, and how to simplify it
to obtain several common types of gene regulation models. In Chapter [3, we will introduce
basic tools for working with the CME, including stochastic simulation methods and a number
of analytic techniques. This covers the broad strokes of what was previously known about
solving the CME.

In the remaining chapters, we introduce new mathematical techniques inspired by quan-
tum mechanics for solving the CME, and obtain the most general solutions yet known. In
Chapter [d, we use the Doi-Peliti path integral method to solve and study monomolecular
reaction networks, a class of systems that are particularly suited to analytic approaches,
and that we will encounter throughout this thesis. Using the same tools, we also formally
treat systems whose reaction list consists of arbitrary combinations of zero and first order
reactions, and obtain perhaps the most general known solution of the CME. In Chapter [5
we introduce a new state space path integral representation of the CME (distinct from but
complementary to the Doi-Peliti one) and apply it to the problem of justifying continuous
stochastic approximations of discrete stochastic dynamics. In Chapter [0 we show how a
CME model of RNA transcription and splicing (an example of a monomolecular process)
coupled to a switching gene can be solved using ladder operators and Feynman-like diagrams.

In Chapter [7], we show how the same CME models can be efficiently solved numerically
using the path integral introduced in Chapter [5], and apply these efficient implementations
to parameter inference on simulated data. The numerical methods we develop here far
outperform competing methods like finite state projection, which has important implications
for fitting stochastic models to single cell data. Namely, the large speedup in principle allows
one to fit significantly more realistic models of transcription and splicing, and to interrogate
at much higher resolution than before the associated kinetics. Finally, in Chapter [§, we
conclude and reflect on various theoretical challenges related to the CME.
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Chapter 2

Philosophy. Or: the chemical master equation in principle

2.1 On being the right scale

Our goal is to figure out some sort of foundation for gene networks. Ideally, we would like
to use this foundation to understand—in a quantitative fashion—important consequences of
gene regulation, like the ability for one kind of cell to change into another kind of cell, or
the dynamics of transcription and splicing. How should we proceed?

All things are made of elementary particles, so one way to proceed would be to try to
develop a theory of gene networks based on quantum field theory. While this would certainly
be a noble goal, it is also a Sisyphean task par excellence; understanding a proton from first
principles is hard enough. Thinking in terms of nonrelativistic quantum mechanics (electrons
or atoms, perhaps) is not much better, given the well-known difficulties with understanding
ab initio quantum chemistry. It does not take that many atoms to exceed the current
capabilities of the world’s best computers.

If not so fine a scale, at what scale should we work? And what are the most salient
aspects of gene networks? What aspects are so crucially important, that it is absolutely
imperative that we include them in our models? Another way to frame this question is:
what is the state space of the models we are interested in? Do we care about the state of
every electron inside a cell? Do we care about where molecules are? Must we keep track of
every molecule, or only some of them? Do we care only how many molecules there are on
average, or the exact number?

To some extent our decision is arbitrary, as one can always cook up examples where
this or that feature of chemical or biological systems happens to be important. But we can
at least base our decision on something. Consider the following four principles: locality,
experimental accessibility, experimental compatibility, and minimizing arbitrariness.

Locality means that distant things, to good approximation, do not affect our system. For
most purposes, it is sufficient to imagine only one cell and ignore the rest of the universe, or
in practice to imagine just a few molecules in a single cell that interact with one another,
and ignore the remainder. One can imagine a world in which every molecule inside a cell
affected every other molecule, so it must be appreciated that this is a profound and important
property of nature.

FExperimental accessibility means that our framework should primarily concern itself with
things that are measurable, or at least measurable in principle. We can count how many
RNA are inside single cells; we cannot count the number of electrons associated with each
RNA molecule. Even if we could, this information is almost certainly irrelevant for gene-
network-scale dynamics. FEzperimental compatibility means that our framework includes



or can explain details of gene regulation known to be important. In particular, single cell
experiments have established that discrete molecule number effects, along with the associated
random fluctuations in molecule number, are important. For example, there are only about
10 tetrameric copies of lac repressor proteins per E. coli cell, so fluctuations in this number
can have an outsized effect on lactose utilization [I], 2, [3]. A cell may make a different decision
if there are 5 molecules instead of 10, which means accounting for this fact is qualitatively
important.

Finally, one frustrating aspect of mathematical modeling is the proliferation of arbitrary
choices. If we assumed this instead of that, how might our predictions change? In gene
regulation, where microscopic models must usually be jettisoned in favor of phenomenological
ones that there is some hope of connecting with data, this is particularly annoying; gene-gene
interactions are often assumed to take on certain ad-hoc forms (especially Hill functions),
and models are often made stochastic by tacking white noise terms onto ordinary differential
equation models rather than following a more principled prescription. In quantum field
theory, there is a sense in which the constraints of renormalizability and gauge symmetries
fully constrain fundamental theories; we would like something analogous to be true for our
gene network models.

Given these four principles, what is the right scale for a fundamental theory of gene
regulation? First: by gene regulation, we really mean interactions between molecules that
conspire to effect cell-level changes within a single cell. By the principle of locality, we
can restrict ourselves to thinking about a single cell, or a collection of interacting cells.
When important, environmental perturbations can be taken into account by their effect on
parameters. The principle of experimental accessibility means that we can afford to ignore
extremely fine differences between single cells, like the detailed arrangement of each atom or
electron. For the most part, we can also afford to ignore spatial information (since even if
it is modeled, it is hard to sample enough cells and locations within cells to obtain reliable
spatial distributions), although compartmental information (e.g. whether a transcript is in
the nucleus or the cytoplasm) may be important.

Because one can resolve individual molecules in single cell experiments (e.g. whether a cell
has 10 or 11 RNA of some kind), and because even small differences in molecule number can
matter, the principle of experimental compatibility forces our spatial and temporal scale to
be fine enough to track the behavior of individual molecules. Most importantly, we should
track the number of each molecule we are interested in, and how those numbers change
over time. Usually, only some molecules are important for the logic of a gene regulatory
circuit, and other molecules (or aggregates of molecules, like transcriptional machinery) can
be treated indirectly via their effects on the number or parameters of the observable ones.

Thus far, we have decided to track the number of certain molecules (that are relevant
to gene regulatory logic, like RNA and proteins) within single cells. Our framework should
treat molecule numbers as discrete (nonnegative integers rather than continuous concentra-
tions) and stochastic, with the randomness due to a mixture of quantum and thermal effects
not explicitly modeled. The only remaining question is how to treat the molecule-molecule
interactions that cause molecule numbers to change. By the principle of minimizing arbi-



trariness, we should avoid introducing interaction functions with many free parameters or
an undetermined functional form.

Here, we can exploit a gift from Gillespie’s seminal work on the microphysical basis
of chemical kinetics [4], [5]. There are three relevant facts: first, real molecules change via
monomolecular or bimolecular chemical reactions, with other kinds of reactions (like trimolec-
ular) being only approximate descriptions; second, the interaction probabilities in each of
these cases are completely determined by microphysical arguments; third, stochastic systems
involving only these kinds of reactions are to good approximation Markovian/‘memoryless’.

This allows us to establish a foundation for gene regulation based on the following model.

1. A system is assumed to have some number N of distinct chemical species (e.g. RNA,
proteins). At any one time, the state of the system is completely specified by a tuple
of nonnegative integers x = (1, ...,xy) € NV.

2. The state of the system can change with time, and it is assumed that there are only
some number M of ways that it can change. In particular, it is assumed that there are
M possible chemical reactions that can occur, each of which are either monomolecular
(involving at most one input and output) or bimolecular (involving at most two inputs
and two outputs). In a small window of time, there is some probability that any one
of these reactions occurs, and the functional form of these probabilities is completely
determined by microphysical considerations.

3. The future state of the system depends only on its current state.

These restrictions precisely specify the theoretical framework associated with the chemical
master equation (CME), our topic of study for the remainder of this thesis. This is our answer
to the question: ‘what is the right scale for the theoretical foundation of gene regulation?’

We should note that, in practice, these assumptions can be relaxed somewhat. The
CME can deal with ‘effective’ interactions between molecules that do not take one of the
fundamental forms identified by Gillespie, although it should be said that one can usually
identify a ‘fundamental’ system that such effective descriptions approximate in some way. In
similar spirit, the CME can conceive of systems that involve things like continuous species
variables and non-Markovian dynamics—as approximations valid in some possibly singular
limit. As we noted in the previous chapter, one attractive feature of the CME is that is
subsumes all known gene regulation modeling frameworks as special cases, including ordinary
differential equations, Boolean networks, Markov models, and so on. One must merely
identify the appropriate limit for recovering a given approximate description.



2.2 Whence the chemical master equation?

Let us more precisely describe the chemical master equation framework we motivated in
the previous section. In particular, we would like to ‘derive’ the equation itself given our
assumptions.

Again, assume we have a system with /N chemical species and M possible chemical
reactions, whose state is specified by a tuple x = (z1,...,2y) € NV. Let v; denote the
amount by which the jth reaction changes the state vector x, i.e. reaction j firing causes the
system to change according to x — x + v;. Denote the probability per unit time of reaction
j firing in the small time window (¢,¢ + At) by a;(x), where x is the state of the system at
time ¢.

The central object of our theory is the probability distribution on state space, P(x,t),
which indicates the probability that the system has state x € NV at time ¢t > t, (where ¢,
is some initial time which can often arbitrarily be chosen to be zero). In order to have a
well-defined theory, we must be able to quantitatively describe how P(x,t) changes in time.
That is, given how the distribution of observing this or that many molecules looks right now,
how will the distribution look sometime in the future?

Our evolution equation is essentially due to a combination of the conservation of proba-
bility and the Markovian property. For an infinitesimal amount of time At, we have that

P(x,t+ At) = P(x,t) 4+ prob(arrived at x within At) — prob(left x within At) . (2.1)

Because the system is Markovian, the ‘enter’ and ‘exit’ probabilities on the right-hand side
only depend on the state of the system at time ¢. If the state of the system was different
from x at time ¢, the only way for it to ‘enter’ the state x within At is for one of the M
chemical reactions to have fired (we are assuming At is sufficiently small that at most one
reaction could have fired). Hence,

prob(arrived at x within At) = » prob(reaction j fired within At)

M-

Il
—

! (2.2)

.

aj(x —v;)At P(x —v;,t)
1

J
where we note that, had reaction j fired, the previous state of the system must have been
exactly x — v;. Meanwhile, the probability that the system left the state x within At means
that it began in x, and then one of the M reactions fired. This means that

M
prob(left x within At) = Z a;j(x)At P(x,t) . (2.3)
j=1
Putting these together, we have
M
P(x,t+ At) = P(x,t) + At Y a;(x — v;) P(x — v, 1) — a;(x)P(x, 1) . (2.4)
j=1



Rearranging and taking the small time interval At to zero, we obtain the differential-
difference equation

This is the equation we mean when we talk about the chemical master equation. As the
above derivation suggests, it says that the probability of being in state x changes both by the
system entering x (because the system was in a different state, and one of the M chemical
reactions occurred), and by the system leaving x (because the system was in state x, and
one of the M chemical reactions occurred).

As promised, microphysical arguments factor into determining the functional form of the
functions a;(x), which we will henceforth call propensity functions [4, 5]. The following list
exhausts every possible ‘fundamental’ type of reaction, and indicates the propensity function
for each:

Reaction Label Propensity function
g5 X zeroth order production c
XS5o first order degradation cx
X3Y first order conversion cx
g5 X+ X zeroth order identical pair production c
g5 X+Y zeroth order pair production c
X5 X+X first order auto-catalysis cx
XS5 X+Y first order translation cw
X5y +27 first order splitting cw
X+X50o second order self-annihilation c( ) =c I(I; L)
X+X3X second order coagulation c(g)
X+X3Y second order self-complexing c(g)
X+ X5 X +Y | second order self-catalyzed conversion c(‘;)
X+X5Y+2Z second order self-collision c(“;)
X+Y 5o second order annihilation cxy
X+Y S X second order catalyzed degradation cxy
X+Y 527 second order complexing cxy
X+Y S X+7 second order catalytic conversion czy
X+Y S X+ X second order conformity cxy
X+YSZ4+W second order collision cxy

Table 2.1: A list of all 19 ‘fundamental’ reaction types and their associated propensity
functions. Each propensity function only depends on one free (real-valued) parameter ¢ > 0,
which quantifies how often that reaction happens. The first three are monomolecular, while
the rest are bimolecular.
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The important thing to notice is that the functional form of each propensity function
only depends on the input molecule numbers, and that they are combinatorial rather than
something more complicated. For example, the degradation reaction’s propensity function is
just counting the number of different molecules that could degrade (z, if that is the current
number of X molecules). Similarly, the self-annihilation propensity function is counting the
number of ways two X molecules could be picked to interact.

To summarize, a fundamental CME model is fully specified by:

e a list of NV > 1 chemical species

e alist of M > 1 chemical reactions (drawn from Table [2.1]), each of which is associated
with a positive real rate parameter that quantifies how often that reaction happens

e an initial distribution Py(x) (i.e. the initial condition for Eq. [2.5)).

2.3 Generic properties of the chemical master equation

What can we say in general about Eq. [2.5] divorced from the particulars of any specific
system? First, it enforces probability conservation by construction, because

0 OP(x,t
agP(x,t):Z%

X

= a;(x —v;)P(x —v;,t) — a;(x)P(x,
XX:; ( )P( t) = a;(x)P(x, 1) 2.6

=> ) a;(x)P(x,t) — a;(x) P(x,t)

x j=1

=0

where we have obtained the second to last line by reindexing the sum. Hence, if P(x,t)
is normalized at one time, it is normalized for all time. Second, Eq. is intimately
related to the standard (deterministic, continuous) mass action prescription for chemical
kinetics. While the CME captures the stochastic / single cell behavior of systems, the
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average trajectory evolves according to

() OP(x,1)
= 2UX ot

ot
= ZXZ%(X —v;)P(x —vj,t) — a;(x)P(x,1)
u - (2.7)
= Z D (x4 vy)a;(x)P(x,t) — x a;(x)P(x, 1)
= v;(a;(x))

1

<.
I

which precisely constitute the reaction rate equations for this system. In this way, it is
clear that mass action chemical kinetics is subsumed by the CME, and corresponds to either
population-level averages or some kind of deterministic limit (e.g. the large volume limit
Gillespie describes in [6]).

Third, essentially all CME models of biological interest have the property that

P (x) := lim P(x,t) (2.8)
t—o0

is well-defined (i.e. the limit exists and is a normalized probability distribution) and does
not depend on the initial condition Py(x). This limiting distribution is called the steady state
distribution, and in most cases this is the object amenable for comparison with experiment.
This is for two reasons: experimental time scales are much longer than typical biological
time scales (and many processes have been going on long before the experiment, and so have
had ample time to equilibrate), so the infinite time limit is a good approximation; and a lack
of sensitivity to initial conditions makes it a more robust model prediction. Mathematically,
the existence of this limit has to do with whether there are reactions that counterbalance
molecule number increases with molecule number decreases, and whether the system can
be separated into two or more non-interacting subsystems. Also, it may not exist if there
are persistent oscillations, e.g. in the case of models of the cell cycle (although in this case
one could define an analogous object by taking the long time limit of the average over an
oscillation period).
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2.4 How the chemical master equation relates to other models

We have mentioned several times how the chemical master equation includes all other known
models of gene regulation as special cases; it is worth specifying in a bit more detail exactly
what we mean. In this section, we will closely examine a few representative relationships.
But in the interest of brevity—the mathematics of these correspondences could easily fill an
entire journal article—others we merely summarize.

It is most helpful to think about how the CME relates to ordinary differential equation
(ODE) models, which are still the models most commonly used in practice. Schematically,
these models often look something like:

n

=k — T . (2.9)

4"
That is, the concentration z(t) of some molecule changes deterministically in time due to
a combination of gene-gene interactions (usually represented by one or more Hill functions)
and a degradation term. Here, X ‘activates’ itself: k is the self-activation strength, c is the
characteristic concentration threshold dividing ‘high’ levels of x from ‘low’ levels of z, and
n € {1,2,3,...} is the Hill coefficient. = is the degradation rate.

We encounter two issues in trying to relate Eq. to Eq. [2.5] the CME. First, while
the degradation term represents something from our list of ‘fundamental’ reactions (Table
, the Hill function term apparently does not. Second, there is no sign of probability in
this model, and z(t) varies continuously. Let us deal with these problems one at a time.

The Hill function is a phenomenological device usually intended to approximate a more
detailed interaction between molecules. In this case, the meaning of ‘X activates itself” might
be something like: ‘X proteins reversibly bind to the promoter of the X gene, increasing the
transcription rate of X’. Perhaps this is a cooperative effect; up to n X proteins can bind to
the X promoter, and each additional X protein modifies the transcription rate.

We can instantiate this idea by imagining that the X gene has n + 1 different states Gy,
Gy, ..., G, each labeled according to how many X proteins are bound to the promoter. We
have the list of chemical reactions

bl b2 34

f f f
Go+t XSG, i+ XSGy, oo, G+ X S G,

bl b2 bn

ki

G
. (2.10)
m—m-+ X
m
XLy

where m denotes the RNA produced by the X gene. In all, we have (i) reversible gene-
protein binding reactions, (ii) transcription, (iii) translation, and (iv) degradation. Each of
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these now represents a fundamental reaction type, and the corresponding set of mass action
ODEs reads

go = —bygox + bygy

gi = b5 giw + 07 giny — blgi + Uygia
gn = _b:}gn + b?gn—lw

= kigi — Ymm

1=0

(2.11)

n
T = kym — yx + Z —sz}gi_lx +blg; .

i=1
This certainly seems more complicated than what we started with—we went from a single
ODE to n + 3! But it turns out that the system described by Eq. can indeed be
approximately described by Eq. [2.9] even if it is not obvious at first glance. To go from
one to the other, we must exploit two things: the fact that we are only interested in the
dynamics of z, and time scale separations.

Because we are only interested in the dynamics of x, we can eliminate the other variables
however we like, as long as our elimination procedure can be reasonably well justified. One
idea is to use the quasi steady state approximation. Generally, protein-promoter binding
and transcription events happen somewhat more quickly than the time scales of protein
translation and degradation. From the point of view of protein time scales, in fact, they
can be approximated as equilibrating almost instantaneously. If we assume each of the
protein-promoter binding reactions is approximately at equilibrium, we have

‘ ' bi+1
b?rlgix = b:“+lgi+1 = (i+1 = (#) g;x (2].2)
forall : =0,1,...,n — 1. If we define the coefficients ¢; via
co =1
b b’ (2.13)
N f .
cz—ag (1<i<n)
then we can write each g; in terms of x and gy as
gi = cit'go (2.14)

meaning that we have successfully eliminated n variables. We can also eliminate gy by
utilizing the constraint that gy + g1 + -+ - + g, = G (i.e. the fraction of genes in each of the
different gene states must sum to the total number of X genes), since

go + 190 + - - + Cpgnx" = go Z cr' =G
i=0 (2.15)

Dimp GiTt
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Applying the quasi steady state approximation to the RNA dynamics is somewhat simpler,
and yields

:—Zkgz_GZkQ _ (2.16)

Y P G
Having finally eliminated every Varlable but x, we find that x satisfies the ODE
Gk, " kic;x
j:z—pz;’—ca?—va: . (2.17)
Tm Zz cirt

Under certain biologically reasonable assumptions, our complicated-looking rational function
can be reasonably well approximated by a Hill function. In particular, we might suppose
that: (i) transcription is ‘all or nothing’, so that each k; aside from £k, is negligible; (ii) the
fully bound gene state GG,, is ‘hard to reach’ and ‘hard to leave’, so that each ¢; with ¢« < n
is very small but ¢, is large. This leaves us with

Gk, >, kicia’ _ Gk kncpz Ghyk, ™
Tm Zz Ci-ri - Tm 1+Cn~rn B Tm (1/cn) +an

(2.18)

which is the desired form modulo parameter redefinitions. But it should be kept in mind that
such an approximation may not always be appropriate. In any case, what we have certainly
learned is that quite a bit of biology can be hidden behind these Hill function terms.

This takes care of the non-fundamental propensity function problem; in essence, the so-
lution is just to consider a different, more biologically grounded problem (usually with many
more variables and parameters). What about the fact that this ODE model is deterministic
and involves a continuous rather than discrete variable? This problem is, surprisingly, more
easily dispatched.

As mentioned earlier, an ODE model either represents population-level averages or single
cell dynamics in a certain limit. Both experimentally and biologically, the limiting behavior
of single cell dynamics is both more relevant and more interesting (that is, in real organisms
we have individual cells interacting, rather than hypothetical average cells interacting). What
is the relevant limit?

It is just this issue that Gillespie treated in his analysis of the chemical Langevin equation
[5], and of associated approximations like the large system volume limit [6]. We will discuss
this in more detail in Chapter 5], but for now let us sketch the core idea.

When we are interested in relatively long time scales, so that many chemical reactions
happen within a ‘small’ amount of time 7, to good approximation we can write

& = f(x) 4 g(z)[noise] (2.19)

where f(z) and g(z) depend on the CME being considered, and where the [noise] term
usually represents fluctuations that are to good approximation a sum of Gaussian white
noise terms. Especially as the number of x molecules gets larger, these fluctuations are less
and less important compared to the average (deterministic) behavior, which means that an
ODE model is a good approximation.
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That covers the relationship between the CME and ODE models. What about other
kinds of models? Although we emphasized earlier that it is not important for our purposes
to track the spatial locations of individual molecules, the CME subsumes reaction-diffusion
models, which do, as a special case. One can accomplish this by imagining a lattice on which
chemical reactions can happen, and then taking the limit of infinitesimally small lattice
spacing. For example, consider a system of molecules on a one-dimensional lattice that can

randomly (i) diffuse, (ii) degrade, and (iii) be produced from a source at a specific location.
This can be modeled using the CME

OP(X,t)

o = olPnXo— 1 1) = P(X,1)]

D
+ Z Ae? (Xi + )P, Xi+1, X1 —1,...,t) — X, P(X, 1)] 220
+ (A'LW (Xi+DP(, Xioy — 1, Xi +1,..,t) — X; P(X,1)]

FY[(Xi + )P, Xy + 1,0, ) — X P(X, 1)]

where P(X,t) is the probability that the system has state X = (..., X_o, X 1, X¢, X1, Xo,...)
at time ¢, i.e. that lattice site 7 has X; € N molecules at time ¢. As it is now, this CME tracks
the probability that the system has any possible number and configuration of molecules
in space. If we think about the diffusion equation as describing distributions of spatial
arrangements, this CME describes the distribution of distributions of spatial arrangements.

Usually, this is much more information than we want. If we are just interested in tracking
how the most typical spatial arrangement of molecules evolves, we can use the mass action
prescription and consider the ODEs

D

If we rewrite this in terms of the lattice spacing Ax, we must make the substitutions
i — 1Az

X; = X(iAz)Az = X (z)Az . (2.22)

Then our ODEs read

9X(z,t) D T+ Ax,t) —2X (z,t) + X(x — Az, t)] + aéiﬁx’o
T

—yX(x,t) . (2.23)

X
ot (Az)? X
Taking the Az — 0 limit yields the partial differential equation (PDE)

0X(x,t) D82X(x, t)
ot 0x?

which is an example of a reaction-diffusion equation. The nice thing about this approach
to reaction-diffusion equations is that we understand ezactly how the above equation relates

+ ad(z) — v X (x,t) (2.24)
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to an interpretable microscopic model, and can adjust our derivation to take more features
into account if desired (for example, we could take fluctuations about this distribution into
account as we did in Eq. .

In a different direction, we can consider the relationship between the CME and very
coarse models, like Boolean networks and Markov models on finitely many states. The
appropriateness of these kinds of approximations is usually determined by the attractor
structure of our CME model, i.e. the regions of state space that will be occupied (in the
long time limit) with high probability.

In the case of Markov models on finitely many states, our coarse graining procedure
essentially lumps together all states sufficiently close to an attractor. For example, one can
model stem cell development as a Markov chain by considering a model involving random
transitions between cell states:

kg

Stem < Differentiated . (2.25)
kr

An effective model like this may be appropriate if dynamics are dominated by two attractors
(which biologically correspond to the different cell types), and if transitions between them
happen on reasonable time scales. In principle, given a precise assignment of the microscopic
states x to the macroscopic states ‘Stem’ and ‘Differentiated’, the CME model allows one
to compute £, and ky from first principles. In practice, this is hopelessly difficult, and such
parameters are usually treated as phenomenological numbers to be fit by experiment.

Boolean networks (either their deterministic or stochastic variants) work in much the
same fashion. One lumps together states by treating molecule numbers as either ‘high’ or
‘low’, so that a state space NV reducesﬂ to a state space 2V. Exactly where to make the
cutoff depends on the details of the dynamics; in the case of a model like Eq. 2.9, the
threshold concentration ¢ would be the canonical choice since it corresponds to the half-max
of the Hill function, and divides the ‘high’ attractor from the ‘low’ attractor. Then, instead
of computing how an ODE changes in time, we create update rules (in either discrete or
continuous time, and either synchronous or asynchronous) that approximately represent our
ODEs or stochastic differential equations. For instance: if x is in the high state, then it will
remain in the high state. If y is in the high state and z is in the high state, then x will
next be in the low state. Such approximations, while crude, are probably necessary if one
wants to examine large networks involving on the order of ten or a hundred genes. They
have the advantage of being easier to compute than CME or ODE models, and much easier
to parameterize.

A summary of some relationships between CME models and other modeling approaches
is presented in Table 2.2 In the next chapter, we will move on to discussing how to work
with the CME in practice—if we cannot actually solve it or use it to compute observables,
all of this high-level discussion will have been in vain.

LOf course, one can make finer divisions of state space, for example by including a ‘medium’ state. This
is just to illustrate the idea.
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Modeling approach Relationship to CME

Non-fundamental terms Arise from approximating a more complicated CME
with fundamental terms, and can often be justified by
appeal to the quasi steady state approximation.
Stochastic differential equations | Time scale long enough for many chemical reactions to
happen in a small amount of time 7; see discussion of
chemical Langevin equation in Chapter [ff Can also
work in terms of a system size expansion, but this is
less reliable.

Ordinary differential equations | SDE approximation + large enough molecule numbers
for fluctuations to be negligible.

Reaction-diffusion equations Write down CME for diffusion and reactions on a lat-
tice, consider the corresponding ODEs, and take the
lattice spacing to zero.

Markov models on finitely many | Coarse grain system according to attractors, e.g. if a
states state x is ‘closest’ to attractor A, identify x with A.
Transition probabilities between coarse grained states
in principle computable from CME.

Boolean networks Coarse grain system according to characteristic concen-
tration thresholds, e.g. if x > ¢, identify x with the
‘high’ state, or if z < ¢, identify x with the ‘low’ state.
Approximate CME/SDE/ODE update rules by simpler
Boolean variants. May also approximate time as dis-
crete.

Table 2.2: A summary of the relationships between the CME and other modeling approaches
sketched in this section.

Bibliography

[1] W. Gilbert and B. Miiller-Hill. Isolation of the lac repressor. Proceedings of the
National Academy of Sciences of the United States of America, 56(6):1891-1898, Dec
1966. 16591435[pmid].

[2] Benno Miiller-Hill. The function of auxiliary operators. Molecular Microbiology,
29(1):13-18, 1998.

[3] Michail Stamatakis and Nikos V. Mantzaris. Comparison of deterministic and stochastic
models of the lac operon genetic network. Biophysical Journal, 96(3):887-906, 2009.

[4] Daniel T. Gillespie. A rigorous derivation of the chemical master equation. Physica A:
Statistical Mechanics and its Applications, 188(1):404 — 425, 1992.

18




[5] Daniel T. Gillespie. The chemical Langevin equation. The Journal of Chemical Physics,
113(1):297-306, 2000.

[6] Daniel T. Gillespie. Deterministic limit of stochastic chemical kinetics. The Journal of
Physical Chemistry B, 113(6):1640-1644, 2009.

19



Chapter 3

Basic tools. Or: the chemical master equation in practice

3.1 First examples

In the previous chapter, we described our underlying philosophy, along with the ontology
of the chemical master equation: it describes systems whose dynamics are discrete and
stochastic, and cannot predict what will happen, but rather what is more or less likely to
happen. It is especially suited for modeling how the numbers of RNA and proteins change
within single cells.

As we described earlier, a CME model is defined by specifying four things:

1. a list of chemical species

2. a list of things that can happen to them

3. parameters/propensity functions that quantify how frequently they happen
4. initial conditions.

If one thinks about the CME dynamics like a play, the chemical species list specifies the
‘actors’, the chemical reaction list specifies the ‘action’, and the parameters specify stage
directions (when and how often different things happen). A simple example of a CME model,
involving two species and three reactions, is pictured in Fig. [3.1} The model describes RNA
that is transcribed, spliced, and degraded.

Actors List of things that can happen | Parameters/propensities

N/ @ % N productionrate: (¥
N —> N\ym™ splicing rate: 5
N™ % @ degradation rate: ’)/

N

Figure 3.1: Requirements for specifying a CME model: a list of chemical species, and a list
of parameterized reactions. Pictured is a model involving RNA transcription, splicing, and
degradation.

This has all been very abstract so far; let us take a look at a few simple examples.
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Example 1: Some simple CME models

The pure birth process:

Rl: 2% X

e List of chemical species: {X}

e List of reactions: {R1}

e System state: z € {0,1,2,...}

e Propensity functions: a;(z) = «

e Stoichiometry vectors: 1y = +1

The chemical birth-death process:

Rl:2 % X
R2: X 5o

List of chemical species: {X}

List of reactions: {R1, R2}

System state: x € {0,1,2,...}

Propensity functions: a;(z) = a, as(z) =7 x

Stoichiometry vectors: 1y = +1, vy = —1

Transcription/splicing/degradation (pictured in Fig. [3.1)):

Rl: 2% X,
R2: X, 5 X,
R3: X, L o
List of chemical species: {X7, X5}
List of reactions: {R1, R2, R3}
System state: x = (z1,7,) € N?
Propensity functions: a1(x) = «, as(x) = f x1, az(x) = v x2

Stoichiometry vectors: vy = (+1,0), v, = (—1,+1), v3 = (0, —1)

(3.1)

(3.2)

(3.3)
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3.2 Simulating the CME

One way to solve a CME model (and, hence, determine its experimental predictions) is to
simulate it many times, and use the simulation trajectories you found to compute the things
you care about, like averages and probability distributions.

There are several methods for simulating a single stochastic trajectory. The simplest is
the rejection sampling method, which involves taking small time steps of size At and checking
whether or not a reaction happens at each time step (and if so, which one).

Using the fact that our propensity functions tell us the probability that any given reaction
happens within a small amount of time At, we have the following algorithm.

Rejection sampling algorithm
i Generate a uniformly distributed random number r between 0 and 1.

il If r < ay(x)At, the first reaction happens. Update x — x4+ vy, t — t + At.
If Zj:ll aj(x)At <r < 2521 aj(x)At, reaction k (for some 2 < k < M) happens.
Update x — x+ v, t =t + At.
If r > Z;\il aj(x)At, no reaction happens. Update ¢t — ¢ + At.

iii Repeat.

As one might expect, this algorithm is incredibly wasteful, because for most time steps
(assuming At is sufficiently small) nothing will happen. Is there a better way? Fortunately
there is, thanks to the pioneering work of Gillespie [II, 2, B]. The core idea of the Gillespie
algorithm is to note that what we’d really like to know is when the next reaction happens,
along with the probability that it is some particular reaction; advancing the system when it
isn’t changing is a waste of time and computational resources.

The first step towards discovering the Gillespie algorithm involves using what we know
so far to write down the probability that no reaction happens in a small amount of time At.
Since a;(x)At is the probability that reaction j happens, the probability that no reaction

happens is
M

1- 3 4 (x)At ~ em Zim e xIAL (3.4)

j=1
where we have used the fact that the left-hand side is equal to the first-order Taylor expansion
of the right-hand side for sufficiently small At¢. Since no reaction happened in the small time
At, x did not change; the probability that no reaction happens in the next small amount of

time At either is
e SiLia (x)At,— Sl aj(x)At _ 2 L aj(x)At (3.5)
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i.e. the expression above multiplied by itself. The probability that no reactions happen for
an amount of time 7 equal to taking n small time steps (7 = nAt) is

M
p(wajt 7') — e~ Z;Z1 aj(x)At || e~ ZJM=1 aj(x)At _ exp{— Z a; (X)T} . (36)
=1

We can write this more succinctly by defining

ag(x) := Zaj(x) : (3.7)

Now that we know the probability that no reaction happens for some (not necessarily small)
length of time 7, what’s the probability that we have to wait a length of time 7 and a
reaction happens within a small amount of time At afterward? In other words, what’s the
chance that we have to wait for a length of time 7 until the next reaction?

Since the jth propensity function tells us the probability (per unit time) that reaction j
happens within a small amount of time At, the probability that we have a wait time 7 and
the next reaction is reaction j is given by

p(wait 7 and j happens next) = a;(x) e~ a0 ()T
a/A X —aol\X)T
= B gl 39)

= p(choose reaction j) - p(wait until 7)

where the first factor can be interpreted as the probability we pick reaction j to happen
next, and the second factor can be interpreted as the probability that our wait time is 7.

This yields the celebrated Gillespie algorithm: we can simulate our system by drawing
our wait time from the exponential distribution above, and we can draw from a uniform
distribution to determine which reaction fires next.

Although modern random sampling software packages have functions that allow one to
draw from exponential distributions directly, we note that the inverse transform method for
doing this generalizes to more complicated situations (and will be necessary when we consider
time-dependent propensity functions). In particular, if the wait time 7 ~ Exp(ayp), then we
can accurately sample 7 by drawing a uniformly distributed random variable u ~ Unif]0, 1]

and computing
1 1
=— 1 — ] . .
T 00 og (u) (3.9)

The formula above comes from inverting the cumulative distribution function for an expo-
nential distribution (i.e. F(7) = 1 — e 7). For future reference, we record the Gillespie
algorithm in its entirety below.
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Gillespie algorithm:
i Compute ap(x) := Zj\il a;(x).

ii Draw a random number 7 ~ Exp(ag(x)); this is the length of time between the
previous reaction and the next reaction.

iii Draw a random number r ~ Unif[0, 1]. If % Z?;ll a; <r < % Zle a;, we say that

reaction j fired. (Interpret 2321 a;j as zero.)
iv Update the state of the system: (x,t) = (x+v;,t + 7).

v Repeat.

Example 2: Simulating the pure death process

Consider the system with just one reaction, a ‘death’ reaction, so that its reaction list reads
XLo. (3.10)

This simple model is sometimes used to describe radioactive decay. Assuming - is time-
independent for simplicity, the propensity function for this system is

a(z) =~z (3.11)

where x is the current number of X molecules, and the stoichiometry vector is v = —1. Note
the x-dependence; intuitively, the x-dependence comes from the fact that the death reaction
can’t happen if there are no X molecules left (i.e. a(0) = 0). Similarly, the probability that
at least one molecule disappears within a small amount of time At increases when there are
more molecules present. Let us simulate this system in two ways: first using the rejection
sampling method, and then using the Gillespie algorithm.

Rejection sampling method

Assume that v = 1, and that our initial number of molecules is o = 100. First, we
choose some small time step At; since we will be treating yxAt as the probability that death
happens in a given time step, we need yxoAt to be less than 1. We will somewhat arbitrarily
pick At = 0.005, so that yxqAt = 0.5.

At each time step, we will first compute the probabilities that (i) death happens, and
that (ii) nothing happens. Then we will draw a random number u ~ Unif[0, 1], and use
that to decide which of the two possibilities happens for that time step. The table below
summarizes the results of the first few steps of an example rejection sampling simulation.
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We have used R(death) to denote the probability region that corresponds to picking that the
death reaction happens, and R(nothing) to denote the probability region that corresponds
to picking that nothing happens.

Step || Prev. x | R(death) | R(nothing) u Result || Time | x
0 0 100
100 0-0.5 05-1 0.948 | nothing || 0.005 | 100
100 0-0.5 05-1 0.227 | death 0.01 | 99
99 0-0.495 | 0.495-1 | 0.594 | nothing || 0.015 | 99
99 0-0.495 | 0.495-1 | 0.428 | death 0.02 | 98
98 0-0.49 0.49-1 | 0.764 | nothing || 0.025 | 98
98 0-0.49 0.49 -1 0.003 | death 0.03 | 97
97 0-0485 | 0485-1 |0.357 | death || 0.035| 96
96 0-0.48 048 -1 0.91 | nothing || 0.04 | 96

0 J O Ul = Wi

From this table, we can immediately notice the problem with a rejection sampling ap-
proach: there are a lot of simulation steps where nothing happens! This problem would have
been even worse had we chosen a smaller value for At.

Gillespie algorithm

Assume again that v = 1 and zy = 100. The Gillespie algorithm does not require us to
choose a step size At.

This time, each step of the simulation requires us to decide one thing: how long until
the next reaction. Because our model has only one reaction, the next reaction is always
guaranteed to be death. In order to decide when the next reaction happens, we draw a
random number u ~ Unif0, 1], and compute

1 1
T =—1og (—> . (3.12)
v x u
Notice that 7 = oo when x = 0; in other words, we must wait an infinitely long amount of
time for the next reaction to happen when x = 0. This is as intended, because no more death

reactions are possible when there are no more molecules left. The table below summarizes
the results of the first few steps of an example Gillespie algorithm run.

25



Step || Prev. = U Wait time | Time | =
0 0 100
1 100 0.948 0.001 0.001 | 99
2 99 0.227 0.015 0.016 | 98
3 98 0.594 0.005 0.021 | 97
4 97 0.428 0.009 0.03 | 96
5 96 0.764 0.003 0.032 | 95
6 95 0.003 0.062 0.094 | 94
7 94 0.357 0.011 0.105 | 93
8 93 0.91 0.001 0.106 | 92

Because something is guaranteed to happen during each step of the Gillespie algorithm,
this approach tends to run much faster in practice. Sample results for each approach are
pictured below: as expected, they agree with each other.

Pure death process rejection-based simulation Pure death process Gillespie simulation

100 100
(%] (%]
Q@ Q

S 80 A S 80 A
(9] (9]
Q Q

© 60 © 60
€ €
Y— Y—
o (o)

« 40 « 40
[} ()
E £

S 204 S 204
= =

0 0

0 1 2 3 4 5 é 0 1 2 3 4 5
Time Time

3.2.1 Simulating CMEs with time-dependent parameters

The Gillespie algorithm also works given reactions with time-dependent parameters, although
working with them slightly more complicated. In that case, the waiting time distribution
reads

p(7) = ag(x, £+ 7) exp {— / o t) dt’} | (3.13)

which we can learn by slightly generalizing the previous argument.

Since we are assuming the propensity functions a;(x,t') are time-dependent, this waiting
time distribution will typically not be a simple exponential distribution. In fact, the integral
that appears in the argument of the exponential is generally not possible to evaluate in closed
form.
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But, in principle, we can use the inverse transform trick we described above to sample
this distribution. This time, we must invert the cumulative distribution function for this
more complicated distribution, which reads

F(r) zl—exp{— /t v ao(x, 1) dt’} . (3.14)

Doing so, we can draw a u ~ Unif[0, 1] and find the value of 7 that satisfies

t+T1 1
/ ao(x,t") dt' =log (E) . (3.15)
t

Numerically, this can be done using ‘shooting’-type methods, where several values of 7 are
tried. As the name implies, if the value you tried is too high, adjust the next trial value to be
smaller; if the value you tried it too small, adjust the next trial value to be larger. Eventually,
you should find a value of 7 that is correct up to a desired error tolerance. But there may
be other methods that work faster when more is known about the time-dependence of the
propensity functions.

For future reference, we record the Gillespie algorithm for time-dependent reaction rates
below.

Gillespie algorithm (time-dependent reaction rates):

i Draw a random number 7 ~ Unif[0, 1]. Find the value of 7 that satisfies

t+71 1
/ ag(x,t") dt' =log (—) . (3.16)
t r1

This is the length of time between the previous reaction and the next reaction.

ii Draw a random number r ~ Unif{0, 1].

k—1 k L
If ao(tl-l-T) Y ait+T)<r< ao(t{ﬂ) i1 @j(t + 7), we say that reaction j fired.

iii Update the state of the system: (x,t) — (x +v;,t+ 7).

iv Repeat.
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3.3 The CME as a matrix equation

Using variants of the Gillespie algorithm presented in the previous section, we can simulate
any CME we like in order to determine how a system will behave. But this may be compu-
tationally expensive or slow, and it would be nice to have alternative methods that do not
depend on simulations. The most naive approach to working with the CME is treating it as
a matrix ODE. This works perfectly well when the system’s state space is finite, as in the
case of the gene that randomly switches between two states:

k
Gi1 = Gy

. (3.17)
Gy 25 &y

whose dynamics are described by the CME

9P(Lt) _ ko1 P(1,t) + k1o P(2,1)
ap?é ) (3.18)
—at’ = lep(l,t) - k12p(27t)

where P(1,t) is the probability that the gene is in state 1 at time ¢, and P(2,t) is the
probability that the gene is in state 2 at time . If we define the state vector

Bt) = (ig 3) , (3.19)

, (3.20)

where H is the matrix

ks
H = . 3.21
<k21 —k12> (3.21)

By analogy with quantum mechanics, we will call this matrix the Hamiltonian, or the Hamil-
tonian operator. We will have much more to say about this system in Chapter [6, but for
now we will just point out that it can be solved using a variety of conventional methods. For
example, we can exponentiate H to find f’(t), or we can diagonalize H and write down a
solution in terms of its eigenvectors. If we are only interested in the steady state solution, as
is often the case, we can use something like Gaussian elimination to compute the nullspace
of H.

What if the state space of one’s system is not finite (which is true most of the time)? For
the sake of concreteness, consider the birth-death process (@ % X, X ui &), whose CME
reads

OP(z,t)

el [P(x —1,t) — P(x,t)] + v [(z + 1) P(x + 1,t) — P (z,t)] . (3.22)
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The infinite-dimensional matrix H in this case is

o —o— 2
H— T (3.23)

Q —a—2y 3y

One thing we could try would be to choose some cutoff state C, and approximate the so-
lution P(xz,t) by treating H like an (C'+ 1) x (C' + 1) matrix. For C sufficiently large (in
particular, somewhat larger than where most of the support of the probability distribution
is concentrated), we would expect this approximation to work fairly well. In the case of
the birth-death process, and other processes whose molecule numbers do not tend to in-
crease without bound, this approach does work well. In the case of something like the pure
birth process, it will not, because there will always be some time after which most of the
probability distribution is concentrated at states y > C.

This idea, plus a few technical tricks for carefully estimating the error introduced by the
approximation, is the basis of the finite state projection approach [4 5 6] to solving the
CME. Introduce a cutoff for state space, then solve using standard matrix ODE methods
(especially sparse matrix exponentiation algorithms, which apply because H tends to consist
mostly of zeros). The problem is that the method does not scale well as one considers larger
state spaces. If there are N chemical species, one needs N cutoffs (', ..., Cy, and the size of
the matrix will be (C; +1) x --- x (Cn + 1); if each C; is on the order of ten or a hundred,
this number gets large very quickly. While there are various ideas for optimizing finite state
projection algorithms, the fundamental limitation for treating H like a matrix remains the
sheer computational expense of dealing with very large matrices.

3.4 Conventional analytic approaches to solving the CME

We may as well face up to the fact that H is infinite-dimensional, and try to develop methods
that respect this fundamental feature of the CME. Just as there are methods for solving PDEs
other than discretization, we would like analogous theoretical methods for solving the CME.
In this section, we will illustrate a few approaches in the context of the birth-death process,
whose CME is Eq.

3.4.1 Method of guessing

Much of what we know about how to solve differential equations comes from systematic
guessing—and the method can also work here. It works best for finding the steady state
probability distribution Pss(z), which is governed by the equation

0=al[Ps(x—1) = Py(z)] +v[(z + 1) Pss(x + 1) — 2Py ()] - (3.24)
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Rearranging, we have the simple recurrence relation

(x + 3) Po(z) — ©Py(z — 1)

v

Py 1) = 2
(1) T (3.25)
whose beginning (z = 0) looks like
«
Pi(1) = —P(0) . (3.26)
8
Continuing iteratively, we can find
2 3
P(0 P(0
PSS(Q) = (a/v)—() 7pss(3) = w . (3.27)
2 3-2
This suggests the ansatz
Py (z) = (const.)% (3.28)

which substitution into Eq. shows is correct. Normalizing so that the total probability
is 1, we obtain a Poisson distribution:

Py(x) = M . (3.29)
x!
This method for computing Py, works quite well when one is considering relatively simple one-
dimensional (i.e. one species) systems. For systems involving more species, the recurrence
relation will likely be hard to solve, so one must make a bold guess and hope for the best.
Knowing that the steady state distribution of the birth-death process is Poisson may lead
us to boldly extrapolate, and try a function

2 p(t)me )
N z!

P, (3.30)

for solving the full distribution. Substituting into Eq. and simplifying yields the con-
straint

it =a—yu (3.31)

from which we obtain that
w(t) = poe " + e (1—e) . (3.32)
Y

So we have solved Eq. for at least some initial conditions (e.g. Py(z) = 6,0, which is
a degenerate Poisson distribution and corresponds to g = 0), but we have not solved it in
general. The general form of the solution for arbitrary initial conditions, even for a problem
this simple, is hard to guess.
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3.4.2 Method of generating functions

Suppose we want a more principled approach. One idea is to convert the differential-
difference equation into something more familiar, like a PDE. This can be done by considering
the generating function

t):= i P(z,t)z" (3.33)

where z € C. If we can compute 1(z,t) for z = ¢ (that is, for z on the complex unit circle),
then we can compute P(x,t) via an inverse Fourier transform, since

deo d9
/_oo o —7,9:t¢ 9 t ZP y’ /_ o —19(36 Y) — ;P(y,t)é({[’ —y) — P(Z’,t) (334)

where we have used the usual integral representation of the Dirac delta function. Substituting
the definition of the generating function into Eq. and simplifying yields the PDE

OY(z,t) OY(z,t)
ot 0z

=a(z = 1y(zt) =~(2 = 1)

(3.35)

This can be solved using techniques like the method of characteristics, which supposes that
the solution lies along some parameterized curve, so that ¢ (z,t) = (Z(s),T(s)) for some
value of s. Suppose this were true, and that

dy _00OT  0v0Z _ 0y, 9

—1). 3.36
ds 0T ds ' 8Zds 0T 8Z v(z—1) ( )
Then our PDE becomes p
W a(z(s) 1) (3.37)
which is relatively simple to solve. The constraints in Eq. force
-1
S
8_Z iz (3.38)
ds '
Solving for T'(s) and Z(s), we find
T(s)=s
3.39
Z(s)—1=Ce" ( )

where C' is an arbitrary constant, and we have arbitrarily chosen 7'(0) = 0. Since t = T'(t),
T'(0) corresponds to t = 0, so s € [0,¢]. We must also have Z(s = t) = z, so that (z,t) =
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(Z(s=1),T(s =t). Going back to Eq. [3.37 pushing forward yields

(if = aCe™
ﬂds / e’ds
WIETG) (340
= 10g¢<z(0)jT<o>—; =1 = S0 =D e 1]

Yz t) = H(2(0), o>exp{§<z—1> (1=}

The initial condition for the generating function depends on the initial condition for P(z,t);

because we can construct the solution for P(x,t) provided that we know the transition

probability P(z,t; xg,0) for arbitrary xy € N, let us try to compute the transition probability

by supposing Py(x) = 0,.4,, S0 that 1(z,0) = z*. Finally, we have
P(z,t) = Z(0)™ exp {g(z -1)(1- e‘”t)}

i (3.41)

=[1+(z—1)e "] exp {%(z -1)(1- e”t)} :

In order to recover P(xz,t), we can either perform an inverse Fourier transform or match
coefficients (i.e. P(z,t) corresponds to the coefficient of 2% in Eq. [3.41). Because this
problem is relatively simple, let us do the latter. We have

B(e,t) = [(1— ) 4 2077 exp {% ~1(1- >}
v
B 3.42)
xo o @ 1_ e ’Yt) (
_ —2(1-¢ —t i) —~t]To—k —~t1k |:’Y< :| n+k
=e = ( )Z(k)[l—ev} [67} oy
k=0 n=0
Cleverly reindexing and rearranging the sums, we obtain
z—k
a . min(z,zo) " k . 00 |:Q 1—6 ’Yt)]
bz t) = e 307 Z (0) T 3
=0 r=
. ( : ok (3.43)
0o min(z,zo &l —e7
_ z —2(1—et) Zo 1 — et To—k 1 __y1k [’Y ]
o g W T ey

so that our final answer for the transition probability is

| B _Q(l_e*’ﬁ) min(z,zo) 2 ek [k [% _
P(x,t;x0,0) = ¢~ Z f [1—e [e™] ] . (3.44)

k=0
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As a sanity check, we note that if zy = 0 (so that the initial condition is a degenerate Poisson
distribution), we recover a Poisson distribution with a mean given by Eq. with pg = 0.
At this point, we should make several observations. First, despite the birth-death process
being ostensibly the simplest nontrivial and biologically relevant example of a CME model,
finding its complete time-dependent solution was not simple. We shall have more to say
about finding finding analytic solutions to the CME (e.g. in Chapter , but our difficulties
here do not bode well for more realistic problems involving more than one species and more
complicated interactions between species. Second, it would have been much easier to find
the steady state solution; starting from Eq. , we could have set 9 /0t = 0 and solved

0ss(2)
0z

= ;@DSS(Z) (3.45)

quickly to recover the Poisson distribution answer. That steady state solutions are signifi-
cantly easier to find is also a generic fact about solving the CME.

Overall, this is the most widely used method, and it is generally effective (at least, for
sufficiently simple systems that are amenable to an analytic approach in the first place).
If one does not have a good guess prepared, trying to solve (or approximately solving) a
generating function PDE like Eq. is a good thing to try.

3.4.3 Method of Poisson representation

This method is closely related to the previous one, in the sense that it also involves converting
the CME to a possibly more tractable PDE. The idea [7, 8, 9] is that we try to write P(x,t)
as a superposition of (typically infinitely many) Poisson distributions, i.e.

P(x,t) = / dz %e’zq(z,t) (3.46)
0 .

for some function ¢(z,t). We convert Eq. @ into an equation describing the time evolution
of q(z,1), solve for ¢(z,t), and then Eq. [3.46] provides our solution for P(xz,t). Given a
sufficiently well-behaved ¢(x,t), we may also hope to manipulate Eq. to get rid of the
integral, so that our solution is even simpler-looking. Note that

r—1

Plx—1,t) = /000 %e_zq(z,t)

(3.47)
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In other words, in converting the CME into an equation for ¢(z,t), we can substitute P(z —
1,t) = q— %. By similar computations, we have:

Pl —1,1) — P(a, 1) — — 241
0% Sal=.) (3.48)
(x +1)P(x+ 1,t) — 2P(z,t) = q(2,t) + 2 q(‘?z’ :
so q(z,t) satisfies the PDE
dq(z,t 0q(z,t 0q(z,t
Q(at ) _ _q qéz ) 44 (q(z,t)+z qéz )) , (3.49)
which we can rewrite as
10g(2,1) dy(z1)
e G D ma (2 (3.50)

This is another PDE we can solve by the method of characteristics. Suppose ¢(z,t) =
q(Z(s),T(s)), and obtain the constraints

or(s) 1
ds v
3.51
0Z(s) —2(s) (3:51)
ds
which we can easily solve to find
T(s) =2
8 (3.52)
Z(s) = Zoe "+ pu (1 —e®)

where we have arbitrarily chosen T'(0) = 0, and Z; is an arbitrary constant. Since T'(s =
vt) = t, we must have Z(s = ~t) = z. Also, if we the time corresponding to our initial
condition is zero, we have s € [0,~t]. Continuing on,

dq
qs a
vt vt
o 4 0 (3.53)
q(z,1)
— log =t
(2(0),0)

Noting that



all we have to do is determine ¢(z,0) based on our initial condition. Assuming we are
interested in the transition probability P(x,t;x¢,0), we want Py(z) = d,4,- But it is not
obvious how to satisfy

O o :/ dzz—e_zq(z,O) : (3.55)
0 x!
An inspired choice turns out to be
> dp £ \To ,—1Z
a(z0) = [ S (14 ipyme (3.56)
oo 2T
since - % gy e
_ _pZ_ : \To ,—1Zp—2
0.0 _/o dz /Oo 5 1] (14 ip)™e (3.57)

is an integral representation of the Kronecker delta function (incidentally, it is one we will
use later in Chapter {4)). Then our solution for ¢(z,t) becomes

azt) = [ 58 (Lt ipyeaon

oo o7 (3.58)
o d ;oYt —t '
:ewxm§§u44mwngﬂ@% )
Hence, using Eq.
0o x % 1 e e
P(z,t;x0,0) :e"’t/ dz e~ Z/ & (1 +ip)¥e " [Fon(i—e)]e (3.59)
0 x! o

In this case, we can manipulate the integral to simplify it. Change variables to
wi=e"[z—p(l—e)] (3.60)
so that dw = e"dz, and our expression becomes

—~t e _Pyt ]_ - _’yt * —yt o d y
P(:E, t; o, O) — ef,u(lfe ) / dw [6 w + M( € )] ¢ 2l w/ 2_p (1 + Z»p)zoefzpw
Wi IN oo 4T

x!
(3.61)

where Wy, := —p (e’ — 1) > 0. We can use a trick to write
[ s e / B (1 4 ipye-iine
T

N (—%) e (3.62)
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Integrating by parts, we have

wmin T
) ~ ek L[ L/ o\ e
e u(1—e )% (2) (6 *yt)k [,U,(l —e 'yt)] k ;/w | dw; (a_w) {wke(l ) }e (5(11)) .
(3.63)
Since

/1: dw% (%)% {uwrel=m et = (xoxf!k)! [(E=e)]"" 364

provided k < xy, and zero otherwise, our final answer is

min(z,zg)
. _ —p(l—emh) Z —t\k Aty E—k i xO! __—At\]®o—k
P(z,t;10,0) = ¢ kZ:O (k> (e [n(1 —e)] Y E—a [(1—e")]

(3.65)

which is the same as Eq. [3.44] One thing we should note is that, while it was not that hard
to derive Eq. [3.59, converting it into a more useful form was tedious. This seems to be a
generic feature of various methods for solving the CME.

3.4.4 Method of eigenfunction expansion

This method should be familiar from the study of PDEs. The idea is that we find the
eigenfunctions of H, expand the solution in terms of them (yielding a Fourier-like series),
and exploiting some kind of orthogonality property of the eigenfunctions to compute the
coefficients of the solution (a la exploiting the orthogonality of sines and cosines to compute
Fourier coefficients).

Eigenfunction expansion can work, as we will see shortly, but oftentimes trying to find
eigenfunctions is no less difficult than solving the full problem. Even if it is, one can run
into issues in computing the Fourier-like coefficients of the solution if one has not established
an orthogonality property satisfied by the eigenfunctions. And even if the method works, it
may be because one happens to get lucky, and identify the eigenfunctions as a known class
of special functions (as we are about to see). In case it is not clear, this method is often
cumbersome and hard to generalize.

Consider again the birth-death process, and suppose that we already know that the
steady state distribution is Poisson with mean p := «/~. The first step of this method is to
write

P(z,t) = Q(z,t) Pss(x) (3.66)
and substitute this ansatz into the CME, Eq. [6.29 Doing so, we find
0Q(x,t
Qét ) _ & Qx4+ 1,1) — Q(z,1)] + 72 [Q(z — 1,1) — Q(x,1)] (3.67)
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which is a sort of mirror image of the CME (notice especially how the x + 1 terms and = — 1
terms swapped relative to the parameters they were next to in Eq. [6.29)). Now, since we are
looking for eigenfunctions, we write

Q(x,t) = Qp(x)e ™", (3.68)

and substitute to find

— EQu(r) = a[Qp(z +1) — Q@) + v [Qe(z — 1) — Qr(z)] . (3.69)

At this point, we have two tasks: find the allowed values of E, and determine each of the
functions Qg(z). Let us deal with the allowed values of E first. Because the long time limit
of the system’s dynamics exists, we need E > 0 (otherwise, Eq. would blow up as we
take ¢ — 00). Because, additionally, the long time limit of P(x,t) is a Poisson distribution,
we know that all moments exist. This should also be true of the eigenfunctions of H, the
functions Qg (z)Pss(z).

One way to study this constraint is to consider the function

— (12)”

o(z) := Z , Qp(r)e ™ (3.70)
=0

analogous to the generating function we defined earlier, but with extra factors to make the

function on the inside match the Poisson distribution when z = 1. The purpose of introducing

this function, as with introducing the generating function before, is to convert Eq. to a

more manageable PDE, and also to check to see if our finite moments constraint is satisfied.

When we take z derivatives of ¢ and set z = 1, we recover factorial moments:

9"¢(z)
0zk

[e.e]

(@ —1) (& — k +1)] 'Z—TQE(QE)@“ - @3.71)

(x(x—=1)---(z—k+1)) =

z=1 T

After some algebra, we can find that ¢(z) satisfies the PDE

B (o)
Zot) = - 1) (2 - ot 5.7

which we can solve to find
o(z) = D (2 —1)EN (3.73)

where the arbitrary constant has been fixed to make the £ = 0 case correspond to the
total probability of a Poisson distribution when z = 1 (i.e. ¢(1) = 1). Now we can notice
something important: unless F/7 is a nonnegative integer, not all factorial moments will be
finite, because taking sufficiently many derivatives and setting z = 1 yields

ok (2) 1

0zk (z = 1)k=B/| _,

=00 . (3.74)

z=1
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Hence, it must be that £//v is a nonnegative integer, i.e. that the allowed energies are
E,=vn (3.75)

for n € N. Because we have a countably infinite number of allowed energies, we can relabel
Qr(z) — Qn(r). Now we can proceed in two ways. Either we analyze our solution for ¢(z)
(Eq. 3.73)) to extract the functional form of @, (z), which we could do to find that

Q) = Culo) =3 (1)Ut ale =) k) B)

k=0

where C),(z, pt) is the nth Charlier polynomial. Alternatively, we could substitute E,, = yn
into Eq. [3.69] and use prior special functions knowledge to notice that the recurrence relation
we obtain is satisfied by the Charlier polynomials. Either way, we have eigenfunctions P, (x)
given by

Po(x) o Qn(7) Pos(z) = Cp, 1) Pos() (3.77)

The Charlier polynomials satisfy an orthogonality property

> TemH n!
3" Cula, 1) Cun(a, ,MT = S (3.78)

n

which we could either prove ourselves, or look up. Finally, we can write the general solution
for P(x,t) as an eigenfunction expansion

[e.e]

P(z,t) =Y dyCp(x, i) Pog(w)e ™™ (3.79)

n=0

whose coefficients are determined by the initial condition P(z,0) = Py(x). By the orthogo-
nality property, we have

d, = ‘;—T > Cula, p)Po(x) . (3.80)

T x=0

If we are interested in the transition probability P(z,t;xg,0) again, then we choose Fy(z) =
0z.2, and find that

P(z,t; 29,0 E H— (0, 11)Cr(z, 1) Pyg ()™ (3.81)
n!
n=0

While this formula looks superficially different from our earlier solution (Eq. , one can
use properties of Charlier polynomials to show that they are actually the same.

It seems like a fairly generic feature of the CME that the eigenfunctions of H will be
discrete orthogonal polynomials times the steady state distribution. Omne also generally
expects that the eigenvalues A\, of H (or equivalently, the allowed energies E, = —\,,) are
determined by the characteristic time scales of the problem—the degradation rate time scale
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fixed by 7, in this case. But in general, the eigenvalues need not be equally spaced as they
were here. In analyzing simple examples of bimolecular reaction networks, one quickly finds
examples of systems with E,, ~ n2.

Again, we should emphasize that we would have been severely handicapped had we not
been able to identify the functions @), as the Charlier polynomials and been able to draw
on the associated body of special functions knowledge. For a more complicated problem,
whose answer does not yield a known family of orthogonal polynomials, one must prove all
of their necessary properties from scratch in order to work with them. For example, it is a
nontrivial task to derive the orthogonal polynomial properties necessary to show that our
eigenfunction expansion agrees with Eq. [3.44]

3.5 Exotic analytic approaches to solving the CME

In the previous section, we described several typical analytic approaches to solving the CME.
In this section—and the rest of this thesis—we will explore the use of a few ‘exotic’ ones,
inspired by theoretical tools from quantum mechanics, that have various appealing features.

3.5.1 Path integrals

One of our primary tools will be the path integral, which expresses probability distributions
P(z,t) in terms of an infinite number of integrals. While this seems like it would not
making solving the problem any easier, there are various tricks for evaluating these integrals,
and there is one important advantage over a number of other methods: supposing one can
evaluate these integrals, solving for P(x,t) becomes relatively mechanical. Unlike in the
case of eigenfunction expansion, for example, we do not need any a priori special functions
knowledge to help us along. We only have to compute (usually relatively simple) integrals.

In this thesis, we will actually encounter several different kinds of path integrals: state
space path integrals, and coherent state path integrals. State space path integrals express
P(z,t) in terms of all possible paths through state space, while coherent state path integrals
express P(x,t) as a superposition of distributions in some reference class. In the case of
the CME, it is useful to try expressing P(x,t) as a superposition of infinitely many Poisson
distributions. This is the essence of the Doi-Peliti path integral approach, which is equivalent
to the Poisson representation approach we described earlier. Of course, we need not restrict
ourselves to Poisson distributions only; perhaps other distributions are better suited to
certain problems.

Let us briefly review the idea of the (state space) path integral from quantum mechanics.
The coherent state path integral from quantum mechanics, used to do things like write down
a path integral description of spins, is similar in spirit if not in detail, so we will not discuss
it here.
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For simplicity, consider a single particle in one dimension subject to a (time and momentum-
independent) potential V' on the infinite line (—oo, 00). The Schrédinger equation reads
Ip(x,t)

2m

_ P e

2m  Ox?

- [ﬁ 1 V(;ﬁ)] W(z,t) (3.82)

where H is the Hamiltonian operator, p is the momentum operator, and z is the position
operator. In Dirac’s bra-ket notation, the Schrédinger equation reads

.0 -
i 1) = ) (3.83)
which can be formally solved via

[(tg)) = e R0 () (3.84)

where [¢(o)) is the system’s state at initial time ¢y, and [¢)(tf)) is the system’s state at a
later time ¢¢. To construct the path integral, two ‘resolutions of the identity’ are required:

| = / " |1 (] (3.85)

—00

1 o0
- d . .
I Ip) (p| (3.86)

The formal solution can be rewritten suggestively by inserting many position eigenket reso-
lutions of the identity (Eq. [3.85)):

(1)) =e RITALeRIAL o= RIAL |y (1))

:/dxodxl cedry |TN)

1

| (3.87)

x (znle F T ay 1) (myoa]e T T zy )
HAt|I0> (ol (to))

where At = (ty —t9)/N. Then each small time propagator matrix element can be evaluated
with the help of the momentum eigenket resolution of the identity (Eq. |3.86). The key part
of the calculation is evaluating matrix elements like these:

. 1 0 .
(2j1102]2;) = / dp (2;11021p) (pl2,)

i

ay <1’1|6_h

T omh )
1 oo

= ok N dp p2 <Ij+1|p> <P|xj> (3.88)
1 oo

_ dp pRerP@iv1—a;)
2rh J_ o pp
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The rest of the calculation is fairly straightforward. If we take [1)(to)) = |zo) for some zy € R,
then we obtain a phase space path integral representation of ¢(x,ts; zo, %) := (x|¢(tf)) that
reads

. N 2
. drydpy  dry_idpy—y dPN Pj
-1 . — 1) A
v Nooo 21h 2mh 2mh ; ~ %) 2m TV (@) At
(3.89)
where xy := x. This path integral is often written in the schematic form [10]
i
Slartsiante) = [ D] exp { 350011
(3.90)

Steapl = [ a0t - B~ Via(t).

to

One can integrate out the momentum variables in Eq. to arrive at the usual configura-
tion space path integral

. N 2
. m N/2 1 m (T; — T;i_
Vot to) = Jim [ dundoves (gopg) ew {ﬁ“z p) (T) B vmn}
j=1

(3.91)
which has schematic form [I1]

Wt 70, ) = /D exp{hS[x(m}

Slz] = /to dt me(t)2 —V(z(t)) .

(3.92)

The interpretation is that one is summing over all paths satisfying x(ty) = zo and x(t;) = .
For exact calculations, the discrete form of the phase space path integral (Eq. is most
useful. For example, let us try to solve for the propagator ¢ := ¢ (x, t; xo, to) of a free particle,
which has V' = 0. The path integral reads

. drydpy  dry_1dpy—y de At
=1 . - — . 3.93
U= ] o orh  2nh pr ~ ) T P (3.93)
We should do the integrals over the position variables x; first; if we integrated out the mo-
mentum variables first, we would just recover the configuration space path integral. And as a
general rule, configuration space path integral calculations are somewhat harder. Collecting
terms involving x;, we have integrals

dr; i,
/ 271.%6& j(pi—pj+1) _ 5(p] — pj-i-l) (394)
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for y =1,..., N — 1. Enforcing the delta function constraints, we have

. * dpn i (t —to)
= z\}linoo /OO o7 &P {?_LpN(x —xzp) — o Py (3.95)
where we can drop the limit since /N is now just a label. Doing this simple Gaussian integral,
we obtain i 2
m mm(z — xg
t;xg,tg) = . 3.96
1/1(27, 3 L0, 0) 27Thl(t—t0) eXp{ 2h(t—t0> } ( )

In general, path integrals that can be reduced to Gaussian integrals (like this one, and the
harmonic oscillator) are easy to solve; problems involving more complicated functions may
be solvable, but require various tricks.

Derivations of path integral representations of the CME analogous to the quantum me-
chanics derivation above are given in Chapter [4 and Chapter 5] See the appendix to Chapter
for elementary CME path integral calculations along the lines of the free particle problem
we just solved. See Chapter [4| and Chapter [7| for detailed path integral derivations of the
solutions of various CMEs involving monomolecular processes.

3.5.2 Ladder operators

Consider the Schrodinger equation of the one-dimensional harmonic oscillator, which in
Hilbert space reads (in units where i = m = 1)

A2

0 A 1
2 1) = ) = [% n §w2:e2] ) . (3.97)

The idea behind a ladder operator solution [I2] to this problem is to try and ‘factor’ the
Hamiltonian. This can be done by defining the operators

Y
i
s
N
=
+
| ~.
hafy
N——

(3.98)

which can be shown to satisfy the canonical commutation relation [121, AT] = 1. In terms of
them, it turns out that we can write the Hamiltonian operator H as

ﬁ:wﬁﬁ+g. (3.99)

This decomposition has various extremely useful consequences—and in some sense, the os-
cillator is ‘solved’ once one identifies these operators, and how to write the Hamiltonian in
terms of them. In particular, we immediately have that

B, A = —wA

L ; 3.100
[H, ATl = wAT ( )
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which can be used to determine the eigenvalues and eigenstates of H . In particular, they can
be used to show that if [1)5) is an eigenstate with energy E, then A'|yg) is an eigenstate
with energy F + w, since

HAY gy = {ATH + [, A1)} o)

X (3.101)
= (B+w)A'[¢g) .

Similarly, A |¢p) is an eigenstate of H with energy F — w when |¢/5) is an eigenstate with

energy E. This means that, given one eigenstate, we can use the ladder operators to construct

many other eigenstates with different energies. Unless there is * ground state’ |¢y) for which

Althy) =0 (3.102)

we would be able to use the lowering operator A to create eigenstates of arbitrarily negative
energy, which is not physical. This is also true if there are eigenstates that are ‘off” the
ladder, in the sense of not being of the form (A" [4,) for some n € N (since the ground
state turns out to be unique). By a routine computation, we can find that the energy of the
ground state is given by Fy = %. Hence, the eigenvalues and eigenstates of H are given by

Fn = (n - %) (3.103)

[n) = (A" 9o) -

From here, one can write the full solution for |¢)(¢)) by writing it as an expansion in the
eigenkets, computing coefficients by exploiting their orthonormality. To get the position
space wave function, we could identify the position space ground state as a Gaussian, and
thus find that the eigenfunctions are Hermite polynomials times a Gaussian. Even aside
from just getting the solution, the ladder operators turn out to be useful for deriving various
properties of it; for example, they allow the computation of moments, which normally can
involve tedious integration, into simple algebra.

The availability of ladder operators as a solution technique depends highly on the struc-
ture of the problem. It is most suited when the eigenvalues of the Hamiltonian are linearly
spaced. Although there are not many quantum mechanical problems that satisfy this prop-
erty, it will turn out that there are many chemical kinetics problems that do. These include
the monomolecular processes that we first study in Chapter 4 and many processes involving
only first order reactions. See Chapter [0] for the application of ladder operators to solving
CME models of RNA transcription and splicing. The extent to which a ladder operator
approach may prove useful in exactly solving very complicated CMEs is not yet known.
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Chapter 4

Path integral representations of the chemical master equation.
I: The Doi-Peliti coherent state path integral

How can we solve the CME? This chapter introduces the Doi-Peliti path integral technique
as a fairly general solution method, and uses it to derive the most general known solution of
the CME. This is the first of two chapters that introduce path integral methods; this method
was previously known, while next chapter’s method is new. Although this is not discussed
in detail, it turns out that they are ‘equally powerful” in some sense, and that the results in
this chapter can also be derived using the other path integral method.

Abstract: The chemical master equation (CME) is a fundamental description of interacting
molecules commonly used to model chemical kinetics and noisy gene regulatory networks. Exact
time-dependent solutions of the CME—which typically consists of infinitely many coupled differ-
ential equations—are rare, and are valuable for numerical benchmarking and getting intuition for
the behavior of more complicated systems. Jahnke and Huisinga’s landmark calculation of the
exact time-dependent solution of the CME for monomolecular reaction systems is one of the most
general analytic results known; however, it is hard to generalize, because it relies crucially on
properties of monomolecular reactions. In this paper, we rederive Jahnke and Huisinga’s result
on the time-dependent probability distribution and moments of monomolecular reaction systems
using the Doi-Peliti path integral approach, which reduces solving the CME to evaluating many
integrals. While the Doi-Peliti approach is less intuitive, it is also more mechanical, and hence
easier to generalize. To illustrate how the Doi-Peliti approach can go beyond the method of Jahnke
and Huisinga, we also find an explicit and exact time-dependent solution to a problem involving
an autocatalytic reaction that Jahnke and Huisinga identified as not solvable using their method.
We also find a formal exact time-dependent solution for any CME whose list of reactions involves
only zero and first order reactions, which may be the most general result currently known.

This chapter is currently under review at the Journal of Mathematical Biology as
“Solving the chemical master equation for monomolecular reaction
systems analytically: a Doi-Peliti path integral view ”

[Vastola (2021)] arXiv link
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4.1 Introduction

The chemical master equation (CME) provides a fundamental description of well-mixed
molecules interacting with each other via a set of chemical reactions [1} 2, Bl 4, 5l ©, [7]. It
models dynamics that are discrete (the state of the system is a set of nonnegative integers)
and stochastic (chemical reactions occur with some probability). The CME has recently
enjoyed tremendous success as a framework for understanding noisy single cell data [8, 9],
10], 1T, 12]) [13], [14], particularly in simple model organisms like yeast where techniques like
single-molecule Fluorescence in situ Hybridization (smFISH) allow RNA molecule numbers
to be counted accurately [15] (16, [I7]. Outside of cell and molecular biology, master equations
have been successfully used to model population dynamics [I8], 19} 20], traffic 21, 22, 23],
and gas phase chemical kinetics [24] 25, 26], among other things.

Although it is very useful for defining discrete stochastic models, the CME generally
cannot be solved directly. One typically resorts to an approximate approach, like using
Gillespie’s algorithm [27, 28] to extract information from many brute force simulations, or
using finite state projection [29, B0, [10], or partitioning the system (e.g. low versus high
copy number, slow versus fast time scale) [31} 32 33, [34] [35, [36], or solving a continuous
approximation to the CME like the chemical Langevin equation [3] 37, B8] [39].

Unsurprisingly, exact time-dependent solutions (as opposed to steady state solutions) of
the CME are particularly rare, and have only been computed for specific cases. McQuarrie
[1] describes some of the early attempts: in 1940, Max Delbriick evaluated the CME for the
autocatalytic reaction S — S+.5 [40]; in 1954, Renyi solved the binding reaction A+ B — C'
[41]; in 1960, Ishida solved the death reaction S — @ and presented the first CME solution
with time-dependent rates [42]; in 1963 and 1964, McQuarrie et al. solved many simple
systems (including A+ A — B and A + B — () using the method of generating functions
43, @]

The situation did not change appreciably until Jahnke and Huisinga’s landmark paper
[45], more than forty years later. Their 2007 paper constituted a major advance in our
collective understanding of the CME; they were able to solve the CME for a system with
an arbitrary number of species experiencing an arbitrary number of reactions whose rates
have arbitrary time-dependence, provided that the reactions consisted of some combination
of birth (& — Sj), death (S; — @), and conversion (S; — Sk} The shocking generality
of their result, as well as the explicitness of the solution they wrote down (in Theorem 1 of
that paper), was powerful.

Since 2007, there have been few new results of the same generality. Reis et al. [40]
extend Jahnke and Huisinga’s result by considering hierarchical first-order reaction networks
(which allow a certain subset of first-order reactions that is strictly larger than the set of
monomolecular reactions). However, there has not been (for example) any result on the
solution to general first-order reactions, or general bimolecular reactions. At present, even
finding the exact solutions of simple systems that involve bimolecular reactions is nontrivial:

IThese systems are called “monomolecular” because all allowed reactions have at most one molecule as
input, and at most one molecule as output.
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the work of Laurenzi (A + B <» C) [47], as well as Arslan and Laurenzi (A + B <> A+ A)
[48] are two examples.

One drawback of Jahnke and Huisinga’s paper is that it essentially relied on guessing the
solution. It was well-known that Poisson and multinomial distributions solved the CME in
special cases, and that these distributions had certain desirable properties (e.g. a Poisson
distribution stays a Poisson distribution, and a multinomial distribution stays a multinomial
distribution; see Sec. 3 of their paper). To derive their Theorem 1, these properties were
exploited, along with the fact that only monomolecular reactions were considered. Of course,
their method completely breaks down for a system that is only slightly more complicated;
as they point out in Sec. 6, adding an autocatalytic reaction S — S + S to a system they
can easily solve manages to make it beyond the scope of their results.

Hence, it would be nice if there was a method to obtain their classic result that did not
rely on systematic guessing. In this paper, we offer the Doi-Peliti path integral approach to
solving the CME as one such method. The Doi-Peliti approach allows one to ‘turn the crank’,
so to speak, and generate a time-dependent solution of the CME through a straightforward
but difficult calculation. Importantly, it is system-agnostic: one does not need to know
properties like ‘Poisson distributions stay Poisson’, or assume the solution takes a certain
form.

Doi-Peliti field theory—which emerged from the pioneering papers of researchers like Doi
[49, 501, Peliti [51, 52], 53], and Grassberger [54, 55 [56, H57]—reframes solving the CME as
a field theory problem. This enables the use of powerful approximation schemes, like the
renormalization group and diagrammatic perturbation theory [58, 59, 60, 61 62, 63, 64 65].
While Doi-Peliti field theory is still somewhat obscure in mathematical biology, it has seen
the occasional application: e.g. to understand population dynamics given colored noise [66],
age dependent branching processes [67, [68], and large deviations in gene regulatory networks
[69, 20]. Although not Doi-Peliti, a qualitatively similar path integral has been used to solve
the CME for a multistep transcription and translation process [70].

We will use Doi-Peliti field theory to rederive Jahnke and Huisinga’s Theorem 1. More-
over, in order to show that the Doi-Peliti path integral approach is strictly more powerful
than the one used by Jahnke and Huisinga, we use it to exactly solve a problem they said
their method could not, as well as a far more general problem (the CME whose list of reac-
tions consists of any combination of zero and first order reactions). We solve these additional
problems in complete generality, and obtain exact time-dependent solutions assuming rates
with arbitrary time-dependence.

The paper is organized as follows. In Sec. [4.2] we state the problems we will solve, as
well as our main results on their solutions. This includes reviewing the monomolecular CME
and Jahnke and Huisinga’s solution of it. In Sec. [£.3] we review the generating function
formulation of the CME, and develop the basic machinery of the Doi-Peliti approach to
solving the differential equation satisfied by the generating function. This includes intro-
ducing several important concepts (including coherent states and two inner products) and
constructing the Doi-Peliti path integral. We also describe how information like transition
probabilities, moments, and (the usual) generating functions can be extracted from the (bra-
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ket) generating function. Sec. through contain the Doi-Peliti calculations that back
up our main results, with each section focusing on one of the problems introduced in Sec.
4.2; (i) monomolecular systems, (ii) one species birth-death-autocatalysis, and (iii) arbitrary
combinations of zero and first order reactions. Sec. [4.7] describes an alternative view of the
propagator, the central object to be calculated in the Doi-Peliti approach; in particular, we
show that our results can also be derived by solving a certain partial differential equation
(PDE) using the method of characteristics. Finally, in Sec. [7.6] we discuss the merits and
drawbacks of the Doi-Peliti approach to solving the CME, and speculate on how it could be
further utilized.

4.2 Problem statements and main results

In this section, we introduce in detail the specific problems we will solve, and we present our
main results regarding their solutions. If the reader is only interested in the answers, and not
how they were obtained, then in some sense the rest of the paper is irrelevant; the validity of
any given solution can usually be checked by tedious but straightforward substitution into
the CME.

We present results for several systems, in order of increasing complexity: the chemical
birth-death process, monomolecular reactions, single species birth-death-autocatalysis, and
arbitrary combinations of zero and first order reactions with arbitrarily many species. While
the chemical birth-death process is a kind of monomolecular reaction system, we include
it here to give mathematicians new to the CME a toy example (that can be stated with
minimal notational baggage) of the kind of results we are seeking.

4.2.1 The chemical birth-death process as a prototype

The chemical birth-death process is simple enough to be biologically relevant (it can be
used to model how the number of a single type of mRNA or protein in a single cell changes
stochastically with time in the absence of significant regulation [6] [7, [71]), but complicated
enough to have nontrivial dynamics (the number of molecules does not increase without
bound or shrink to zero in the long time limit, allowing there to exist a Poisson-like steady
state probability distribution). It is linear (in several distinct but related senses of the word),
allowing its associated CME to be exactly solved via a variety of methods (e.g. separation
of variables and ladder operators [72], and via a path integral different from the one we will
discuss here [39]).
It is characterized by the chemical reactions

(4.1)



where k(t) and 7(¢) parameterize the small time birth and death rates, respectively] The
time-dependence of these parameters is allowed to be arbitrary as long as they both remain
nonnegative for all times. The corresponding CME reads

OP(x,t)

T kE(t) [P(x — 1,t) — P(x,t)]

+7(t) [(x+1)P(x + 1,t) — xP(x,1)]

(4.2)

where P(x,t) is the probability that the state of the system is x € N :={0,1,2,...} at time
t > to. We are particularly interested in the transition probability P(z,t;&, %), i.e. the
solution of Eq. whose probability distribution is initially certain (P(z,ty) = 6(xz — &) for
some ¢ € N); if the transition probability is known, the solution to Eq. for an arbitrary
initial distribution Py(z) can be written

In practice, we are also interested in several other properties of the solution. In particular, we
are interested in the long time behavior described by the steady state probability distribution

Py () := lim P(x,t; &, 1) , (4.4)

t—o0

moments like

(x(t)) ==Y xP(x,1)
" (4.5)
(@(®)[z(t) = 1)) == > w(z = 1)P(x,1)

and the real or complex-valued probability generating function

— Zp(x’t) q° (4.6)

whose derivatives correspond to various moments of interest. In fact, knowing the generating
function is equivalent to knowing P(z,t), and its time evolution is described by a PDE
analogous to the CME:

) kol - 1te )~ 10l - 1252 (4.7)

2In particular, if the system has = molecules of species S at time ¢, the probability that the birth reaction
happens in a window of time [¢,t + At) is approximately k(t)At, and the probability that the death reaction
happens is approximately ~v(t)zAt. See Gillespie [3] for more details on the interpretation of and formalism
underlying the CME.
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The initial condition corresponding to P(x,ty) = d(x — &) is ¢(g,to) = ¢°, as can be verified
using the definition of ¢¥». We can also take its long time limit, which we will denote by

Vss(g).

The main result for the chemical birth-death process is the following.

Theorem 1 (Chemical birth-death process). Let A(t) and w(t) be the solutions of

A=k—9\, Ato) (18)

w=—yw, w(t) =1.
Then if P(x,tg) = §(x — &) for some & € N, we have:
0.

min(@,8) Jr—keAW)
Pt = 3 MO (e - w1 (49)

1.

(x(t)) = Ew(t) + A(¢) (4.10)
| (2(®)[x(t) — 1)) = w(t)2E(E — 1) + 2ABw(b)E + A(H)? (4.11)
| Blg.t) = [L+ (g — D) a0 (4.12)

Proof. All results can be obtained independently of one another using the Doi-Peliti approach
described in the following sections. Alternatively, one can verify directly that P(z,t;¢&, )
satisfies Eq. or that v (g,t) satisfies Eq. , and then obtain the rest of the results by
brute force calculation. m

These results simplify tremendously in the long time limit if £ and ~ are time-independent,
essentially because P(z,t) reduces to a Poisson distribution regardless of one’s choice of initial
distribution P(z,tp).

Corollary 1 (Long time behavior of chemical birth-death process). Let k and v be time-

independent, and define p := k/v. In the long time limit, we have:
1.

pre

Py(z) = 0 (4.13)
| (z) = (4.14)
| (alz — 1) = 12 (4.15)



0.
¢ss(g) = e(g—l)u (416)
Proof. Take the t — oo limit of the previous results, noting that w(t) — 0 and A(t) — p. O

Results on the chemical birth-death process are far from new. Still, we ask the reader
to keep these results in the back of their mind as we go on to discuss the analogous results
for more complicated systems. Because the chemical birth-death process is so fundamental,
more complicated results often reduce to these in the appropriate limit.

4.2.2 Monomolecular results

Heuristically, monomolecular reaction systems are the minimal multi-species generalization
of the chemical birth-death process. Like the chemical birth-death process, they exhibit a
certain kind of linearity; we will see that their solutions are completely determined by a
system of linear ordinary differential equations (ODEs).

Let us define them. Consider a system with n chemical species Sy, ..., S,, whose reaction
list reads

S; 5 5 ik
o Lk S, k=1,..,n (4.17)
S, Lo j=1,..n

i.e. all possible monomolecular reactions (birth, death, and conversion) are allowedlﬂ. Note
that the rates are allowed to have arbitrary time-dependence as long as c;jx(t) > 0 for all j, k
and all times t > ty. The corresponding CME reads

OP(x,1) gt‘ t_ ; cor(t) [P(x — €, 1) — P(x, 1)]
+) co(t) [(z + 1) P(x + €, t) — 2 P(x, 1)) (4.18)
k=1

30D () (s + P+ € — €,t) = 2, P(x, 1)

j=1 k=1

where P(x,t) is the probability that the state of the system is x := (x1,...,7,)T € N* at
time t > ty, and where €, is the n-dimensional vector with a 1 in the kth place and zeros
everywhere else.

The exact solution to Eq. [1.18] given the initial condition P(x,t,) = §(x — &) for some
vector &€ = (&1,...,&,)T € N is reported in Theorem 1 of Jahnke and Huisinga [45]. In
order to state their solution, we will need some notation.

3The one exception is the trivial conversion reaction Sy — Sk, which is disallowed because including it
would be pointless. To ease notation (i.e. to avoid writing j # k many times), we follow Jahnke and Huisinga
and define ¢x; :=0for all k =1,...,n.
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Define the matrix A(t) and vector b(t) by
Aj(t) ==cyj(t) for j #k>1
Akk(t) = ij(t) for 1 S k S n (419)
=0

b(t) = (con(t) coalt) -~ conlt))" .

The deterministic reaction rate equations corresponding to our reaction list can be written
in terms of A(t¢) and b(t) as
x=A(t)x+b(t) . (4.20)

Because Eq. is linear, the solution with initial condition & = (1, ..., &,) can be written
as

t) = En: EwB () + A(t) (4.21)

where the vectors w()(t), ..., w(™(t) and A(t) are defined as

w® = At)w® | wB(ty) = €,

. (4.22)
A=ABA+b(t), Ato) =0 .

As we will shortly observe, the solution to the deterministic reaction rate equations is inti-
mately related to the solution of the CME (at least for monomolecular reactions).
Now define the 1-norm of a vector x as
n

x| =)l - (4.23)

k=1

Define, because they will appear throughout this paper, multi-dimensional generalizations
of powers, factorials, sums, integrals, and derivatives:

v =it
x!:=x! 2,
o o0

21=0  2,=0 (4.24)

/dx—/dxl /dmn
(@) -(&) (&)

Using the above shorthand, we can define the product Poisson distribution as

Pl A) i AL A ea AT

! ! x!

(4.25)

Y
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the multinomial distribution as

N! [1— N—|x| a1 Zn
M, N, w) o= ML WP wn 0 e N and me NV
(N —|x|)! ! x,!
N HN_le N (4.26)
1 —|w W
= — if |x| <N and zeNV,
(N —|x])! x!
and the convolution of two probability distributions as
Py (x) * Py(x Z Pi(z)Py(x —z) = > Pi(x —2z)Py(2) (4.27)

where the sum is over all z € N” such that x —z € N”. As in the one-dimensional case, we
can also define the probability generating function

= Z P(x7 t) g* (4.28)

which satisfies the PDE

T > con(t) [ge — 1] (g, 1)
k=1
— > cro(t) [gx — 1] Wa(ggk ) (4.29)
8¢(g, t)
" gzl ; k() 9 = 9 dg;j

With all of that notation defined, we are ready to state the main result for monomolecular
reaction systems, which was originally proved by Jahnke and Huisingaﬁ.

Theorem 2 (Jahnke-Huisinga monomolecular). Let A(t) and w(t) be the solutions of

A=AMBX+Db(t), Ato) =0

wk) — A(t)w(k) 7 w(k)(to) =€ . (4.30)
Then if P(x,ty) = d(x — &) for some € € N, we have:
1.
P(x,t; €, 1) = P(x, A(t)) * M(x, &, w (1)) % - - x M(x, &, w™ (1)) (4.31)
1. .
=" G () + N (1) (4.32)
k=1

4The generating function was not directly computed by them, but is essentially trivial to compute given
their results.
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114,

n ® 1 _ % o
Cov(z;, x¢) = {Zk:fkwj <1[)1 (k;Uj }Jr)\j ’ . (4.33)
— k=1 §rw; wy J#L
0. .
W(gt) =] [1+(g—1) - wh(p)]™ eleDA0 (4.34)

k=1

Proof. All results can be obtained independently of one another using the Doi-Peliti approach
described in the following sections. Alternatively, one can verify directly that P(x,t;€, )
satisfies Eq. or that (g, t) satisfies Eq. with the correct initial condition, and
then obtain the rest of the results by brute force calculation. m

4.2.3 Birth-death-autocatalysis results

In section 6 of their classic paper [45], Jahnke and Huisinga solve the CME corresponding
to the autocatalytic reaction S — S + S exactly; however, they note that adding birth and
death reactions yields a system not amenable to their approach. In this section, we present
the exact time-dependent solution to this problem, whose reactions read

o5 s
5% o (435)
SS9+ 8

where the parameters controlling the rates of birth, death, and autocatalysis are all allowed
to have arbitrary time-dependence as long as they are nonnegative for all times. The CME
reads

% = k(t) [P(z — 1,t) — P(x,1)]
v(t) [(z + 1)P(z + 1,t) — 2P(x, t)]

ct) [(x —1)P(x — 1,t) — xP(z, )]

. (4.36)
_'_

where P(z,t) is the probability that the state of the system is x € N at time ¢ > .
Meanwhile, the PDE satisfied by the probability generating function v reads

W((?i’ ) k(t)[g — (g, t) —v(t)g — 1] W«% : (4.37)
+c(t)[g — 1]9%?15) :

Our main result on the solution of this system is the following.
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Theorem 3 (Birth-death-autocatalysis). Let q(s) and w(s) be the solutions of

(
= [e(t — s +to) = y(t — s +to)] q(s) +ic(t — s +1to) a(s)* , q(to) =y
(

4.38
= [c(t —s+1to) —(t —s+to)] w(s), w(ty) =1 (4.38)
for arbitrary py € R, which can be explicitly written as
w(s)
q(s) =
=i [y et =t +to)w(t) dtf (4.39)
w(s) _ eftO c(t—t'+to)—y(t—t'+to) dt’ _
Then if P(x,tg) = d(x — &) for some & € N, we have:
1 00 1+ ia(t ¢ ei ftto k(t—s+to)q(s)ds
Plastig ) =5 [ dpy IO
21 ) o (1+ips)*+
() 5
w
) =114+ X 4.40
v(9.9) ﬁ — ftz c(t —t' + to)w(t) dt’] (440)

K k(t — s+ to)w(s)
xeXp{/to 1 T ft =1+ toyw(t) db ds} :

Moreover, if the parameters k, v, and ¢ are all time-independent and non-zero, the function
w(s) is explicitly
w(s) = el (s=t) (4.41)

and the transition probability can be rewritten as

Y _ kje (1 _ . \2z—¢
P:(')? 1) (1 —w) .
: (—w)

¢ ' - lw (Y — 277
3 (§) 0 1 2] |

where (y)e := (y)(y + 1)+ (y + = — 1) is the Pochhammer symbol/rising factorial. The
generating function in this case reduces to

(4.42)

1+ (g-1nee 1
U(g) = T ] — (4.43)
g 1—(g—1)e=t) [1_<g_1)6(%1)]k/

Proof. The transition probability and probability generating function can be obtained inde-
pendently of one another using the Doi-Peliti approach described in the following sections.
Alternatively, one can verify directly that the probability generating function solves Eq. [£.37]
and use the definition of the generating function to find the transition probability. Because
the expression for the transition probability is somewhat complicated, verifying it directly is
not recommended. O
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It is expected that this solution reduces to familiar distributions in certain limits; in
particular, as Jahnke and Huisinga originally point out, it should interpolate between a
binomial distribution, a Poisson distribution, and a negative binomial distribution. Indeed
it does, with these special cases corresponding to the k = ¢ = 0 (pure death), y = ¢ =0
(pure birth), and k = v = 0 (pure autocatalysis) limits, respectively. We formalize this in
the following corollary.

Corollary 2 (Limiting behavior of the birth-death-autocatalysis transition probability).

The transition probability P(z,t; xg,to) becomes (i) binomial in the limit that k = ¢ =0, (ii)

Poisson in the limit that v = ¢ = 0, and (ii1) negative binomial in the limit that k =~ = 0.

That 1is,

lim P(x,t;xg,ty) = (€> [w(®)]" [1 —wt)]*" (4.44)
x

k,c—0

for x < & and 0 otherwise, i.e. a binomial distribution;

A(t)*=Ee=A1)

71}}20 P(x,t;20,t0) = Te—o (4.45)
for x > & and 0 otherwise, i.e. a (shifted) Poisson distribution; and
—1
i, PG tizt) = (§ ) [wOF L= w0 (1.46)
k,y—0 E—1

which is nonzero only for x > &. As Jahnke and Huisinga note in their Sec. 6, this is a
shifted negative binomial distribution.

Proof. These limits can be taken directly, and are relatively straightforward; see Sec. for
the calculations. O

It is also true that the solution of this problem reduces to a birth-death process in the
¢ — 0 limit (i.e. the limit in which autocatalysis no longer happens). This limit is harder to
take properly (it is not clear how to take it using P(x,t;zq,%o), so the generating function
must be used), and the resulting distribution is less special than the Poisson, binomial, or
negative binomial distributions, but it is still interesting; for these reasons, we formalize it
as its own corollary below.

Corollary 3 (No autocatalysis limit reduces to birth-death). In the ¢ — 0 limit, the tran-
sition probability P(x,t;xq,ty) and generating function 1(g,t) reduce to the ones for the
chemical birth-death process described in Theorem [1]

Proof. The easiest way to do this is to show that the generating functions correspond in the
¢ — 0 limit. Because this is straightforward, we will not show the calculation explicitly. [J

If autocatalysis happens tends to happen more frequently than degradation (i.e. if ¢ > 7),
the number of molecules almost surely blows up to infinity in the long time limit. However, if
degradation tends to overtake autocatalysis (i.e. if 7 > ¢), then the steady state distribution
exists and is nontrivial.
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Corollary 4 (Long time behavior of birth-death-autocatalysis). Let k, v, and ¢ be time-
independent, and suppose that v > c. In the long time limit, we have:

Pgwﬂ(vvc)hk<i?t<§)x

veld) = (7;(:)]{/0 K 1—9}'“/ '

~

(4.47)

Moreover, these reduce to the Py, and s for the chemical birth-death process in the ¢ — 0

limit, 1.e.
_ k/e (£>x T
r—c ! k N
y x! c), !
k/c
T-¢ 1 N 6(971)/‘ .
~ |: cg] k/c
19

Proof. The simplest way to find P, is to solve the steady state CME directly (i.e. set
OP/0t = 0 and solve the resulting recurrence relation). Alternatively, noting that w — 0,
one can straightforwardly take the t — oo limit of our result from Theorem |3l The ¢ — 0 is
also easy to take. O]

(4.48)

4.2.4 Zero and first order reactions

While obtaining the solution to the birth-death-autocatalysis system is certainly interesting,
the problem itself is quite special: it is one-dimensional, and involves only three chemical
reactions. What else can the Doi-Peliti approach be used to solve? What kind of sets of
chemical reactions are tractable?

The full potential of the Doi-Peliti approach is not clear. As a partial answer to this
question, however, we offer a result of somewhat shocking generality: a formal solution to
the CME of any system whose reaction list only contains zero and first order reactions. By
zero order reactions, we mean reactions like

g — Sk

g — S+ S,

F—= S+ Se+ S,

G = S+ Sp+ St

(4.49)

and so on, i.e. reactions requiring no molecules as input. By first order reactions, we mean
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reactions like
S; — &
S; — Sk
S; — Sk +Se (4.50)
S; — Sk +Se+ S5,
S; =+ Sk +Se+ 5+

and so on, i.e. reactions requiring exactly one molecule as input. The birth reactions
described in the previous sections are examples of zero order reactions, while the death
and conversion reactions are examples of first order reactions. Other biologically relevant
examples of first order reactions include catalytic production (S; — S; + Sk, j # k) and
splitting (S; — Sk + Se, j # k, j # {).

The list of all possible zero and first order reactions also includes many reactions that
are almost certainly not biologically relevant—for example, the reaction where one molecule
splits into ezactly one hundred molecules with no intermediate splitting.

The CME of this system is somewhat tedious to write down, so we will instead note that
the PDE satisfied by the generating function can be written in the form

0
WD S ) (0 =D (00— )™ (e,

V1,..sVn

+2261f1,, 91—1) (gn—l)ynw

Og

(4.51)

k viy.vn

where the precise form of the coefficients o, ., (t) and 8] , (t) are determined by the
details of one’s list of reactions. Our main result for this class of systems is the following.

Theorem 4 (Arbitrary combinations of zero and first order reactions). Let q(s) be the
solution of

Qi) = —i Y B (t—s+to) liqr(s)” - [iga(s)]™ , q;(to) = p] (4.52)

for some p/ € R™, with s € [to,t]. Then if P(x,ty) = 6(x — &) for some & € N", we have

! (VE i gy (t=stt0)[igr ()] [ign ()] ds
p:/ dp’ [1+iq(t)]* e | (4.53)
e (27)" (1 +ap/)xtt
for the transition probability, and
(g t) = [1+iq(t)]*
o ol S v (t=s+t0) i (5))* - lign ()] ds (4.54)

p/=—i(g-1)

for the probability generating function.
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Proof. In principle, the transition probability or generating function could be verified by
substitution directly; however, this seems very difficult. A better way is discussed in Sec.
4

O

In some sense all other results in this paper are corollaries of this result; still, it is helpful
to study the simpler cases in their own right, both to double-check the correctness of this
more general result, and to develop a sense for how to derive these solutions.

While this result is perhaps shockingly general, it is also incredibly formal. For most
systems of interest, it is likely that reducing the problem of solving the CME (an infinite
number of coupled linear ODEs) to the problem of solving n coupled nonlinear ODEs is not
much of an improvement. However, in some cases legitimate simplification seems possible:
monomolecular systems and the birth-death-autocatalysis system addressed in the previous
two theorems are clearly examples. It is not clear whether there are large classes of more
complicated systems for which the ODEs given by Eq. are solvable, but searching for
them seems like a promising avenue for future research on solving the CME.

While we have not pursued this question, it is also possible that solving these ODEs
numerically could yield new insights for efficiently solving the CME on computers.

4.3 Reframing the problem and basic Doi-Peliti formalism

4.3.1 A brief digression on notation

Although it is not normally used in the study of stochastic processes, it is the author’s
strong belief that the bra-ket notation originally developed for quantum mechanics is most
appropriate here. Because this notation makes it harder for most mathematicians to read
this paper, here we will briefly argue why this is necessary. The reader who wishes to review
the basics of bra-ket notation, and see how it compares to more standard mathematical
notation for things like vector spaces and inner products, should refer to Appendix [4.A]

Given that the problems we are attempting to solve are quite complicated, carefully
choosing notation is important; a bad choice of notation would clutter our already compli-
cated arguments, making them nearly impossible to understand. We would like notation that
(i) generalizes cleanly to complicated systems in arbitrarily many dimensions; (ii) simplifies
the construction of the Doi-Peliti path integral; and (iii) is suggestive of the operations we
want to take, and not suggestive of operations that are not valid.

Let us say more about each heuristic requirement:

1. Generalizes: We will usually work with systems for which there are n distinct chemical
species, where n > 1 is some positive integer. In the next section, we will see that this
forces us to work in a Hilbert space where each basis vector can be identified with an
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element of N*. We will eventually need notation for each basis vector, as well as for
sums over N”, integrals over R", and eigenvectors with eigenvalues z € C". Denoting
basis vectors, eigenvectors, and things like sums and integrals cleanly in arbitrarily
many dimensions is easy using bra-ket notation.

2. Simplifies: Constructing the Doi-Peliti path integral involves using many identity
operators/resolutions of the identity (see Sec. [4.3.5)). This is cleanest with bra-ket
notation, and using alternative notation obfuscates these steps.

3. Suggestive/not confusing: We will have to compute many inner products, as well as
different kinds of inner products. Bra-ket notation allows them to be denoted simply,
e.g. the inner product of |z) and |y) is (z]y). If we used generating function notation,
where we have ¢* instead of |z) and ¢¥ instead of |y), we would have to define strange
operations like ¢* - ¢¥ = z!§(z — y). Moreover, this notation suggests operations like
g°g¥ = g**¥ are valid, although they are not. Vector notation (using e.g. e, and e, to
denote basis vectors) would be somewhat confusing, because we are already considering
vectors like x € N to denote particular states of our system.

Aside from issues of notation, there is a ‘deeper’ reason this path integral requires special
notation, whereas for others (see e.g. [69]) standard notation and a Chapman-Kolmogorov-
based argument suffices. Most of the time, when path integrals are applied to stochastic
processes or mathematical biology, what one is really doing is applying the Chapman-
Kolmogorov equation many times. This has the interpretation that one is imagining all
possible paths from one state to another state and appropriately discretizing them.

This kind of path integral is qualitatively different. It involves expanding an abstract ob-
ject (rather than the transition probability itself) in terms of coherent states (which we will
define later), which are themselves kind of abstract Poisson-like distributions. There does
not seem to be the same obvious interpretation linking this path integral to the Chapman-
Kolmogorov equation, or to all possible paths through state space (the space of all possible
configurations of the system, i.e. N” for a system with n distinct chemical species).

4.3.2 Hilbert space, the generating function, and basic operators

In order to apply the Doi-Peliti technique, we first need to rewrite the CME in terms of
states and operators in a certain Hilbert space. Consider an infinite-dimensional Hilbert
space spanned by the |x) states/basis vectors (where x = (1, ...,2,)7 € N"), in which an
arbitrary state |¢) is written

@)= > ex)x) (4.55)

x1=0 xn=0

for some generally complex-valued coefficients ¢(x). These states can be added and multiplied
by (complex) scalars in the usual way. There is one basis vector for every possible state
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of the system (recall that the state space of the system is N™), e.g. [00---0), |01---0),
|20, 45, 1,- - - 10), and so on; one interpretation of these objects is that they encode a certain
generalization of probability distributions on the state space, given that they assign every
x € N" a complex number.

It should be noted that the basis vectors cannot be combined since they represent distinct
directions in the Hilbert space, i.e. |x) + |y) # |x +y). We will denote the zero vector by
0, which we emphasize for clarity’s sake is distinct from the basis vector |0) (e.g. |0) +0 =
|0)). The relevant inner products (without which this would just be a vector space) will be
described in a few sections.

To ease notation, we remind the reader that we will write

;Zii (4.56)

:E1:0 rn:O

The state we are principally interested in is the generating function, which is essentially the
function v (g, t) described earlier, but using different notation. For more information on their
correspondence, see Appendix [4.A]

Definition 1. The generating function is defined to be the state
() =D P(x,t) |x) (4.57)

where P(x,t) is some solution to the CME (i.e. its precise form depends on the chosen initial
condition P(x,ty)).

For the rest of this paper, we will only be concerned with the case where P(x,ty) =
d(x — &) for some & € N", so we will always assume that [1(t)) = |€).

Because the generating function |¢(¢)) depends on P(x,t), whose dynamics are controlled
by the CME, |¢(t)) also has dynamics; we can write the equation controlling them (its
‘equation of motion’) in the form

oY) _ 4
5 = A1) (4.58)

where the Hamiltonian operator H is a linear operator whose precise form depends on the
CME. For the reader familiar with quantum mechanics, this is analogous to the equation of
motion for a quantum mechanical state. In any case, it is this equation that we will solve
instead of the CME.

It may or may not be helpful for the reader to think of H as a (possibly infinite-
dimensional) matrix. Although it is infinite-dimensional in essentially every case we care
about in this paper, it would literally be a matrix if we were solving a CME with a finite
state space. One example of a problem with a finite state space is the pure conversion process
(A < B), which involves A molecules and B molecules randomly converting between each
other; it has a finite state space because the total number of molecules remains constant.

Pressing the analogy between H and matrices, we have the usual formal solution for the
generating function |(¢)) in terms of the (time-ordered) exponential of H.
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Proposition 1 (Formal solution for the generating function). The equation of motion for
the generating function | (t)) (Eq. has the formal solution

[b(1)) = Telo 7O fyizy))

:i%/t.../t:ﬁ[ﬁ[(tl)...f[(tn)} dt,---dt, (4.59)
—1+/Ht1dt1+ // T A0 H(t)| dbdty + -

where T is the time-ordering symbol, whose action on a product of operators is defined to be

ST T A () Ag(t) t>t
T[Al(t)Ag(t)] ._{ A T (4.60)

Proof. Substitute this expression for the generating function directly into Eq. [£.58 While
the presence of the time-ordering symbol makes this more subtle than it would be in the
case of a time-independent Hamiltonian (i.e. in the case where the reaction parameters were
all time-independent), this exercise is standard, so we will not go through this in detail. [

Corollary 5. For time-independent FI, the above formal solution reduces to

(1)) = "7 [ (ko)) - (4.61)
Proof. One can either show that this solves the equation of motion directly, or simplify the
result above. O

Fortunately, we will never have to work with a time-ordered exponential of operators
directly. The first salient consequence of the formal solution for us is that

(e + AD) ~ |1+ )AL [i(1) (4.62)

for sufficiently small At, with the approximation becoming exact in the At — 0 limit. Notice
that this also matches what we would find by naively approximating the time derivative with
a finite difference in Eq. [4.58]

This formal solution motivates defining the time evolution operator, which carries the

solution at time ¢; (the state |1)(¢1))) to the solution at time ¢5 (the state |1)(t2))).

Definition 2. The time evolution operator U(tz,tl) is defined as

[A](tz,tl) = Teftl )t

_1+/1 H(sy)ds + ~ / / il )] dsidsy + (463)

for any two times t; < ty. In terms of the time evolution operator, the formal solution for
|1(t)) can be written

[4(t)) = U(t, to) [ (to)) - (4.64)
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The second salient consequnce of Proposition (1| is that this operator has an important
composition property.

Proposition 2 (Composition property of the time evolution operator). The time evolution
operator U has the property that

Ulty, t1) = Ulty, Ut 1) (4.65)
for any time t' with t; <t' < t,.

Proof. This is most easily seen using the infinite series form of the time evolution operator
U, by expanding both sides and showing that they match at each order. O]

Because we are interested in the dynamics of the generating function |¢(t)), we need to
introduce operators to act on it. In particular, we introduce the creation and annihilation
operators, which we will later use to write the Hamiltonian operator.

Definition 3. Define the annihilation and creation operators a; and 7; for all j = 1,...,n
as the operators whose action on a basis vector |x) is
a;|X) =2, |x — €
A] ’ > J ‘ ]> (466)
Tilx) =[x +€)
where we remind the reader that €; is the n-dimensional vector with a 1 in the jth place and
zeros everywhere else.

It is easy to show that these operators satisfy the commutation relations analogous to
those seen in quantum mechanics (for example, in the ladder operator treatment of the
harmonic oscillator [73], or in the canonical quantization approach to quantum field theory
[74]). These properties will be used in calculations a few times throughout this paper.

Proposition 3. Recall that, for two operators Ay and flg, their commutator is defined to be

[/ll, ,Zlg] = Ay Ay — Ay Ay, The creation and annihilation operators satisfy the commutation
relations

la;, 7] =0(5 — k), [aj,ak) = [7;, 7] =0 . (4.67)
Proof. Use their definitions to straightforwardly show this. O

In essence, the Doi-Peliti approach to solving Eq. involves using many coherent
state ‘resolutions of the identity’ (a phrase we will define shortly) to rewrite Eq. as a
coherent state path integral. Once that path integral is evaluated, quantities like moments
and P(x,t) can be recovered by manipulating the path integral solution in specific ways. In
order to follow this prescription, we will need to define coherent states, define inner products,
and construct associated resolutions of the identity; that is our next task.
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4.3.3 Coherent states

Because we will be expressing the Hamiltonian operator in terms of creation and annihilation
operators, it is convenient to work in terms of states that behave simply when acted upon
by these operators. These are the so-called coherent states, which are often used to study
the semiclassical limit of quantum mechanics. Here, we will only care about them for their
algebraic properties; while their biological meaning is not completely obscure (they are es-
sentially states that correspond to Poisson distributions), thinking about it is not necessary
in what follows.

Definition 4. Let z = (21, ..., 2,)" € C". A coherent state is a state
z) =) cy) |y) (4.68)
y
satisfying

~

aj|z) = z;|z) forallj=1,...n

Zc(y) —1 (4.69)

Yy

i.e. it s an eigenstate of all annihilation operators a;, and it has a specific normalization.

By imposing the eigenstate constraint on an arbitrary state, it is straightforward to
determine the coefficients ¢(y) explicitly. Coherent states can also be written in terms of a
specific combination of creation operators acting on the ‘vacuum’ state |0). We make these
statements more precise in the following proposition.

Proposition 4. The coherent state |z) can explicitly be written in the following two equiva-
lent forms:

1.

Z%l . Zyn _( A ) Zy —
7)) = n_ e z Zn = —e z 470
|z) Zyllm%! y) Zy! y) (4.70)

Yy Yy
" e — D [ — LY

21\ — l"'znﬂ_n_ " z- (7t —

z) =) AR 0) = e* "1 0) (4.71)
y

where 7 = (1, ..., 7o) L.

Proof. Showing (i) is straightforward. To show (ii), first note that [a;, (7;,—1)Y] = y(7;,—1)¥~*
for all y € N, a useful commutator result that can be proved by induction. Using this, along
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with the facts that a; commutes with 7, for £ # j and the 7 all commute with each other,
we have

iy |2) = e S H o)
y;=0 77"
e ] Zy;
= = (AU~ (® 1) Z L, {(ﬁj — )% a; + y;(7; — 1)%_1} 0)
—o Uit (4.72)
Yj
s yj_l(frj — 1)wi—!

= zjlz) .

Hence, this expression satisfies the eigenstate constraint. Noting that eigenstates are unique
up to a proportionality constant, to show that it satisfies the normalization constraint (and
hence is the same as the expression given by (i)), observe that

) Y1 yn (11t tyn L L
ez-(ﬂ'f].) |O> _ Z 21 Zn [( ‘1) ' + ] |O>
:6—Z~1|0> —|—...

i.e. the coefficient of |0) is e"*1, because every other term in the above expansion contains a
creation operator. Because this is the same as the coefficient of |0) in (i), we have equivalence.
O

In what follows, we will generally reserve the letters z and p for coherent states.

4.3.4 Inner products

Now we will define two inner products on our Hilbert space: the exclusive product, and the
Grassberger-Scheunert product. Both were introduced by Grassberger and Scheunert in a
1980 paper that clearly describes their motivation and properties [54]; we are calling their
“inclusive” inner product the Grassberger-Scheunert product to recognize their contribution.

Briefly, the exclusive product is useful for computing P(x,t), while the Grassberger-
Scheunert product is useful for simplifying path integral calculations (specifically, we avoid
having to perform a “Doi shift” [75] [76]; see Eq. 3.4 of Peliti [51] for an example of the Doi
shift) and computing moments. We will use both inner products in solving the CME.

In this section and the following sections, the reader should keep in mind that (x|.A(t)|y),
where A(t) is some possibly time-dependent operator, means the same as (e, fl(t)ey> in more
standard notation. See Appendix for more details.

Definition 5. Let |x) and |y) be basis vectors. Their exclusive product is defined to be
x|y),, =x!o(x—y) . (4.74)
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Eztending this by linearity, define the exclusive product of two arbitrary states |¢1) and |p)

as (c.f. Eq.
(o] 1), Zx' (x : (4.75)

A

Definition 6. Let [x) and |y) be basis vectors, and define a := (ay, ..., a,)". Their Grassberger-
Scheunert product is defined to be

o 71 a1 _ x!y!
<X|Y> T <X|€ € |Y>ea: - ; (X _ k)‘ (y _ k)' k! (476)

where the sum on the right is over all values of k € N™ with k; < min(xz;,y;) for all j =
1,....,n. Extending this by linearity, define the Grassberger-Scheunert product of two arbitrary
states |¢1) and |¢9) as

(D2lg1) = (Bale™ e n),, - (4.77)

While it is not obvious just from looking at them, it is straightforward to show that the
operator-based and sum-based definitions are equivalent (see Grassberger and Scheunert [54]
and the appendix to Peliti [51]).

The primary reason these inner products are useful to define is that the creation and
annihilation operators behave well under Hermitian conjugation with respect to them.

Proposition 5 (Hermitian conjugates of creation and annihilation operators). Let |x) and
ly) be basis vectors. With respect to the exclusive product, a; and 7; are Hermitian conjugates
of each other for all j =1,...,n, i.e.

AN — s
) (a;)" =7 ) (4.78)
(xla;]y)e, = (YI71%),

With respect to the Grassberger-Scheunert product, the Hermitian conjugate of a; is

(a,) =7; — 1 (4.79)
forallj =1,...,n, i.e.
(x|a;ly) = (y|m; — 1x) . (4.80)

Proof. Showing that 7; and a; are Hermitian conjugates with respect to the exclusive product
is straightforward given their definitions, so we will show that (a;)" = #; — 1 with respect to
the Grassberger-Scheunert product.

Recall the result mentioned in the proof of Proposition that aj, (7, —1)¥] = y(7;—1)¥ 1
for all y € N. Using just the same argument, one can show [a;, 77 ] = y(7;)v"! for all y € N.
This, in turn, can be used to prove that

eMa; = (a; — 1)e™ . (4.81)
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Let |x) and |y) be arbitrary basis vectors. Now we can say that

(xlagly) = (x|e™ e* ayly).,

= (x]e™a, 67?~1—frjeé-1|y>€x
= (x|(a; — 1)e™ e™ et y)
= (x + gjle™ e y),, — (x[eT e y),,
= (x+ €ly) — x[y)

where we have used the fact that 7; and a; are Hermitian conjugates with respect to the

exclusive product in the next to last step. But this is the same as

(4.82)

ET

(ylm; = 1x) = (ylx + €;) — (y[x) (4.83)
because the Grassberger-Scheunert product of two basis vectors is symmetric. Hence, a; and
7; — 1 are Hermitian conjugates with respect to the Grassberger-Scheunert product. O

Now let us compute some inner products that we will use later.

Proposition 6 (Useful inner products). Let |x) be a basis vector, and let |z) and |p) be
coherent states. Then

0.

(x|z),, =z ! (4.84)

0.
(x|z) = (1+2)" (4.85)

110
(plz),, = P o @A (4.86)

w.
(plz) = e7"* (487)

Moreover, we remind the reader that other results (e.g. (z|x) = (1 + z*)*) can be obtained
from the above ones by taking a complex conjugate.

Proof. First, the exclusive product of a basis state |x) with a coherent state |z) is

y y
(x|z),, = Z Z—'e’z'l (x|y).,, = Z Z—'e’Z'1 x! 8y = 2%t . (4.88)
y ¥ y ¥

Next, the Grassberger-Scheunert product of a basis state |x) with a coherent state |z) is
(x|z) = (x]e™e*z),,
1 (e ),

=@ (] (=+1)-(F-1) | ) (4.89)

—elzt1)1 (x|z+1),,

=(1+2)"
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where we have used that |z) is an eigenstate of the annihilation operators a;, the operator
representation of |z) from Proposition , and Eq. [4.88] The exclusive product of two coherent
states is

*\Y «\Y Ly

(Plz)e; = D @e‘l’ 1 ylz), =) we—@ AL = Pt PTL (4.90)
y: y!

y y

Finally, the Grassberger-Scheunert product of two coherent states is
(plz) = (ple™e*z),, = P "9 (plz),, = P (4.91)

where we have used Eq. [4.90] O

4.3.5 Resolution of the identity

The phrase ‘resolution of the identity’ refers to a useful way to write the identity operator. In
our case, we would like to write the identity operator in terms of coherent states, which will
allow us to construct the Doi-Peliti path integral. The relevant proposition, using coherent
states and the Grassberger-Scheunert product, is the following.

Proposition 7 (Identity operator in terms of coherent states). Let |x) be a basis vector,
and |z) and |—ip) be coherent states. Then

= V/ dp z) (—ip|x) e *P
= [ e g e b (1.92)

1.€.

dp .
| = / iz / 12) (—ip|e P (4.93)
[0,00)” n (27T)n

is the identity operator (because the relationship holds for basis vectors, it holds for all states
by linearity).

Proof. To establish Eq. [4.93 first observe that

dp , ,
dz/ |z) (—ip|x) e P
dp -
1 / dp CNX g1t
=y — |y dzzy/ 1+ ip)* e z1+iP)
Zy:y! ¥ [0,00)" rn (2)" ( )

1 d\™ d .
=S W[ e <__) [l e
” y! [0,00)" dz re (2m)7

(4.94)
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for all basis kets |x), where we remind the reader of the shorthand

(&) - () ()

used to ease notation. Integrate the last line of Eq. by parts to obtain

A
Zy, ) [ i (d—) 2] e *6(2)
ZZ; ly) x! d(y —x) (4.96)
~ %)

which confirms that Eq. is a resolution of the identity. O

We can use the coherent state resolution of the identity (Eq. 4.93) we just constructed
to rewrite our formal solution for [¢(t)) (Eq. 4.59). Applying it twice, we have the following
result.

Corollary 6 (Generating function in terms of coherent states). The generating function can
be written in the form

2/ dp! dz0dp?
6(0) = [ T 1) ¢

TU (o) |2°) (—ip°|w(to)) P~ P7 . (4.97)

Proof. Apply Proposition m to the formal solution for |¢(t)) (c.f. Eq. - ) twice. m

The object that appears in the middle of this expression is sufficiently important that it
deserves its own name.

Definition 7. The propagator is defined as the matrix element
U(ip’,t;2° ty) = <—ipf|l7(t,t0)‘z0> . (4.98)

where |—ip’) and |2°) are coherent states, and U(t, to) is the time evolution operator. Usu-
ally, we will refer to it using the abbreviated notation U (ip’, z°).

Now we will construct a coherent state path integral expression for the propagator—this
is one of the most important equations in this paper, as it forms the basis of Doi-Peliti path
integral calculations.

Proposition 8 (Path integral expression for the propagator). The propagator U(ip/,t;z°, t,)
1s equal to the path integral

lim /Hdzgdp Nzl—z (2" — 2N + At Hiiph 2 )
A p P = (4.99)

=1
+At Hip’, 2V ) + ip’ - zN’l}
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where At := (t — to) /N and the Hamiltonian kernel H is defined as
H(ip,z,1) = (—ip|H(t)|z) e P? (4.100)
where |—ip) and |z) are coherent states with p,z € R".

Proof. First write the time evolution operator U(t,ty) as a product of many time evolution
operators using the composition property (Eq. |4.65)):

Ut to) = Ut tn—1)U(tn_1,ty_2) - -- U(t1, to) (4.101)

where t, .=ty + (At for £ = 0,..., N, and At := (t — ty)/N. Now insert (N — 1) resolutions
of the identity to write

" dztdp! - . N1
U= / H . p (=ip! |U(t,tn 1)z - (=ip! Uty 0) |2°) e T P (4.102)
To arrive at our desired path integral, all we must do is compute the matrix elements in the
above equation. Assuming that N is large enough that At is very small, we have that
Ulte,ter) =1+ H(te1)At (4.103)

e Uis equal to its first order Taylor expansion. Moreover, this inequality becomes exact
in the N — oo limit. Using this,

(—ip"|U(te, te-1)|2"1) m 2" 4 At (—ip?|H(t,1)|2") . (4.104)
By the definition of the Hamiltonian kernel,

<—iP£|U(fe, t€71)|ze71> ~ P [1+ H(ip", 2" ter) At]
~ ez’pz-ze_l—&—At’H(ipe,zz_l,tg,l)

~

(4.105)

where we have again used the fact that At is small. Putting all of these matrix elements
together, our final coherent state path integral expression for U(ip/,z°) reads

i dz‘dp* —
U= li e - — At e
ngnoo/ gI;[ (2m)" eXp{Z P (@ =2+ AR E T te) (4.106)

=1
+At H(ip, 2V ) +ipl - 2N 1}

where the N — oo limit must be taken so that the approximation we made in Eq. [4.103
becomes exact. O
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4.3.6 Grassberger-Scheunert creation operators

As we noted in Sec. {4.3.4] the Hermitian conjugate of the annihilation operator a; with
respect to the Grassberger-Scheunert product is 7; — 1 for all j = 1, ..., n. Motivated by this,
we define the Grassberger-Scheunert creation operators.

Definition 8. The Grassberger-Scheunert creation operators are defined to be

at =7 —1 (4.107)

S
forall j=1,...n.

In the rest of the article, we will take ‘creation operator’ without qualification to mean
one of these operators.
All Hamiltonians we consider may be expressed in terms of creation operators and an-

nihilation operators. For example, the Hamiltonian operator corresponding to the chemical
birth-death process (c.f. Sec. [4.2.1]) can be shown to read

H=Fk@t)a" —~t)ata (4.108)

which is a specific case of a result we derive later (see Sec. [4.4). Note that this expression is
‘normal ordered’—all creation operators are to the left of all annihilation operators. For all
(possibly time-dependent) operators A(t) in this form, i.e.

Aty = Y dgie() (@) (@) (@) - (@n) (4.109)

V1y-esVnsP15--5Pn

coherent state matrix elements are easily evaluated by exploiting that (a;)" = &;r and that
the coherent states are eigenstates of the annihilation operators. The particular result is the
following.

Proposition 9 (Coherent state matrix elements of normal ordered operators). Let |z) and
Ip) be coherent states, and A(t) be an arbitrary (possibly time-dependent) operator that is
normal ordered (i.e. all creation operators are to the left of all annihilation operators). The
coherent state matriz element (p|A(t)|z) can be evaluated to be

PlAMDZ) = e Y dpn (@) ()7 (7)) () (4.110)

V1yeesVnsP15050n

Proof. Use the linearity of the inner product to take the sum out, then use the facts that
(a;)" = a;, ax|z) = 2z |z), and (p|a; = pi (p|. Finally, note that (p|z) = eP 'z O

We will use this result in the calculation sections to derive many Hamiltonian kernels.
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4.3.7 Probability distribution and moments

We need some way to extract information (like the transition probability P(x,t) or factorial
moments) from the generating function [¢(¢)). It turns out that we can achieve this using
the exclusive product [51] and Grassberger-Scheunert product [54].

Proposition 10 (Extracting transition probabilities and moments from the generating func-
tion). Transition probabilities can be obtained from the generating function using the exclu-
sive product, and factorial moments can be obtained from the generating function using the
Grassberger-Scheunert product and the annihilation operators. In particular,

P(x,t) - (4.111)
and
(z;(£)) = (0la; |y (1))
(2 ()xn(t)) = (Ola;an|i(t))
(2,0 (0) 1) = (0l (1) e
(25 (O)]w;(t) — ;) — 2]) = (0la7|v (1)
Proof. By the definition of the exclusive product,
XW Z Ply. 1) =Y Py, 0(x —y) = P(x.1) (4.113)

By the explicit definition of the Grassberger-Scheunert product of two basis vectors (c.f. Eq.
4.76)), note that (0|x) for all x € N". Then

(0la;|(t)) = (0| ZP x, ) |x)
= 0|ZP (x,t)z; |x — €))
=2 ;(X» t)a; (0]x — €;) (4.114)
= il’jp(& t)
= (;j(t)> :

The other expectation value formulas can be demonstrated in a similar fashion. O]

With this done, we have all of the machinery necessary to solve the problems identified

in Sec. 1.2
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4.4 Monomolecular calculations

In this section, we present the calculations relevant to proving the formulas from Theorems
and |2 using the Doi-Peliti approach. First, we derive the Hamiltonian operator and use
it to compute the Hamiltonian kernel. Then we evaluate the path integral expression for
the propagator U(ip/,z°). Finally, we use the explicit form of the propagator to derive
the transition probability and several moments. We do not explicitly show how to compute
the generating function directly from the propagator, because it is very similar to the other
calculations.

4.4.1 The Hamiltonian operator and Hamiltonian kernel

We would like an equation equivalent to the CME (Eq. [4.18)) that is satisfied by the gener-
ating function |1 (t)) (Eq. [6.32). Doing so involves a straightforward calculation, which we
spell out here for the sake of illustration.

Lemma 1. The Hamiltonian operator corresponding to the monomolecular CME (Eq.
18

H="> colt) [ — 1] = > _ cxo(t) [frx — 1] dx
S h=t (4.115)
+ Z Z cik(t) [fe — 75]
7=1 k=1
Proof. First, take the time derivative of |1)(t)):
Y) _— 9P(x,t)
T
=> {Z cor(t) [P(x — €, t) — P(x,1)]
< (4.116)

+ ) eno(t) [(wr + DP(x + €, t) — 2 P(x,1)]

+ ) D e [+ DP(x+ ¢ — e t) - ij(x,t)]} )

j=1 k=1
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where we have used Eq. [4.18 Reindex the sums over x so that this expression reads

% :Z {Zcok(t)[ X+ €;) — |x) |

X k=1

+) ero(t) [ o [x — €x) — 2 [x) ] (4.117)

+ZZCjk(t)[xj X — € + €) — x; |x) ]}P(X’t) :

j=1 k=1

Using the creation and annihilation operators we defined earlier, the right-hand side can be
written as

Z {ZCOk(t) [ —1]+ cho(t) [ ax — 7ray |

+ ) enlt) [y — iy, ]} Pix) )
pc (4.118)

= {Z coe(t) [ Fe — 1]+ cro(t) [ ak — Frdiy |
k=1 k=1
- chjk(t) [ a7k — 750, ]} () -

Comparing this with the definition of the Hamiltonian operator (c.f. Eq. [4.58)), we have our
result. O]

The Hamiltonian can be written more compactly in terms of the Grassberger-Scheunert
creation operators:

Corollary 7. In terms of the Grassberger-Scheunert creation operator, the Hamiltonian is

H=> coult)iy = eol®afar+> > cult) [af —af]a; . (4.119)
k=1 k=1 j=1 k=1
Proof. Start with the result above and make the identification &j =7 — L O

Note that this expression is ‘normal ordered’—all creation operators are to the left of
all annihilation operators. This allows us to use Proposition [9] to compute the Hamiltonian
kernel.
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Corollary 8. The Hamiltonian kernel for the monomolecular CME is

—iH(ip' 2" tem) = ) con(temn)p — Y crolte—1)phzy
k=1 k=1

n n (4.120)
0D elten) [ -] 2
j=1 k=1
Proof. Make the identifications d;“ — ip? and a; — zf_l in the Hamiltonian above. O]

4.4.2 Evaluating the propagator path integral

In this section, we will evaluate the path integral expression for the propagator U (ip/,z°)
(Eq. 4.99) given our specific dynamics, which are captured by the Hamiltonian kernel H

(Eq. [C120).

Lemma 2 (Monomolecular propagator). The propagator for the monomolecular system is

U(ip’,2°) = =) (4.121)
where .
z(t) ==Y 2w (t) + A(t) (4.122)
k=1

with w®) () and X(t) as defined in Theorem @

Proof. Begin with the path integral expression for U (Eq. 4.99)). Let us first integrate over
the pi (where £ € {1,..,N —1} and k € {1,...,n}). For fixed ¢ and k, these integrals look

like

 J V4 n
/ 21; exp {—ipf; [(zf; — 2 — At ( cf)gl — ciglzﬁ_l + Z cﬁglzf_l — ci}lzﬁ_l >
j=1
(4.123)

where cﬁl is shorthand for c;x(t,—1). Using the usual integral representation of the Dirac
delta function, these integrals are easily done to obtain n- (N — 1) delta function constraints:

n
¢ -1 —1 -1 41 =1 0-1 -1 01
) [(zk—zk ) — At < Cor. — Cro %k +chk 2 = Gy % > ] . (4.124)
j=1
Fortunately, that is ezactly how many integrals we have left to do. Notice that the constraints

force

n
0 _ -1 -1 -1 -1 =1 0-1 _ f—1 _t—1
2, =2, +AL ( Cov —Cro 2k T D _Cik % — Gy A ) (4.125)

=1
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which exactly corresponds to taking an Euler time step given the deterministic dynamics
described by the reaction rate equations, Eq. [4.20, What remains of our calculation is to
evaluate

U= lim exp {At H( zp zv l,tg_l) —|—ipf-zN_1} (4.126)

N—oo

given Eq. 4.125| the constraint on z"V~! relating it (via (N — 1) Euler time steps) to z°. We
have

ip! - zVN N+ At Hip!, 2Vt y)

:ing{ T+ At cOk —ckNolz,iVl—l—ZchNl—ci\; 1,2,1\[1]}
k=1 (4.127)
>l

k=1

where we define zY¥ as the result of taking N time steps of length At according to Eq.
given the initial condition 2. In the N — oo limit, z¥ — 2;,(¢), where 2;(t) is defined as the
kth component of the solution to Eq. - 4.200 As described in Sec. , z(t) can be decomposed
in terms of A(t) and the w(®(¢).

]

While it may seem that this path integral calculation was completely trivial, that is
mostly because we put in the legwork to define and characterize the Grassberger-Scheunert
product beforehand. Had we used the exclusive product to construct our path integral, we
would either have to perform a hard to justify Doi shift, or deal with extra terms after
enforcing the delta function constraints.

Now that we have computed the propagator U(ip/, z°), we can relate it to the generating
function [¢(¢)) using Corollary [6] Then, using Proposition [L0] the generating function can
be used to compute P(x,t) and various moments. Because the transition probability and
moment calculations are somewhat involved, we first present them for the one species system
(i.e. the chemical birth-death process).

4.4.3 One species transition probability derivation

Lemma 3 (One species monomolecular transition probability). For the single species monomolec-
ular system (i.e. the chemical birth-death process), the transition probability P(x,t;&, 1) is

k=0

(z, A(t ))*M(JE & w(t))
where w(t) and A(t) are as defined in Theorem 1]
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Proof. Recall that, since P(z,ty) = 6(x — &) for some & > 0,

(to)) =€) - (4.129)
Using Eq. and Eq. [£.97, we have

f dnt o
Pt to) = m'/ Ly S (oS, U2 (—ig o)) e

27
dzfdpf dzodp —2fipfa(t) CONE —ipP20—ipf 2t (4.130)
“ ] S o
The integral over p/ is easily done:
/ W o021 = 5(a(r) ) (4.131)
oo 2T

Enforcing the delta function constraint removes the integral over z/. Since z(t) = 2%w(t) +
(),

0
pP— dz dp [ ( ) + )\( )} —[z w(t)+A(t)] (1 + ipo)g e—z‘pozo
x' o
MO 7 1,000 (4.132)
e <z ap 20[1—w(t)] < O0NE —20[1+ip°)]
= — / o= Ex ()+)\()] (1+p°)° e s
This can be rewritten as
dZOdp 0 d : 0 in0
p: A e mw@®] (2 —20[1+ip°]
x! / 27 [ w(t) + A )} a0 ) °
O g [ g \E (4.133)
_ € / z-ap @ {[ ( )+ /\( )}x 21— w(t)]} —29[14ip°]
x! 27 dz0
where we integrated by parts in the second step. The p° integral can now be done:
o] d 0 ]
/_OO %efzpozo _ 5(20) ) (4_134)

We now have

P=tr | e (di0>£{[20w(t)+>\(t)]mezo[lw(t)]} ORI CRE )

z!

If we can evaluate the derivative, then we can easily evaluate the integral using the delta
function. Using the binomial theorem,

[22w(t) + A(1)]" = Z <i)w(t)k/\(t)m_k (zo)k . (4.136)

k=0
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Since

(20)F ei-w )] = i (=)™ [;'_ wb , (4.137)

7=0
the derivative of a specific term is

d \* 0wt 2 GHRG+E=1) G+ k- OV ()
( ) {(ZO)kez[ ()]}:Z(J+ JG+k—=1)-(G+Ek—-E§+1)(2") [1 —w(?)] '

dz0 4!

§=0

(4.138)
When enforcing the delta function constraint that z° = 0, all terms will disappear from this
series except for the constant term. The constant term is the term with j + k = &, which
reads

!
G f‘k)! [1—w®)]"0(¢ — k) (4.139)
where the step function 6, defined as
1 k<
0 —Fk) = {0 . g (4.140)

must be there since the result will be zero if £ > ¢. Hence,

e L /x o 3 -
P = 3 (3N g gyt - w10

min(z,€)
D S )

2 . (@ — k) (4.141)
min(z,£) A7 ke ¢ L —k
- 3 [F=gr ] () wer - v
= Pz, A(t)) x M(z, &, w(t))
as desired. :

4.4.4 General transition probability derivation

Lemma 4 (Monomolecular transition probability). For the general monomolecular system,
the transition probability P(x,t;&,ty) is

P ="P(x,At)) x M(x,&, wD (1)) % -+ x M(x, &, w™ (1)) (4.142)
where X(t) and the w9 (t) are as defined in Theorem .

Proof. The general case proceeds analogously to the one species case. The main difference
is that we must do the appropriate multivariable generalization of each of the steps in the
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previous subsection (e.g. use the multinomial theorem instead of the binomial theorem).
Since P(x,tg) = d(x — &),
(ko)) = 1€) - (4.143)

Using Eq. 4.111} and Eq. 4.97],
1 [ dz/dp’ dz°dp® 50,20 _in gt
P t t - f U ; f 0 o 0 t —i1p -z —1p’ -z
(X’ ’€’ 0) X'/ (27T)n (27T)n <X‘Z >ea: (Zp 1 Z )< P ‘w( O)> €

1 [ dz/dpf dz°dp® X ot iof 0.0 _iof ot
_ f —z/-1 _ip/-z(t) 1 - 0\¢ —ip”-z”—ip/ -z )
o / Grr @n)" z') e e (1+ip”)s e

(4.144)
The integrals over p{ , ..., pl yield delta functions:
dp’ |
/ e O = 8 (0) = of) (. (0) — 5]) = o(alt) ~ ) (4.145)
T n
Enforcing the delta function constraints removes the integrals over z{ ..., 25, Using Eq.
A.122,
dZOdP n 0w (k) Al . Cio0g
(4.146)

—|A(t

e dzodp
Tl / [Z kW A

Reusing the notation we used earlier to denote many derivatives with respect to each variable
(Eq. , we can rewrite this result as

zzzlzg(lf\w“)\) (1 +ip®)¢ e~="1+P"]

—|A(t)

e dzodp

e /d(z;g)p (%)E{[zzkw A

k=1

dz9

£
S (1) <_i) i

(4.147)

Ez_lzﬁ(l—lw“”l)} o2 [1+ip"]

where we integrated by parts many times in the second step. The p?, ..., p% integrals can now
be done:

/ 0P ipva® _ 500y, 5(:0) = 5(9) (4.148)

We now have

6_‘}‘(7:)' d 3 n 0
— E (k)
P = = /dz (dzo) W 4 A
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If we can evaluate the derivative, then we can easily evaluate the integral using the delta
function. Recall that

Z EACANEDY
k=1

Using the multinomial theorem,
~ o, (b ? % o, 7. Lo, m]% 1y 7
> w0 > <vj__. i )[le ] -~-[anj } A1 (4.151)
k=1 1

e v
n+1
vl =T
for each j = 1,...,n. Write |v,| := v} + --- + v}. Putting these multinomial expansions
together, our integral now involves computing n expressions of the form

(%)&{W' A .
“ 29=0

Ee—lvel
= = (1= [w] 0(& —|vel)  (4.152)

“@=
where we have used the result from earlier (Eq. [4.139) to evaluate it. When enforcing the
delta function constraint that z§ = 0 for all £ = 1,...,n, we get

e 1A n T 1) vl () vl o fj' €= Iv;]
X {H (Uj...viﬂ) [wa‘ ] "'[U’j } ] W(1—| D)6 — Ivil)
Yk

(4.153)
for P. This is the final result, but let us rewrite it so that we recover the result from Theorem
1 (Eq. 4.31)) of Jahnke and Huisinga’s paper. Note that

(4.150)

: [Z 2w + A,
k=1

— [i 20l

k=1

A0 H Al) Ol Z Py, AWD)) (4.154)
j=1 n+1 Vipt1:
Also,
v n k) ]
&! (1—|W ‘>fk|k| ’Vkll_[[ }
&~ T
—lvi vi (4.155)
(& — |Vk|)!
:M(Vkuékaw(k)) :
We are left with
P = ZP Vn+17 M(V17§17W(1))"'M(Vn7§nvw(n))
- ZP X—=Vy—= _VnaA(t)) M(Vlaglaw(1)>"'M(Vn7€n7w(n)) (4156)

= P(X,A( ) x M(x, &, WO () %% M, o, w(1))
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which matches Eq. O

If we wanted to compute the moments of P(x,t), we could just use Eq. and carry out
the calculation directly; however, the Doi-Peliti approach offers a way to compute moments
which bypasses P(x,t) completely. In other words, if we are only interested in moments,
the work from the previous section is unnecessary. Instead, we can use Proposition [I0] As
with the previous calculation, we will warm up with the one species case before treating the
multi-species case.

4.4.5 One species moments derivation

Lemma 5 (One species monomolecular moments). For the single species monomolecular
system (i.e. the chemical birth-death process), the first and second factorial moments are

(x(t)) = Ew(t) + A(t)

4.157
(@(0)fo(t) = 1) = wltPE(E — 1)+ 206 + MD° et
where w(t) and A(t) are as defined in Theorem 1]
Proof. Using Eq. [4.112
(z(t)) = (Olalp(t))
dzfdp? d=°dp® , . f f o0 .0 020 _ipf o f
:/ 55, Olalz) U’ =) (=in[v(to)) 77777 (4.158)
07,0
_ / dedpf dZ dp Zf eipfz(t)(l —|—2p0)€ e*ipozofipfzf .
2m 2m

The p/, 2/, and p° integrals can be done as in Sec. 4.4.3] leaving

(x(t)) = /0 R <%)§{[20w(t)+)\(t)} eZ°} e 620 . (4.159)

The derivative is easily evaluated, and we obtain

(x(t)) = / R [gw(t)eZ° + z(t)ezo] e 5(2°) = w(t) + A(t) (4.160)

0
which is just the solution to the one species reaction rate equation with z(tg) = &, just as
expected. The second factorial moment can be computed in similar fashion:

(@(t)[=(t) = 1]) = (0a*[y(#))
_ / dzfdp? dz°dp°

5 5 (Zf>2 eipfz(t)(1+l~p0)§ e—ipozo—ipfzf
™ s

_ /0 R (d%)f { [2Pw(t) + A1) eZO} e 5(2%)
= w(t)2(€ — 1) + 2X(w(t)€ + A(t)? .

(4.161)

Higher factorial moments can be computed in exactly the same way.
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4.4.6 General moments derivation

Unlike in the one species case, there are many first moments: (z1(t)), ..., (x,(t)). There are
also many second moments. To summarize them usefully, we compute the covariance matrix
elements (i.e. Cov(xj,zy) := (x;(t)xe(t)) — (x;(t))(x(t)) for all pairs of j and /).

Lemma 6 (Monomolecular moments). For the general monomolecular system, the first mo-
ments, second factorial moments, and covariance matrixz elements are given by

:ngwy(‘k)(t)Jr)\j(t) j=1,..,n

(z50) ZZ&@&M w)

k=1 k'=1
+Z§k[ k)\g—kwg )\—w(k)wg }+)\)\e Jj#L
k=1
= (4.162)
(20l (0) — 1) =3 3 &P
k=1 k’'=1
n 2
+Y & [2w§’“)Aj - (wj(-k)> } + X2 j=1.n
k=1

S GwlPw j#L

where X(t) and the w9 (t) are as defined in Theorem @

Cov(zj, z¢) = {

Proof. Picking a specific x; and using Eq. [4.112] we have

(z;(t)) = (0las|v (1))
B / dz' dp’ alzoalpo<
) @enr @2
_/dzfdpf dz°dp® f
S @or @2r)n

Iy Uip,2%) (—ip°|(t)) e ®"='—l=! (4.163)

ezp -z(t )(1 +ip0)€ e*ipo-zofipf-zf .

The p/, z/, and p® integrals can be done as in Sec. yielding

(x(t) = /dz0 (@> {[Z zkw —{—)\ } e *"15(2°)
0 (4.164)
=Yg (1) + A (t)

which is the jth component of the solution to Eq. with x(t9) = €.
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Let us compute (x;(t)z(t)) for j # €. To start off,

(zj()ze(t)) = (Ofagacle(t))
B / dz’ dp’ dzodp
) @or (2
_ / dz? dp’ dzodp A
n (2m)r (2m)n I

f> U(pr7 ZO) <_Zp0‘w(t0)> 6*iPO‘ZO*ipf-zf

6ipf~z(t)(1 + Zpo)g e—ipo-zo—ipfzf '
(4.165)

Proceeding as we just did, we obtain

(Tjm0) = /dzO <@) {[Z A+ ezo'l} e (4.166)

—Zkaﬁk'w wﬁ +ka[ k)\éJsz Aj _w(k)wz }"")‘)‘

k=1 k'=1

Z zg/wék,) + A

k'=1

For the similar case j = ¢, we obtain

0l -1 = [ () [E 4]

ezo-l e—zo-lé‘(Z(J)

(4.167)
_ZZ§k§k,w w +Z5k l2w A — ( ) ] +A2.
k=1 k'=1
Putting these results together, we find that the covariance of x; and z is

n (.’“)[1— (-k)i|+)\' =
Cov(zj, zp) = {Zkigkwj * (k;ﬂ] ! ‘] : (4.168)

- Zk:1 §kwj Wy J#L
Hence, we have recovered the moment results from Sec. 4.2 of Jahnke and Huisinga. ]

4.5 Birth-death-autocatalysis calculations

In this section, we present the calculations relevant to proving the formulas from Theorem
on the birth-death-autocatalysis system. First, we present the Hamiltonian operator and
kernel. Then we evaluate the path integral expression for the propagator U(ip/, z°). Finally,
we use the explicit form of the propagator to derive the transition probability, and several
interesting limiting forms of it. We do not explicitly show how to compute the generating
function directly from the propagator, because it is very similar to the other calculations.
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4.5.1 Evaluating the propagator

We can straightforwardly go from the CME (Eq. 4.36)) to the Hamiltonian operator and
Hamiltonian kernel.

Lemma 7. The Hamiltonian operator corresponding to the birth-death-autocatalysis CMFE
(Eq. is
H=a"[k+(c—ya+catal . (4.169)

Proof. Starting with Eq. [£.36] follow the argument from Lemma [I} and then substitute in
the Grassberger-Scheunert creation operator. ]

Corollary 9. The Hamiltonian kernel for the birth-death-autocatalysis CME is
H(ip, z,t) = ip[k + (c —7)2] — c p*z . (4.170)
Proof. Make the identifications a* — ip and @ — z in the Hamiltonian above. O

Now we must compute the propagator, a calculation which turns out to be somewhat
involved.

Lemma 8 (Birth-death-autocatalysis propagator). The propagator for the birth-death-autocatalysis
system 1s

Ulipys, z0) = exp {izoq(t) +1 /t k(s)q(t — s +to) ds} (4.171)

to
where q(s) is as in Theorem[3

Proof. The path integral expression for the propagator U (ipy, zo) is

N-1 dzedp N-1
U= li o —ipe(ze — zo1) + AH(ipe, 2o, te—
Nl_fgo/ }:[1 o eXp{; ZPe(Zz Zp 1) (Zpe Ze—1,0¢ 1) (4.172)

+AtH(ips, 2n-1,te—1) + ipraN-1}

where we have used slightly different notation than before since there is only one chemical
species. In order to evaluate this path integral, first integrate over each z,, and then integrate
over each py. Collecting terms containing z,, the integral over each z, looks like

2
1 1

270 (pr — pes1) — At [(co — 7e) pest +ice pE]
The integrals over p, can now be done—but they must be done in a specific order. Do the
integral over py_1, then py_s, and so on, until the integral over p; has been done. Each of
these integrals is schematically

1= dpy f(pe)

2mi J_o (Pe — pes1) — At [(Ce — V) Pes1 + iy pZJ

*dz i )
/ - exp | 2 [—CeAt p?+1 +i(ce — 7e) At poy1 —i(pe — pz+1)] }
0 (4.173)

(4.174)
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where the function f(p,) has no poles. This means that each integral can be evaluated using
Cauchy’s integral formula, so that the net effect of doing them is to enforce the (N — 1)
constraints

Pe = Pe1 + At [(ce — Vo) Pesr + ice Py (4.175)

on the p, for £ = 1,..., N — 1. There are no more integrals to do, so all that remains is to
evaluate what’s left of the propagator using these constraints. Eq. looks like an Euler
time step, although it is ‘backwards’—we go from py, 1 to py instead of the other way around.
Define qn_s := ps so that it reads

ANt = qN—e-1 + Dt [(co = 72) qn—e—1 +ice @R_o_q] - (4.176)
Choosing ¢ = N — n, we find
Gn = Gn1 + At [(cN—p — YN=n) Gn1 + iCN_n Go_y] - (4.177)
This corresponds to dynamics
q(s) = [c(t — s +to) — y(t — s +to)] q(s) +ic(t — s+ to) q(s)? (4.178)

where s € [to,t] and ¢(ty) = ps. As can be verified by substitution, Eq. [4.178|is solved by

w(s
als) = o i el —(t’>+ to)w(t") dt’ (4.179)
where w(t) is the solution to
w(s) = [c(t —s+tyg) —y(t — s+ to)] w(s) (4.180)
with w(tg) =1 (c.f. Eq. [£.30), i.e.
w(s) = el U HTIC ) A (4.181)

The continuous limit of Eq. |4.175|is then p(s) := q(t—s+ty). With that done, the propagator
with most terms integrated out reads

N-1
Ulipys, 20) = ]\}1_1};0 exp {Z Z ko—1pe At +ip1zo + At [ip1(co — Y0)20 — copizo] } . (4.182)
=1
The term on the right is just another Euler time step, so we can write it as
izo {p1 + At [pi(co — 7o) — cop?] } = izopo (4.183)
where we define

po = p1 + At [pi(co —70) — Copﬂ : (4.184)
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In the limit as N — oo, pg — p(ty) = ¢(t). The term on the left is just a Riemann sum:

N-1

ko 1pe At ~ /t k(s)p(s) ds = /t k(s)q(t —s+1tg) ds . (4.185)

=1 to to
Hence, our final answer for the propagator U is
t
Ul(ipys, z0) = exp {izoq(t) + 2/ k(t —s+to)q(s) ds} (4.186)
to
where we have reparameterized the integral on the right to swap s and (¢ — s + to). O

As an aside, we note that this calculation closely resembles the Martin-Siggia-Rose-
Janssen-De Dominicis path integral computation from our earlier paper [77]: in particular,
many applications of Cauchy’s integral formula and another ‘backwards’ Euler time step
constraint are both involved.

4.5.2 Deriving the transition probability

As in Sec. [4.4.3| and [4.4.4] we will use the propagator derived in the previous section to
derive an expression for the transition probability P(z,t;¢,to).

Lemma 9 (Birth-death-autocatalysis transition probability). For the birth-death-autocatalysis
system, the transition probability P(z,t;&,to) is

P(x,t;€,t0) =o— [ dp (4.187)

21 ) o f (1+ ips)>tt

1 /oo [1 + 'Lq(t)]g ei ftto k(t78+to)q(s)d8

where q(s) is as in Theorem [

Proof. Since P(x,ty) = d(z — &), we have |¢g) = [€). Using Eq. and Eq.

1 [ dzedpr dzodp
P(x,t;€ o) = ;/ T

1 dz¢dp s dzodp

(x|2f),. Ulipy, 20) (—ipoltb(t)) e #ozo—ipsas

(Zf)a: o2 6%‘Zoq(t)+iff0 k(t—s+to)q(s) dS(l + Z'po)g o iP0z0—ipszs

Tzl 2 2m
(4.188)
The integral over zj is
/ 420 izopoa) — L1 (4.189)
0o 2m 2mi po — q(t)
The integral over py can be performed using Cauchy’s integral formula:
1 o 1+ ipo)¢
dpy L P0)S (14 ig(t))* . (4.190)

o Po
271 ) _ o po — q(t)
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The integral over zy can be recognized as a Laplace transform:

oo |
dzp (zp) e sl = 2 4.191
o T (4.191)

Putting these together, we obtain the desired result. O

We will leave our solution in this form, since it is difficult to evaluate the contour integral
without knowing the explicit time-dependence of the rates. In the next few sections, we will
examine a few special cases.

4.5.3 Time-independent rates

Lemma 10 (Birth-death-autocatalysis transition probability for time-independent rates).
Suppose the parameters k, v, and c are all time-independent and non-zero. Then the transi-
tion probability can be rewritten as

()

(4.192)

where (y). == (y)(y+1)--- (y+x—1) is the Pochhammer symbol/rising factorial, and where
w(t) = e~ (y=9)(t—to)

Proof. In this case, ¢(t) reads

g=lc—n]q+icq
ele=NT w(t) (4.193)

M) = T e =]~ T ()~ 1]

where T :=t — t;. We have

t i ic
ds = -1 1— =T _q 4.194
T e 1 B

so that the convolution term from the propagator reads

- 1 1
ezk fto q(s) ds _ E — : e (4195)
[1 — I [ele)T — 1]pf} [1 —iB(t)py]
where we define c
B(t) := p— [w(t) —1] . (4.196)



[t is important to note that Eq. [4.195/has no poles in the upper half-plane (the region around
which we are integrating), regardless of whether ¢ — v > 0, ¢ — v < 0, or ¢ = 7. Next,

o iw(t)py w(t) w(t) 1
vt =1+ gt = [ - ] B 017
so that
¢ €-J j
=S () [ w0 ey
enr =3 C) 55 (50) om0

Putting all these results together, our expression for the transition probability is

. (4.199)

dCch [[1 _ Z’B(i)pf]jJrk/C] - T Zig]tj)j’“/w (j i é) (‘j " é " 1) - <j - % e 1)

we have -
3 —j J x

S Ob 3G 4

! B
- (5):>/ (Z:>§: () -0-)2 JH [ww—(l)?w%)—:)r

SN
£ , . 277
y Z @ (J +$k!/c>$ 1 2] [w _Z_;_—wl) ]

(4.201)

where (y), := (y)(y+1)--- (y+2 —1) is the Pochhammer symbol/rising factorial. This can
also be written in terms of the hypergeometric function 5 F(a, b; ¢; x). O]

4.5.4 Binomial, Poisson, and negative binomial special cases

Corollary[4 Return to the original contour integral for time-dependent rates (Eq. [4.40)),
and set k = ¢ = 0, but leave the time-dependence of ~(¢) arbitrary. We have

w(t) := exp {— /t:v(t’)dt’} (4.202)
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q(t) = w(t)py (4.203)
1> [L+iw(t)p)
P(x,t;&,ty) = — dpy ————— . 4.204
(@, t; €, to) o /_OO Dy (1 + ips)+! ( )
The function in the numerator has no poles, so the contour integral can easily be evaluated
using Cauchy’s integral formula. The result is

Platito) = () ol - v (4.205)

for x < £ and 0 otherwise, i.e. a binomial distribution.
Return to the original contour integral for time-dependent rates (Eq. , and set
v = ¢ =0, but leave the time-dependence of k(t) arbitrary. We have

At = / k)t (4.206)
q(t) = py (4.207)
0 ei)x(t)pf
P(z,t;:¢,t0) = i/ dpy (— (4.208)

21 J_ o 1+ ipf)gwrl*5 '

This contour integral can be evaluated using either Cauchy’s integral formula or a table of
integrals (c.f. Gradshteyn and Ryzhik [78] ET I 118(3), in section 3.382, on pg. 365). The
result is
()T e M)

(z —&)!
for x > £ and 0 otherwise, i.e. a (shifted) Poisson distribution.

Return to the original contour integral for time-dependent rates (Eq. , and set
k =~ =0, but leave the time-dependence of ¢(t) arbitrary. In this case, we will define w(t)
differently from before as

P(x,t; &, t) = (4.209)

w(t) = exp [— /t t c(t')dt'] (4.210)

i.e. as the reciprocal of what we previously called w(t). This is to match the result from
Jahnke and Huisinga. Now we have

_ w(t)™!
q(t) = T i) = 1] (4.211)
1 [ 1 1
P(z,t;€,t0) = 5 /Oo dpy T o L= ) Do (4.212)

The term on the right has no poles in the upper half-plane, so we can evaluate it using
Cauchy’s formula to find

r—1 .
Pt = () ) W@l - wio) (4.213)
which is nonzero only for = > £, i.e. we have a shifted negative binomial distribution. O]
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4.6 Zero and first order calculations

In this section, we sketch the calculations necessary for proving the formulas from Theorem [
on a system with arbitrary combinations of zero and first order reactions. First, we present
the Hamiltonian operator and kernel. Then we sketch how the path integral expression
for the propagator U(ip/,z") may be evaluated. Finally, we use the explicit form of the
propagator to derive the transition probability and generating function.

Writing down the CME directly is difficult; however, we do know that a CME involving
only zero or first order reactions only as terms proportional to Grassberger-Scheunert creation
operators, and has terms with at most one annihilation operator. We can assume it takes

the form (c.f. Eq.
H(t) = Y () (@) - (@)™

Vl,eesVn

+3 N B @ (@) (@)™

k Vi,..,Un

(4.214)

for some coefficients ..., (t) and 3}, (t) that are determined by the details of one’s list
of reactions. The corresponding Hamiltonian kernel is

H(ip.z,1) = (~ip|H(t)|2)
- Z Qyp,y.vm <t> (ip1>yl e (Z'pn>Vn

Vl1,.esVn

- Z Z ﬁlljh...,un (t) (ipl)yl T (an)yn Zk -

k vi,..,Un

(4.215)

Now we can compute the propagator corresponding to this kernel.

Lemma 11 (Zero and first order reactions propagator). The propagator for the system with
arbitrary combinations of zero and first order reactions is

U:exp{izo-q(t)—i-/tt >

0 vi,..,un

Qoo (E— s+ 10) [iqr (8)] - -+ [ign(s)]™ ds} (4.216)

where q(s) is as defined in Theorem [4]

Proof. We will only sketch this proof, because the argument is exactly the same as the one
presented in Lemma [§—the notation is just more cluttered, because we are now dealing
with a mult-species system and an arbitrarily large list of reactions. One may notice, from a
careful look at that prior argument, that its success did not depend on the detailed features of
the birth-death-autocatalysis system at all; it only depended on the Hamiltonian containing
terms at most first order in annihilation operators (i.e. no terms like a;a or (a;)® appear).
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Since this is also true in the current case, we can rerun that argument to find that the
propagator can be written in terms of the solution q(t) to

Q5(5) = =i Y Bl (t— s+ 1o) liqr(s)]” -+ [ign(s)]™ (4.217)

satisfying the initial condition g¢;(¢y) = pj-c . As before, the final propagator has two terms.
There is one term that comes from p° = q(¢) coupling to z°, and another term (due to the
terms in the Hamiltonian involving no annihilation operators) that becomes a convolution

integral.
O

Next, we will derive the transition probability.

Lemma 12 (Zero and first order reactions transition probability). The transition probability
for the system with arbitrary combinations of zero and first order reactions is

(4.218)

t . v . vn
b / dp’ [1+iq(t)]f el u7<t—s+to>[zq1<s>l1~-[zqn<s>l ds
we (27)" (1 +ap/ptt

where q(s) is as in Theorem [}

Proof. Begin with the expression for the generating function in terms of the propagator U

(c.f. Corollary[6]). As in Sec. [4.4.4] we have

1 [ dzfdpf dz°dp® 50,20 _in gt
P == f Ui f 5,0\ /__ -0 ¢ —ipY-z’—ip/ -z
X'/ (27T)n (27’(’)” <X‘Z >ex (Zp »Z )< ‘P ‘dj( 0)> €
1 [ dzfdpf dz°dp® P 4.219
_ 1 IY$ =1 ima0) (] 4 0\ (4.219)
X!/ (2m)n  (2m)" 2) e ‘ (1+ip’)
s @B 5T L Ty @i (b5 0 i1 (9] fign ()] ds
The integral over z° is
. 1
dz? e~ =P’ —a(t)) _ : 7 4.220
/ (o0 — (D)’ (220
the integral over p° is
dp® (1 +ip®)¢ .
: = (1+iq(t)), 4.221
| arr o=ty ~ 0 22
and the integral over z/ is
2 )" ‘ 1
daf Z) ey L 4.222
J e (4:222)
leaving only the desired integral. O]
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Finally, we will derive the generating function.

Lemma 13 (Zero and first order reactions generating function). The generating function
for the system with arbitrary combinations of zero and first order reactions is

v(g.t) =1 +iq(t)]*
i el Sty s t0)liaa ()1l ()] ds (4.223)
p/=—i(g—1)

where q(s) is as in Theorem [4)

Proof. Begin again with the expression for the generating function in terms of the propagator
U (c.f. Corollary @ For proving this result, it is convenient to switch over to analytic
notation, in which

(1)) = (g, 1)
Ix) — g* (4.224)
|z) — e* (&1

In particular, we have

dzf dpf dzodp
o= [

ezf-(gfl)eizo-q(t)u + ip0)s

(4.225)
x e ipz ,pr.zfefgo S Ot (=0 ()] lign ()] ds
The integral over z' is
. 1
dz° ¢~ (P0=alt) _ _ 7 4.226
/ " — a0 (220
the integral over p° is
dp’  (1+ip°)* .
. = (1 +iq(t))¢, (4.227)
/ (2mi)" (p° —q(t))!

and the integral over z/ is

/ dz! e [-E-D+ip'] _ L - (4.228)
[—(g — 1) +ip/]

leaving only the integral

t v Yn ds
/ dp! 1+ iq()]€ €0 Sorven viwn (t=stt0) g (] lign ()] ™ d (4.229)
( :

2mi)" [pf +i(g — 1)

This integral is a simple contour integral (the numerator is the exponential of a function
analytic in p/), whose evaluation via Cauchy’s integral formula corresponds to the desired
result. 0
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4.7 Another view of the propagator

The mess of formalism aside, a coarse view of what we have been doing is that we have been
calculating the propagator U, which we remind the reader is defined via

U(ip’,2°) == (—ip’|U(t, ty)|2°) (4.230)

where |z°) and |—ipf > are coherent states. We computed U by evaluating many integrals,
and then used the formula (c.f. Corollary [6)

d fd fd Od . —ip0.20 _ipf .z
|¢(t)>—/ (Z%)p (ZZWP |2) U(ip’,2°) (—ip° | (ty) ) e~ P72~ ip" 2! (4.231)

to recover the generating function |¢(¢)). This expression for |¢(t)) is then suitably manip-
ulated to directly recover other objects of interest, like moments or transition probabilities.
Given the relatively simple-looking results we have derived for U (c.f. Lemmas , and
, one may wonder whether there is another way to derive it—in particular, does U satisfy
some PDE?
In the following, it will be more convenient to switch to a more standard notation for the
probability generating function:

Zth |x) — (g, t) Zth (4.232)

which really just amounts to the replacement |x) — g*. This is related to our notation by
taking the Grassberger-Scheunert product of the generating function with a coherent state
lg — 1) for some g € R™

(g8 — 1o (1) ZP x, 1) (g —1x) =Y Plx)1+(g-1) =v(gt). (4.233)

In this notation, the relationship between the generating function and the propagator reads

dz/dp’ dz°dp° ; i50.20 _ind 2
t) = 2@ Dy (ipf, 2°) (—ip®|(t B 4.234
¥(g.t) / @ @ € (ip’,2%) (—ip° | (to)) € (4.234)
Recall that the generating function (g, t) satisfies a partial differential equation. For sim-
plicity, suppose we are dealing with the chemical birth-death process, for which the relevant

PDE reads
o o

Frie k(t)g— v —~(t)lg — 1]8_g ‘

Substituting this into (the one-dimensional version of) Eq. [4.234] the right-hand side reads

/ dz¢dpy dzodpy
2 2

(4.235)

22U {klg — 1] —ylg — 1zs} e D=2 (—ipglip(t)) e 0% . (4.236)
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But note that

(g — 1)6Zf(g—1) - ier(g—l)
<f
P (4.237)
zfe_ipfzf — j—— e Przr
Opy

Using these identities, integrating by parts, and freely removing boundary terms, the right-
hand side now reads

/ dz¢dps dzodpy
2m 2m

ou . A
{ipf [kJU + wa—} } 21 (9=1) o =ipy2f (—ipo|t(to)) e~P0%0 | (4.238)
Dy
This suggests that the expression given by Eq. will solve the equation of motion for
¥(t)) (Eq. [4.58) if

oU (ipy, o)
ot

oU (ipy, o)

4.239
o (4.230)

= ipf {/{:U(ipf, Zo) + Z’y

It is easy to verify that our expression for the propagator of the chemical birth-death process
(c.f. Lemma [2)) does solve this PDE.

We can generalize this enough for our purposes, although it should be clear that this
correspondence holds for any CME (and not just ones involving only zero and first order
reactions).

Proposition 11 (Propagator PDE). If the generating function 1 (g,t) satisfies the PDE
given by Eq. then the propagator U(ip/,t;2° ty) satisfies a PDE

88_11{ = 3 o ®) [z’pﬂ Uil
| A OU
_; Z Z 55‘1 ..... " (t) [Zp{] o [prz] a_p]J:

with initial condition U (ip”, to;2° to) = exp(iz” - p’) for arbitrary p’,z° € R".

(4.240)

Proof. Integrate by parts as in the one-dimensional example. The initial condition comes
from the definition of U:

U(ip’, t0;2° to) = (—ip’|U(to, to)|2°) = (—ip/|z") = e? Pl (4.241)
[l

At this point, we should note that the PDE satisfied by the propagator (Eq. and
the PDE satisfied by the generating function (Eq. are equivalent up to a change of
variables (i.e. g —1 — ip/). Does this mean that the propagator, along with the entire
Doi-Peliti artifice we have constructed, is extraneous?
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While this is a reasonable question to ask, the answer is probably no. It is easy to see
that our expressions for the propagator and our expressions for the generating function have
tended to look somewhat different, with the latter almost always being more complicated.
The main reason for this difference seems to be that the propagator’s initial condition is much
simpler than the initial condition for the generating function PDE, which usually permits
finding explicit solutions of the propagator PDE.

Now that we have this result, how can we connect it with the propagator solution we
found in Lemma [11] (for arbitrary combinations of zero and first order reactions, which
includes all other propagators considered in this paper as special cases)? It turns out that
there is a straightforward way to do this using the method of characteristics, a standard
approach for solving first order PDEs like the one above.

The method involves supposing that the relevant independent variables (in this case, p/
and t) lie along some parameterized curve. For a pedagogical example applying this method
to solve a toy problem in chemical kinetics (the chemical birth-death process with additive
noise), see [72).

Lemma 14 (Method of characteristics solution). The propagator for the system with arbi-
trary combinations of zero and first order reactions matches the one given by Lemma |11,

Proof. Suppose (where we use slightly different notation here, because only the initial con-
dition of the PDE depends on z° and t;) that p’ and ¢ lie along curves parameterized by
some parameter s, so that

D ot o] U2, 52U 0]
5 [U(p’(s),t(s)] = 5 os T Z < 9] Os .
_——ZZ Z /Bm, w [ipﬂyl...[ipﬂyna_v;. ( | )
k Vi,..Un apk
Choose the curve so that

% I
on! ” ' " (4.243)
=k = =i Y B (1)) [ip{()] - [imho)])™

Suppose that we are interested in U(ip”,ts;2°, ty) for some particular final time ;. Solving

the equation for ¢(s), we have
t(S) = tf — S+ to (4.244)

where the arbitrary constant was chosen so that s € [to, ;] with ¢(¢y) = t; and t(t;) = to.
Then the equation determining p’(s) reads

8pk =i > Bty —s+t0) [ip{(s)] - [ipl(s)] (4.245)

VlseesVn
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Notice that this is exactly the same as the equation satisfied by q(s) (see Theorem H]).
Moreover, our p/(s) and q(s) satisfy the same initial condition: p/(s = ty) = p/(t(s) = t;) =
p’, since the symbol p/ means the value corresponding to the evaluation of U (ip/, t;2°, t,)
at the final time t;. This point is somewhat subtle, so convince yourself of it before going
forward.
Hence, we can make the identification p/(s) — q(s). This means our PDE for U now
reads U7
5 = > o () i) - [ign) " U (4.246)

VlseesVn

Solving this as usual, we have the solution

U(S):Cexp{ TS st — 5+ 1) [iga ()] - i) dS} (4.247)

to VlseesVn

for some constant C' that depends on the initial condition. Implement the initial condition
for s = to (i.e. t(s) = tg), noting that p/(s = to) = q(s = t;). Finally, evaluate U(s) at
s =ty to obtain

U(tf>—eXp{”0'q<tf>+ [ 3 vnli= s @) a1l ds}

to V1,..,Vn

(4.248)
which is the desired answer. O

After all this, it is natural to ask whether the path integral calculations were necessary
if the answer for the propagator can be determined by solving a relatively simple PDE. The
author can only note that he was able to come up with this alternative approach only after
carefully studying the path integral answer. It is likely that there are other cases where one
can ‘turn the crank’ to determine the path integral answer, and then justify that answer
using some more conventional method after one realizes why it takes its precise form.

4.8 Discussion

The strength of the Doi-Peliti approach—that calculations require nothing more clever than
evaluating many integrals—is probably also its primary weakness. In Jahnke and Huisinga’s
original paper, they began with proofs of partial results that offered intuition for why their
main result is true: in short, Poisson remains Poisson, and multinomial remains multinomial.
In contrast, our calculation does not seem to offer such insight en route to the full solution.
This may make it easier to generalize to other kinds of systems (as we did in Sec. and
Sec. [4.6), but it is a little unsatisfying.
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Still, the Doi-Peliti approach was able to generate a solution in a nontrivial case where
Jahnke and Huisinga’s approach broke down, and we showed that it can offer solutions in far
more general and nontrivial cases in Sec. While the calculation is likely to be tedious,
it seems possible that the Doi-Peliti approach could also be used to find explicit generating
functions and transition probabilities (i.e. involving the explicit solution for q(t)) for suitable
generalizations of (for example) the birth-death-autocatalysis system, like one that involves
many birth reactions, death reactions, and reactions of the form S; — S, + S,. It is not
clear what new insights are necessary to solve explicitly for q(¢) in cases like this.

Another obvious objection to the Doi-Peliti approach is that it is not entirely mathemati-
cally rigorous: in rederiving Jahnke and Huisinga’s result, we freely swapped many improper
integrals, frequently utilized the integral representation of the Dirac delta function, and so
on. But we did get answers, and the method is likely to yield answers for problems that
other methods cannot currently solve. If nothing else, the Doi-Peliti approach can be used
as a tool to generate answers, which can be justified as rigorously correct using some other
method (e.g. by showing that they solve the CME directly).

While we did not resort to approximations in this paper, it is worth noting that utilizing
Doi-Peliti path integrals enables the use of powerful perturbative and asymptotic expan-
sions. For most systems of interest in mathematical biology (e.g. gene networks with many
species and interactions), this is the way in which the Doi-Peliti approach can be practically
applied. See Weber and Frey [70], and Assaf and Meerson [20], for recent reviews discussing
approximation techniques related to path integral descriptions of the CME.

The Doi-Peliti path integral is just one example of a stochastic path integral [76, [79]. The
Onsager-Machlup [80, 81} 82], 83] and Martin-Siggia-Rose-Janssen-De Dominicis [84] [85] [86,
87, [83] path integrals are two other examples, which offer an alternative to the Fokker-Planck
equation in the same way the Doi-Peliti path integral is an alternative to the CME. While
exact computations of these path integrals are also tedious, they are just as mechanical—
one can ‘turn the crank’ and generate answer, without relying on (for example) a priori
knowledge of special functions to solve differential equations [72, [77].

4.9 Conclusion

We rederived Jahnke and Huisinga’s classic result on monomolecular reaction systems using
the Doi-Peliti coherent state path integral approach, which reduces solving the CME to
the computation of many integrals. In addition, we also derived an explicit exact time-
dependent solution to a problem involving an autocatalytic reaction that was beyond the
scope of Jahnke and Huisinga’s method, and a formal exact solution for systems involving
arbitrary combinations of zero and first order reactions. We hope that our calculations, as
well as our detailed description of the Doi-Peliti formalism, help make the Doi-Peliti method
more accessible to mathematical biologists studying the CME.
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4.A Quantum vs standard notation

In this paper, we make abundant use of Dirac’s bra-ket notation for vectors and inner
products. While this notation is standard in quantum mechanics, it is less often used in
areas with a more strictly mathematical bent. At the beginning of Sec. we listed
a few important reasons for this choice; to reiterate, it eases notation, makes it easy to
repeatedly apply the identity operator (c.f. the derivation of the path integral expression for
the propagator U), and is suggestive for the inner products we are using.

In this appendix, we will briefly review it and compare it with notation more commonly
used in linear algebra and stochastic processes, so that this paper can be easily read by
mathematicians unfamiliar with quantum mechanical notation.

For now, we will work in one dimension for simplicity. Consider a complex vector space
V' with a countable basis eg, €1, e, ..., so that an arbitrary state in this space reads

¢ = i c(x)e, (4.249)

=0
for some complex coefficients ¢(x). In terms of bra-ket notation, we would denote the basis

vectors (also called ‘kets’ or ‘states’) by |0),|1),]2), ... and an arbitrary state by

e 9]

[0) =Y clx)|a) (4.250)

x=0

which essentially amounts to the identifications e, — |z) and ¢ — |¢).
Define the inner product (e,,e,) := 6(z — y) for all z,y € N, and extend it to arbitrary
states by linearity. Using bra-ket notation, we would write

(zly) =d0(z —y) . (4.251)

At this point, there are not yet any significant differences between the two choices of notation.
The significant differences begin when we consider linear functionals like the functional L, :
V' — C defined by its action on a basis vector e,:

L,(ey) := (ey, €s) (4.252)

Using bra-ket notation, we would denote L, by (y| (this is called a ‘bra’), and L, acting on
e, by (y|x) (the inner product is sometimes called a ‘bra-ket’). This allows us to represent
Fourier-like identities like

¢ = (e, d)ey (4.253)
0) =D Wle)ly) (4.254)

<
Il
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or more succinctly by defining the operator

1=>"v) (yl (4.255)

which by definition is equal to the identity operator. Equations like these are often called
‘resolutions of the identity’, because they recast the identity operator in some convenient
form. The notation above is meant to be highly suggestive; one can imagine it ‘bumping
into’ a vector/state |¢) from the left to recover Eq. [£.254]

This notation also makes it easy to repeatedly apply resolutions of the identity, and to
see what the result will be. Compare

¢ = Z <ey37 €y2> <6y2, €y1><€y1 J ¢>€y3 (4'256>
to
[9) = Z ya) (yslya) (Y2lv1) (vil@) - (4.257)
Y1,92,Y3

The above can be obtained simply by inserting Eq. [4.255 next to |¢) many times.
One helpful feature of bra-ket notation is that eigenvectors are traditionally labeled by
their eigenvalues. For example, if Ap = A\, it is traditional to write ¢ as

o —[A), (4.258)

so that A |A) = A|A). We used this throughout the paper to denote coherent states, which
we defined to be eigenstates of the annihilation operators.

Matrix elements—expressions of the form (¢s, /l(bl) for two vectors ¢; and ¢, and some
operator A—are denoted by

(¢a| Algn) (4.259)

This notation is convenient when we are computing matrix elements involving operators and
their eigenstates. For example, let @ be an operator, a' be its Hermitian conjugate, and
¢1 — |A\1) and @9 — |Ao) be eigenstates with eigenvalues A\; and A, respectively. Then on
the one hand, we have

(¢2,a%a ¢1) = (aca, apr) = A1 (s, d1) (4.260)
in standard notation. On the other hand, we have
(NalataAr) = XsA1 (o] Ay) (4.261)

using bra-ket notation, where we imagine a' ‘acting to the left’ and a ‘acting to the right’.
That is about all there is to say about the correspondence between bra-ket notation and

typical vector space notation. One should keep in mind that the strength of bra-ket notation

is in repeatedly applying the identity operator/resolutions of the identity, which is required

99



to construct the Doi-Peliti path integral. The correspondence is summarized (for arbitrary
dimensions, using the notation introduced in Sec. in Table .

A few words should also be said about the relationship between our generating function
and its usual analytic function form. We remind the reader that both are defined (in one
dimension again, for simplicity) via

=) Pty ) = P(x,t) |z) (4.262)

where P(x,t) is a solution to the CME. These expressions are completely equivalent, up to
the identification ¢ — |x). In fact, the equations of motion they satisfy exactly correspond.
For example, in the case of the chemical birth-death process, we remind the reader that
(g, t) satisfies the PDE

(g, t) (g, t)

o~ FOlg—1ele t) = (®)lg — 11— (4.263)
whereas [¢)) satisfies the equation
agf> H ) (4.264)

where in this case the Hamiltonian operator H is given (in terms of our original creation and
annihilation operators) by

H=k(#—-1)—~(#—-1a. (4.265)
This is the same as the above PDE, provided one makes the identifications
T—g
0 (4.266)
a— —
dg

It turns out that these identifications work more generally (for arbitrary numbers of dimen-
sions, and an arbitrary list of reactions). Although they are equivalent, one form of the
generating function is often more convenient to use than the other. In our case, we use
the Hilbert space form for almost the entirety of this paper, because it allows us to exploit
bra-ket notation to denote applying many resolutions of the identity (c.f. Sec. , and
to work straightforwardly in terms of matrix elements of the Hamiltonian.

Finally, we should say that the coherent state resolution of the identity we used many
times to construct the Doi-Peliti path integral (c.f. Sec. can be written in terms of
ordinary functions as

g° = / dz / 9D (1 4 ip)Te P (4.267)

in one dimension, and

d (e=1)(q X ~izP 4.2
/[ooo z/n 2y (1+ ip) (4.268)

in arbitrarily many dimensions. However, attempting to construct the path integral using
this notation instead of bra-ket notation is significantly messier, so we have avoided it.
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Object

Bra-ket notation

Standard notation

basis vector/ket
linear functional/bra
zero vector

arbitrary state

inner product
operator matrix element

generating function

coherent state (c.s.)

%)

(x|

[t (t) ZP

|@-—§:?§e*1|w

€x
Ly : ey > (ex, €y)

d=> c(x)e
(ex.ey)
(ex, A ey) = (Al ey, ey)
= Z P(x,t) ex
Z z 7z-1 ey

cs(z) = y'

c.s. identity operator (—ip|x) e~"=P / / — cs(z) (cs(—ip), ex)e P
[0,00)" [0,00)™
Table 4.1: Let x € R", and let the notation be as in Sec. (e.g. x!:=mxq!---x,!). This

table summarizes the correspondence between quantum and standard notation for several
objects discussed in this appendix, as well as objects discussed elsewhere in this paper (e.g.

coherent states).
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Chapter 5

Path integral representations of the chemical master equation.
II: A new state space path integral and application to coarse-graining

How can we solve the CME, and how can we simplify it? This is the second of two chapters
that introduce path integral methods; this method is new, and is directly analogous to state
space path integrals (i.e. the usual ones) from quantum mechanics. This path integral is
both useful for solving the CME (see Appendix A of this chapter) and for simplifying it.
The main thrust here is to justify the most common approximation in chemical kinetics/gene
regulation: approximating continuous dynamics as discrete. As noted at the beginning of
the previous chapter, this path integral is just as ‘powerful’ as the Doi-Peliti one, although
it has the advantage of requiring less formalism.

Abstract: In 2000, Gillespie rehabilitated the chemical Langevin equation (CLE) by describing
two conditions that must be satisfied for it yield a valid approximation of the chemical master
equation (CME). In this work, we construct an original path integral description of the CME, and
show how applying Gillespie’s two conditions to it directly leads to a path integral equivalent to the
CLE. We compare this approach to the path integral equivalent of a large system size derivation,
and show that they are qualitatively different. In particular, both approaches involve converting
many sums into many integrals, and the difference between the two methods is essentially the
difference between using the Euler-Maclaurin formula and using Riemann sums. Our results shed
light on how path integrals can be used to conceptualize coarse-graining biochemical systems, and
are readily generalizable.

This chapter was published in Physical Review E as
“Chemical Langevin equation: A path-integral view of Gillespie’s derivation”
[Vastola and Holmes, Physical Review E 101, 032417 (2020)]
(© 2020 American Physical Society
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5.1 Introduction

Gillespie’s classic paper [I] on how to derive the chemical Langevin equation (CLE) from
the chemical master equation (CME) proceeds differently than by naively truncating the
Kramers-Moyal expansion of the CME [2] 3 4] or by invoking the largeness of the system
volume 2 a la van Kampen [5] [6]; instead, he argues based on the existence of a time scale
with certain properties. In particular, his derivation completes avoids rewriting discrete
number variables n as concentration variables x := n/<Q.

By writing down two precise conditions that control the validity of the CLE (to be re-
viewed in Sec. , he rehabilitated it as a well-founded approach to approximating stochas-
tic dynamics described by the CME (in the face of ostensible no-go results like the Pawula
theorem [7]), and directly inspired the tau-leaping algorithm [§] and its many modifications
[9, [10L 111, [12], 13, [14] for speeding up numerical simulations of biochemical reactions.

Path integrals offer a way to think about stochastic processes that is somewhat inde-
pendent from the usual differential equations perspective [I5]. This means that—at least in
principle—there should be a way to translate Gillespie’s derivation into path integral lan-
guage. Because path integrals (along with associated technology like the renormalization
group [16, 17, 18, 19]) are known to be useful for understanding coarse-grained descrip-
tions of systems (e.g. effective field theories |20} [19]), such a translation should contribute
meaningfully to our understanding of how to intelligently coarse-grain biochemical systems.

In this paper, we show how Gillespie’s two conditions translate to a path integral-based
derivation of the chemical Langevin equation. Our approach here builds upon the path
integral descriptions of Langevin/Fokker-Planck equations described in [I5]. We will proceed
with little mathematical rigor (as is typical in physics), but with enough clarity that our
arguments could in principle be made mathematically precise.

The paper is organized as follows. In Sec. [5.2] we review Gillespie’s derivation of the
CLE. In Sec. [7.3, we construct a path integral description of CME dynamics. In Sec. [5.4]
we apply Gillespie’s conditions to our path integral formulation to obtain the CLE, and also
discuss an alternative method based on a large system volume argument. Finally, we discuss
consequences of our work for understanding coarse-grained biochemical systems in Sec. [7.0]

5.2 Review of Gillespie’s chemical Langevin equation derivation

In this section, we review Gillespie’s derivation [I] of the chemical Langevin equation from
the chemical master equation. We use the same notation Gillespie used in his paper, although
we will not require that the same physical assumptions (i.e. well-stirred, dilute chemicals in
a fixed volume and at constant temperature) hold, because the derivation does not depend
on them.

Consider a system with N species and M reactions. Denote the propensity function of
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the jth reaction by a;, and the corresponding stoichiometry vector by v;. The chemical
master equation reads

ap(a? 28 ; a;(n —v;)P(n —v;,t) — a;(n) P(n,1) (5.1)

where P(n,t) is the probability that the state of the system is n = (ny,...,nx) € NV at time
t.

Gillespie’s derivation requires the existence of a time scale 7 for which the following two
conditions hold:

i The propensity functions do not change their values appreciably,
ie. aj(n(t)) = aj(n(t')) for all j and all ¢’ € [t,t + 7].

ii The average number of firings of each reaction over a time 7 is much larger than 1.

Due to their connection with the tau-leaping algorithm [8, 9] 10, 111, 12, 13| 14] for approxi-
mately simulating CME dynamics, Gillespie later called these the first leap condition and the
second leap condition [2I]. They are in practice easily satisfied in the case of large molecule
numbers, and they are exactly satisfied in the thermodynamic limit [22], where the system
volume (2 is taken to infinity while keeping all concentrations fixed.

Consider n;(t), the number of molecules corresponding to species i at time ¢. It changes
in a small time At according to

ni(t + At) ) + Z v;iK;(aj, At) (5.2)

where vj; is the ¢th component of the stoichiometry vector v; (i.e. the change in number of
species i due to reaction j firing once), and K;(a;, At) is a random variable that describes
the number of times reaction j fires in At.

For an arbitrary CME and arbitrary length of time At, K; might be taken from a com-
plicated distribution. But if condition (i) holds in a length of time 7, each reaction fires
independently of each other reaction, because no reactions significantly change any propen-
sity functions. Because (by definition) the probability of reaction j firing in an infinitesimal
time dt is a;(n(t))dt, and because that probability will not significantly change during the
time length 7, the number of times reaction j fires in 7 is well-approximated as a Poisson
random variable with mean a;(n(t))7, which we will denote by P;(a;(n(t))7).

This means that when condition (i) holds we can write the time evolution of n;(t) over a
length of time 7 as

ni(t+7) =n;(t —1—21/]1 (t)r) . (5.3)

This equation is the basis for the tau—leaplng approach first described by Gillespie in 2001
[8], and later modified and extended by himself and others [9, 10, 1T} 12} 13} [14].
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If condition (ii) holds, the average number of times reaction j fires in 7 (i.e. a;(n(t))r)
is much larger than 1, so the Poisson random variables are well-approximated by normal

random variables:
Pjla;(m(t))7) =~ Nj(a;(n(t))7, a;(n(t))7) , (5.4)

where N (a;(n(t))7, a;(n(t))7) is a normal random variable with mean and variance both
equal to a;(n(t))7. If we also note that each normal random variable can be decomposed as

Nj(a;(n(t))7, a;(n(t))7) = a;(n(t))7 + y/a;(n(t))7 N;(0,1) , (5.5)

we can write the time evolution of n;(t) in a time 7 as

ni(t+ 1) =n;(t Z vjia;(n(t))T + Z vjin/a;(m(t))T N;(0,1) . (5.6)

Because this equation has the form of an Euler-Maruyama time step, we can identify the
dynamics of the system on the time scale 7 with the set of N stochastic differential equations

(SDEs)
i = Z vjia;(x) + Z viiy/a;(x) T, (5.7)

where the I'; are M independent Gaussian white noise terms, and where we have relabeled
each n; as x; to emphasize that we are now working with continuous variables.
Our chemical Langevin equation corresponds to a chemical Fokker-Planck equation

OP(x,t al S
[ N 3 ot S N

i=1 i=1 i'=

(5.8)
which serves an approximation to the CME (Eq. |5.1). As Gillespie notes, this is exactly
what one would get from truncating the Kramers-Moyal expansion of the CME at second
order, so his derivation in some sense justifies the naive one.

The CLE (Eq. , and the associated chemical Fokker-Planck equation (Eq.
describing how the system’s probability density will evolve in time, are not without problems.
They generically predict negative concentrations [23] (although the hope is that the system
has a negligibly small probability of occupying these states, and this is often borne out in
practice), can be inaccurate for systems far from equilibrium [24], may not always exhibit
multistability when the CME is multistable [25], and can give rise to nonphysical probability
currents at equilibrium [26].

Despite these shortcomings, utilizing the CLE can help speed up simulations of CME
dynamics when some species have large molecule numbers [27], 28, 29 0] or when there
is a clear separation of time scales [31), 32, B3]. Moreover, alternative schemes like the
deterministic reaction rate equations and the linear noise approximation [6] can profitably
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be viewed as approximations to the CLE [34], and moment-closure approximations have
comparable accuracy [35].

The CLE, and Langevin equations more generally, have become standard approaches to
modeling noisy gene regulation [36, 37, 38, 39, [40]. They have also been used to analyze
noise-driven oscillations [41], model intracellular calcium dynamics [42], [43] [44], study ion-
channel gating [45], and understand spiking neurons [46]. While only approximate, the CLE
is unquestionably useful.

5.3 Path integral formulation of CME dynamics

Although path integrals [47] are most well-known in the context of quantum mechanics and
quantum field theory [48] 49| 50} 19, 51, 52], they have also proven useful for understanding
classical stochastic phenomena like Brownian motion [53] 54} 55], conformational transitions
[56), 57, 58], quantitative finance [59, 60, [50], population dynamics [61] [62] [63] 64, [65], neuron
firing [66], [67, 68, 69] [70, (71, [72], gene regulation [36, [73, [74] [75] [76, [77], and chemical kinetics
[78, [79, [0, 8T, 82].

In this section, we will develop a straightforward path integral formulation of chemical
master equation dynamics. Our path integral is constructed to closely resemble the for-
malism we used to describe SDE/Fokker-Planck dynamics in [I5]. To our knowledge, it is
original, although certain aspects also resemble the approach used by Lazarescu et al. [83].
The approach presented in this section is somewhat distinct from the often used Doi-Peliti
approach [84], 85] [86], 87], which involves integrating over so-called coherent states and yields
integrals instead of sums.

5.3.1 States and operators

Our main objective is to solve the CME, Eq. [5.1] Instead of solving it directly, we will solve
a related problem phrased in terms of states and operators in a certain Hilbert space; this
allows us to construct a path integral just as one does in quantum mechanics.

Consider an infinite-dimensional Hilbert space spanned by the |n) vectors (where n =
(n1,...,ny) € NV) in which an arbitrary state |¢) is written

@)= - Y em)n) (5.9)

n1=0 ny=0

for some generally complex-valued coefficients ¢(n). To ease notation, we will write

zn:: i f: (5.10)

n1:0 nN:O
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so that an arbitrary state reads
=> c(n)[n) . (5.11)

Define an inner product in this space by
(m|n) = dmn (5.12)

for all basis vectors |[m) and |n), so that the inner product of two arbitrary states reads
(o] 1) = Zcz . (5.13)

Using the inner product defined by Eq. - 5.12) and Eq. [5.13] we can show that there is a
resolution of the identity
1= |n)(n| (5.14)

since (n|¢) = ¢(n). Define the state operators n; by

for all i = 1,..., N. We will associate any function f(n) = f(ns,...,ny) with the operator
f(n), whose action on a basis vector |n) is

f(@)n) = f(Ry,...,nN) 0) (5.16)

where there is no operator ordering ambiguity because the n; all commute with one another.
Also define the propensity function operators a; via

aj|n) :=a;(n) In+wv;) (5.17)

for all 7 =1,..., M, where v; denotes the stoichiometry vector of the jth reaction.

5.3.2 Generating function and equation of motion

In the spirit of Peliti|86], define the generating function
=> P(n,t)n) (5.18)

where, as in the previous section, P(n,t) is the probability that the state of the system is
n = (ng,...,ny) at time ¢. Note that

0 1) B OP(n,t)
R

=3 Zaj n —v;)P(n—v;,t) — a;j(n)P(n,t)| |n) (5.19)

_ZZCLJ P(n,t) n+v;) ZZ% P(n,t) |n)

n j=1 n j=1
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where we have reindexed the left sum in the last step. Now we have

%IZ Zaj ) In+v;) —a;(n) n) | P(n, 1)
=2 Z&j|n> aj(n)| P(n,?)[n) (5.20)
= [Z ; ajm)] )

If we define the operator
M
H:=> a;—a;(n), (5.21)

which we will call (in analogy with quantum mechanics) the Hamiltonian, then we can write
the equation describing the time evolution of the generating function as

o)
ot

It is this equation that we will solve instead of the CME; since (n|¢(t)) = P(n,t), a solution
to the CME can be extracted out of a solution to this equation.

= Hp) . (5.22)

5.3.3 Deriving the CME path integral
The formal solution to Eq. is

[(t5)) = TG0 [yp(tg)) . (5.23)

At this point (following the usual procedure for deriving path integrals [I5]), we write the
length of time (t; — ) as T'At for some large number of time steps 7', split the propagator
into many pieces, and insert many resolutions of the identity:

i) = e () A
=33 ) (e ng ) - (e o) (noled(to)) (5.24)

We are specifically interested in the transition probability P(ny,ts;ng,to). To obtain an
expression for it, note that if [¢ (o)) = |ng), then P(ny, tr;ng,t) = (ns|t(ts). Hence, we

have
P(ny,ts;ng, to) = Z Y (g e ng_q) -+ (e |ny,) (5.25)

nr—1
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where ny = ny. Now we just need to evaluate these matrix elements and put them together.
Choose At sufficiently small so that

(gl n_1) &~ (ng|l + HAEn,_,)
s (5.26)

+ (ng|Hng_y) At .

ng,Ng—1

We will take At — 0 at the end of the calculation, so this equality will hold exactly. Using
the specific form of H (Eq. [5.21)), we have

M
(i Hngp_y) = (i)Y~ a; — a;(h)ng_y)
j=1

(ngla; — a;(n)ng )

M-

1

<.
Il

o (5.27)
= a;(mi) [(ngng_y + v5) — (ng[ng_y)]
j=1
M
- Zaj(nk—1> |:5nk,nk—1+yj - 6nk7nk—1] :
j=1
Recall that the usual integral representation of the Dirac delta function reads
dp ,
5rn n — ~ip-(m-n) 5.28

where dp = dp; - - - dpn and each p; is integrated over the whole real line. Using this repre-
sentation, (ng|H|ng_1) becomes

/ (;i;:)kN e_ipk~(nk_nk—l) {Z [eipkvj _ 1} aj(nk—l)} (529)

J=1

where we have labeled the integration variable p, to anticipate there being one integral for
each matrix element in the final answer. Using Eq. , (ny,|eT2tn;,_,) is approximately

equal to
_dpi_ e~ P meme1) F ] Ay g (€% — 1] a;j(ny_1) (5.30)
(2m)N A ’

=1

Noting that At is small enough for the bracketed expression to be approximately equal to

the corresponding exponential, our final expression for (ng|e2tn;_;) becomes
dpkJ ; M :
e~ Pk (np =g 1) +AL 3 57 [exp(ipr-vy) —1]aj(ng-1) 5.31
[ oo (5:31)
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Using Eq. and Eq. [5.31] we find that P(ny,t;ng,t) can be written as the path integral

— Tlglgoz Z / dpl /% exp{z —ipg - (g — mpy) + ALY [P — 1] a;(ng-y)

k=1 Jj=1
(5.32)
which resembles the MSRJD (Martin-Siggia-Rose-De Dominicis) path integral description
188, 189, [90L, O1, 92] of the Fokker-Planck equation. Again, while the Doi-Peliti path integral
involves integrating over coherent states, this path integral involves integrating over every
possible discrete path through NV that goes from ng to n;.

Although our primary interest in this paper is to use Eq. to derive the CLE, this
path integral representation of the CME has utility in its own right. See Appendix for
how it can be used to exactly solve for time-dependent transition probabilities associated
with simple chemical reaction systems.

5.4 Path integral derivation of the chemical Langevin equation

In this section, we reinterpret Gillespie’s derivation of the CLE in the context of stochastic
path integrals, and show explicitly how his two conditions translate in the path integral
context. Our central tool will be the Euler-Maclaurin formula [93], 04], which allows one to
approximate sums as integrals (plus correction terms). It says that

/ flx d;z:+ +§: B [fEF=D(b) — D (a)] (5.33)

l
= (2R

where By is the (2k)th Bernoulli number, and the “~” symbol is to indicate that we are
to interpret the right-hand side as an asymptotic expansion (generically, the infinite sum
may not be convergent, but retaining a finite number of terms still usually provides a good
approximation to the left-hand side).

The Euler-Maclaurin formula is not an unfamiliar tool in chemical physics, given that it is
often used to approximate partition functions [95, 96l 7] to good accuracy in certain regimes
(e.g. the high temperature limit). It has also been used for other interesting purposes,
like computing Fermi-Dirac integrals [98], and proving the asymptotic equivalence of two
descriptions of Coulombic systems in certain potentials [99].

Roughly speaking, we will proceed as follows. Condition (i) will allow us to approximate
each sum in Eq. as an integral, and to argue that the correction terms are small;
meanwhile, condition (ii) will allow us to Taylor expand the exp(ipy - v;) terms in Eq.
to second order in the momenta pg. The result of these two approximations will be a MSRJD
path integral, which we know from studies of stochastic path integrals [I5] to be equivalent
to a system of Langevin equations. In particular, it will be equivalent to Eq. the CLE.
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5.4.1 Only some paths satisfy Gillespie’s conditions

Gillespie’s first condition (see Sec. says that, in a period of time 7, the propensity
functions do not change appreciably. Upon some reflection, we realize that this cannot be
true for all possible trajectories the system might have, assuming the propensity functions
have some state-dependence (which, in general, they do). In principle, it is possible that the
number of molecules of some species jumps between 1 and 10'%°, wildly and irregularly, so
that there does not exist any time scale on which the propensity functions do not change
appreciably. Indeed, all sorts of crazy trajectories are possible in principle—but they are
overwhelmingly unlikely in practice.

While there certainly exist crazy and pathological paths for which it is hard or impossible
to find a time scale 7 that satisfies Gillespie’s first condition, the requirement is not so
stringent for most of the trajectories the system might take. In other words, we will suppose
that the first condition is satisfied for the dominant paths rather than for all paths.

A similar argument applies to the second condition. This means that, in applying our
two conditions, we will no longer be summing over all possible paths (c.f. Eq. . Instead,
we will be summing over all possible paths that satisfy the two conditions, a collection which
we will assume includes the dominant or most likely paths.

If we are not summing over all possible paths, what does our region of integration look
like? To understand this, it is helpful to consider the simple case of a CME with one species
and one reaction. Label the number of that species by n, and the propensity function of the
single reaction by a.

Imagine starting the system in the state with ngy molecules and thinking about where it
will go (i.e. all possible states n;) in the next time length 7. For the dominant paths, we
assume that the difference |a(ny) — a(ng)| is small, so that the propensity function did not
change appreciably. But what do we mean by “appreciably”?

In a paper showing his two conditions hold in the thermodynamic limit [22], Gillespie
assumed that his first condition meant

|a(n1) = a(no)|

(o) <1 (5.34)

i.e. that the change in the propensity function on the time scale 7 is negligible compared
to the size of its original value. This matches the intuition we have about what constitutes
a negligible change in population size: for example, if the population size changed by 100
molecules, but the total number of molecules is on the order of 10°, we imagine that change
not to be noticeable.

Here, we can be a little bit more precise than Eq. [5.34 We generally assume that
our propensity functions are nicely behaved—in particular, that they are continuous, that
they are infinitely differentiable, and that we may freely Taylor expand them. That is,
we assume the a; are analytic functions throughout our domain. Because most propensity
functions of interest are polynomials (or at worst, rational functions like Hill functions), and
because expressions like the Kramers-Moyal expansion already assume the a; are smooth,
these assumptions do not turn out to be particularly strong.
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Suppose a(ng) > 0, which is always true in the regime we care about, since we will usually
need n sufficiently large; generic monomolecular and bimolecular propensity functions have
zeros at n = 0 and n = 1. Because a is continuous, for any € > 0 we can find a § > 0 such
that

la(ny) — a(ng)| < ea(ng) (5.35)

provided |n; —ng| < 0. In order for the correction terms that arise from applying the Euler-
Maclaurin formula (Eq. to be negligible, we also want to bound the derivatives of a in
a similar fashion.

Analogous conditions apply in the general case, where the a; may be functions of more
than one variable. The moral of the story is that, because of the assumed smooth behavior of
the propensity functions, we can find a region where they (and their derivatives) do not vary
appreciably. In the simple one-dimensional case, this is an ‘interval’ [ng — &y, 10 + 4] C N
(where we let §; # 4 in general since we need ng — d; and ng + d; to both be natural
numbers); in general, this is the intersection of an open set with a lattice: Up(d) "NV C NV,
For convenience, we will use Uy to denote both the open set and its lattice intersection.

Hence, for a one-dimensional system, we restrict ourselves to paths

no+dg nN-2+0% 5
)SETD SIS SURTID S (5:36)
n1=0 ny—1=0 n1=no—0o, NN-1=NN-_2—0n_,

where the §;" and §; , as in the discussion above, are chosen so that the propensity functions
and their derivatives vary within acceptable bounds. For an arbitrary CME, we restrict

ourselves to paths
Z D= Y (5.37)

nr_i n; €Uy ny_1€Ur_2

where the sets U; C NV are chosen similarly.

5.4.2 Coarse-graining time

There is another ‘philosophical’ point we need to address. Earlier, we imagined breaking
up the propagator into 7' time steps of length At, and choosing T" to be large enough (or
equivalently, At to be small enough) that each piece of the propagator was well-approximated
by its first-order Taylor expansion (c.f. Eq. . However, Gillespie’s two conditions only
apply on the ‘coarser’ time scale 7. How do we go from time steps of size At to time steps
of size 7 in Eq.

There are two straightforward ways we can imagine. The simpler way is to say that,
since we are in the business of making approximations anyway, we may as well make the
approximation that Eq. is valid on the time scale 7, and that the terms we neglected
when Taylor expanding the propagator do not matter much in the regime where Gillespie’s
conditions apply.

But there is a more intellectually honest way to proceed. Suppose we originally broke the
propagator into S - T time steps, for some natural number S large enough for our derivation
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to go through without issue. This means that the time step in our path integral has size

At :=1t/(S-T). We want to rewrite our path integral in terms of a ‘macroscopic’ time scale

7 :=t/T, which corresponds to breaking up the overall time ¢ into 7" time steps of length 7.
Schematically, this means we want to make the following identifications:

At At At T
ngp—n; — -+ —nNg : Ny —> 14
At At At T
Ng —Ngy ] — - —>MNygs : N — Ny
(5.38)
At At At T
ng.(r-1) — Ng.(r—1)+1 —> *** —» Ngr : Ny_1 — N
The argument of the exponential in Eq. reads
5T M
Z —ipk . (Ilk - Ilkfl) + Atz [elpk'yj — 1} (Ij(ﬂk,l) . (539)
k=1 j=1
Consider the following small piece of this expression:
5T
D e — 1] aj(mi-a) - (5.40)
k=1

Assuming (on the dominant paths) that the propensity function a; only changes appreciably
on the time scale 7 = SAt, we can make the approximation that

a;(no) ~ a;(ny) =-- -~ a;(ng-1)

aj(ng) ® aj(ngy1) -+ = aj(ngs_1) (5.41)

a; (ng‘(T_l)) ~ aj<1’lg.(T_1)+1) (ST aj(nS.T,l)

and rewrite Eq. in terms of a;(ny), a;(ng), aj(nss), ..., a;j(ng.r) only. This means that
the only places the ‘intermediate’ time steps (e.g. ny,...,ng_1, or Ng41, ..., Nos_1) will appear

are in the piece that reads
5T

> —ipr- (g —nyy) (5.42)
k=1
Happily, this means that all of the intermediate time steps can be summed over. For example,

Z e Z exp {Z —ipy - (N — nkl)} ~ 0(p1 — P2)d(P2 — P3) - 0(Ps—1 — Ps) (5.43)

np ns_i k=1

where the right-hand side is approximate because, due to our restriction of the sum domain
in the previous section, the sum representation of the Dirac delta function

(271)N > _exp{~in-(p—p)}=dp-p) (5.44)
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only approximately applies. After summing over all intermediate time steps and integrating
out extraneous pj using the delta functions that appear, Eq. reads

T
Z_Zpk ng —ng_; —|—SAtZ [P — 1] aj(ng—1)

k=1 J=1

- ; (5.45)
= Z —1Pk (1’1,1€ — nk_l) + TZ [elpk v; 1} a; (nk 1)

k=1 j=1

Hence, using Gillespie’s first condition, we have successfully gone from a path integral with
time scale At to a path integral with a ‘coarser’ time scale 7.

5.4.3 Applying condition 1

In this section, we will apply condition (i) in order to convert the sums in Eq. to
integrals. After restricting our domain to the dominant paths (see Sec. |5.4.1)) and coarse-
graining time (see Sec. [5.4.2)), our current path integral description of the CME reads

PreS o Y / LI / (;ifr’)TN exp{—S7} (5.46)

ni €Uy ny_1€UT_2

where we recall that the sets Uy,...,Ur_o cover all trajectories on which Gillespie’s two
conditions apply, and where we have defined the function (which we can call the “action”,
in analogy with quantum mechanics)

T M

. N —Ng—g iDLV

S = . _ PrVj . _ .

Zzpk < - ) . [e i 1] aj(ng_1) (5.47)
k=1 Jj=1

to ease notation. We will proceed using the Euler-Maclaurin formula (Eq. [5.33)). As a

starting point, consider Eq. in one-dimension:

no+dg nn_a+3k_, dp1 de
P > - > —— exp{—ST} (5.48)
n1=ng—0og, NN_1=NN_2—0n_o

where the 6, and ;" are as described in Sec. 1l Using the Euler-Maclaurin formula, we
have

n0+50+
Z exp{—957}
nl:noféa
/no+55r { 5 }d 6_5(n0+5;r)7—+6—5(n0—6a)7 i B2k ko—l [ g }no-‘rzig'
A exp\—OoT} dny + T S C
2 2 ka1 s
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Now we need to argue that the correction terms can safely be neglected. Define § := d; +d; .
Because the propensity functions don’t change vary much in the interval [ng — & ,no + g |
(by Gillespie’s first condition), the integral term is roughly

exp{—S(no)r}o . (5.50)
Meanwhile, the next term is roughly

exp {—S(no)T} (5.51)

which should be negligible compared to the first as long as 6 > 1. This should certainly
be true; if 6 ~ 1, our conditions are either too strict, or we are in a regime with too small
molecule numbers.

Because the propensity functions a; do not change much (and because the a; are nicely
behaved, usually monotonic functions in the regime we care about), they are approximately

‘flat’. This means that their derivatives a§-2k_1) are small. For example,
d M
ant [e™7] = [i(pg —p1) + szl [P — 1] a;] e o7 (5.52)

SO

d [e=57) no+og

dnl no 7507

M
e 3 [ — 1] [ag o+ 8IS — g S5
7j=1

(5.53)
~re ST Z [ePvi — 1] [als(no + &) — as(ng — &y )]
j=1
~0 .
In summary, we have
n0+53— nOJr(;ar
Z exp{—ST} z/ exp{—ST7} dn, (5.54)
_ no—0oy
n1=ng—0J, 0%

which means we’ve successfully converted a sum into an integral. Apply this argument many
more times to obtain

no+6y nr_2+8t_,
g e E exp{—ST}
ni=ng—0o, nr_1=nr_2—05_, (555)
n0+50+ nT—2+51J5_2
z/ dn1~~/ dnr_y exp{—S1} .
np—og nr_o—0p_4
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A similar argument applies to the N species path integral (Eq. [5.46]); the only difference is
that the Euler-Maclaurin formula must be applied N times for each time step, because we
would like to convert NV sums to an N-variable integral.

Alternatively, one can argue using the appropriate many sum generalization of the Euler-
Maclaurin formula (Eq. [5.33). There is some literature on generalizations of it to sums over
polytopes [100, 10T, 102] (schematically, shapes in N-dimensional space whose vertices we
can imagine as living in Z%). The main challenge for this approach would be to show that
satisfying Gillespie’s first condition corresponds to satisfying the requirements associated
with the approximation being accurate (which are somewhat more technical than those for
the single sum Euler-Maclaurin formula).

The end result of all this is

Pz/UO dxl---/UTz de_l/(;%---/(;lf:)T exp{—S7} . (5.56)

where we have relabeled each ny as x; to (as in Sec. [5.2) emphasize that we are now
working with continuous variables. We remark that, if not for the bounds, we would have a
Kramers-Moyal path integral (see Sec. V of our earlier paper [15]).

5.4.4 Applying condition 2
Consider the terms in the action S (Eq. [5.47) that look like

[P — 1] a;(xp-1)T - (5.57)

Condition (ii) tells us that, for the dominant paths, a;(x;_1)7 > 1. In particular, we will
assume that it is so large that Taylor expanding the term it is multiplied by will have a
negligible effect on the overall ValueEL ie.

[eipk.yj — 1} CLj(Xk 1)

NN (5.58)
A | 1Py - VJ__ZZpkkaJWJf’ a;j(Xp-1)T

(=1 0'=1

where p{, is the f-th component of the vector py. Thus, we finally obtain

T M N N M
. X — Xp-1 1
S =~ E Pk [f— E vja;(Xg_1) —1-5 E E g pkpkl/]w]g/aj xk—1)  (5.59)
k=1 j=1

=1 r'=1 j=1
which looks just like the action for the MSRJD path integral (see Sec. V of [15]) correspond-
ing to the chemical Fokker-Planck equation (Eq. . Our final result for the whole path

1See Appendix for a somewhat more rigorous argument justifying this approximation.
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integral reads

- dp dpr
P“/UO i / dx“/ 2m)¥ / (2m)¥
N N M

T M
. Xp — Xp_ 1 /
eXp{— E [’sz- (M - E Vjaj(xkl)> T3 E E E PiDk Vjel/je'aj(xkl)] T}
k=1 T j=1 (=1 ¢'=1 j=1
(5.60)

which looks like the usual Fokker-Planck path integral but with restricted integration bounds.
The appearance of Eq. can be compacted somewhat if we define the diffusion tensor
Dgg/l

M
1
Dgg/(X) = 5 Z I/ngjg/CLj(X) . (561)
j=1

At the CLE/Fokker-Planck level, the diffusion tensor captures all information about a sys-
tem’s noise. It must be positive semidefinite for the Fokker-Planck equation and its corre-
sponding path integral to make sense [103], 104].

Finish the derivation by enlarging our integration domain as much as possible (while
keeping the diffusion tensor positive semidefinite), assuming that permitting these additional
paths does not substantially contribute to transition probabilities, since they were small
enough to neglect in the first place. In general, we do not expect that the appropriate
domain for our new continuous variables will be [0, 00)", despite the fact that our original
domain was NV. For example, the chemical Langevin equation [I] for the birth-death process
(with birth rate k, death rate v, and steady state mean p := k/v) reads

T =k—yr+\k+yrnt) (5.62)

and is naturally defined on [—pu, 00), because there is always some nonzero probability that
the noise term will push the system into negative concentrations while its magnitude is
greater than or equal to zero, i.e. when k + vz = ~(u+x) > 0.

5.4.5 Comparison with the system volume approach

We have shown in the previous few sections how Gillespie’s derivation works in a path integral
context. Because Gillespie himself [I] compared his approach to ones which rely upon the
largeness of the system volume (2, it is interesting to do that here also. Let us translate the
typical system volume approach into path integral language, and see how it compares with
the approach we described earlier.

Consider again a CME with N species and M reactions (Eq. 7 but this time with the
additional physical context that the chemicals interact inside a very large volume (2. Suppose
we rewrite the CME in terms of concentration variables z; := n;/Q for all i = 1,..., N. The
change in variables will lead to the probability density function P(n,t) increasing by a factor
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of OV:
P(n,t)dn = Q¥ P(n,t)dx = P(x,t)dx

N (5.63)
— P(x,t)=Q"P(n,t) .

Gillespie used rigorous microphysical arguments [105] [106], 107, [1] to show that the volume-
dependence of the propensity functions for monomolecular, bimolecular, and trimolecular
reactions goes like

aj(n) = Q a;(x) (5.64)

where the adjusted propensity functions a; are volume-independent. Using Eq. and Eq.
5.64] our original CME path integral (Eq. |5.32)) can be rewritten as

_TIEEOQNZ Z/ dpl / ;?:)TN

nr_q

T M (565)
exp{z —iQ pr - (X — Xp—1) + QAtZ [eip’“'”j — 1] &j(xk_l)} )

k=1 j=1

Now add in 7' — 1 factors of QY /QN:

] ] ) e ()

T M
exp{z —iQ pr - (X — Xp_1) + QAtZ [eip’“"’j - 1] dj(xk—l)} .

k=1 Jj=1

(5.66)

Riemann sums will play the role that the Euler-Maclaurin formula did (i.e. converting sums
to integrals) in our earlier derivation. Recall that the (right endpoint) Riemann sum for a
function f on [0, b] reads [10§]

b N
/ F()de ~ 3 f(iAr) A (5.67)
0 i=0
where Az = b/N. If we take b — 0o and N — oo in such a way that Az remains constant,

we can write
/0 flx)de =~ f(iAx)Az . (5.68)
i=0

The corresponding N-dimensional result is

/Oood:vl---/oood:mv f(x)

zz e Z fG1Ax, - inAz)(Az)Y

11=0 in=0

(5.69)
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Since the inverse system volume 1/ seems to play the role of Az in Eq. |5.66] we can use
this Riemann sum result to approximate each sum as

1 o o
WZ z/ day - / dry (5.70)
n 0 0

so that our path integral is now

. A
P=lim [ dx - /de 1/( ) dpl.../(%) dpr -
eXp{Z—ZQ Pr - (X — Xp_1) +QAtZ Pevi 1] a(x- 1)} .

k=1 j=1

Now we can argue just as we did in Sec. [5.4.4] Because we are taking €2 to be extraordinarily
large in the thermodynamic limit,

Q [eipij — 1} &j (kal)T

N N
| . , ) (5.72)
iprvy =5 Y > Pk Vje'/je'] j(Xe-1)T

(=1 0'=1

~()

i.e. € is so large that above term does not change much in value when Taylor expanded to
second order in p. Finally, we have

o fo o [ () e [ (2)

T - N N M
exp{ Z Pk - ( i ol ZVJCLJ X1 ) ZZZpkpkngyﬂ/a] Xp_1)
=1

e 10=1 j=1
(5.73)

which is the same as the result from Sec. (c.f. Eq. but with additional factors of
Q). It also exactly matches the system volume MSRJD path integral for the Fokker-Planck
equation (c.f. Eq. 94 in Sec. V of [15]). In other words, we have indeed derived a path
integral equivalent to a set of Langevin equations/a Fokker-Planck equation. Moreover, it
is equivalent to the same set of Langevin equations that Eq. is (as is easily seen after
changing back from concentration variables to the original number variables)—although the
integration bounds on the path integral are different here.

Given that this approach was significantly simpler (in both a technical and conceptual
sense), why bother with Gillespie’s derivation? There are a few good reasons.

e The approximations provided by Eq. and Eq. are more mathematically
dubious than the Euler-Maclaurin formula (Eq. , which is well-studied and has
precisely expressed error bounds.
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e The thermodynamic limit may not apply to most biochemical systems of interest,
given that molecule numbers are often large but not overwhelmingly so, and that
the system volume (for example, of a cell) is not large enough to prevent crowding
[T09, 110, 11T, 112] and boundary effects [113], 114, 115] from being important.

e The system volume approach only applies when our CME describes a well-stirred,
dilute mix of chemicals held at fixed temperature in a very large box—but the CLE is
known to be a useful approximate description of all sorts of other stochastic systems
(e.g. spiking neurons, fluctuating population dynamics models, stock options). In
these other situations, there is no clear notion of a control parameter analogous to €.

e The system volume approach misses the subtlety of the integration bounds associated
with the chemical Langevin/chemical Fokker-Planck equations; as we pointed out at the
end of the previous section, it is a nontrivial issue that the domain of the approximating
CLE will generally not be [0, 00)".

5.5 Discussion

We constructed an original path integral description of the CME, and applied Gillespie’s con-
ditions (suitably interpreted) to it in order to derive a path integral known to be equivalent
to the CLE. In some sense, the difference between the system size approach and Gillespie’s
approach to deriving the CLE is the difference between approximating sums as integrals via
Riemann sums, and via the Euler-Maclaurin formula. As discussed at the end of the previous
section, while both approximation techniques can be valid in the appropriate circumstances,
the Euler-Maclaurin formula is more generally applicable and has better characterized cor-
rection terms.

It is interesting to note that, although we began with an exact path integral that involved
taking the limit At — 0 (Eq. , we coarse-grained time to end up with a path integral
with fixed time step 7 that does not get taken to zero (Eq. . This leads to another sense
in which the CLE is only an approximate description, since a true CLE/Fokker-Planck path
integral (see [15]) also involves taking the limit At — 0. However, the idea of a ‘macroscopic’
timescale was addressed by Gillespie himself in his original paper [I]. There, he offered an
analogy to current in an electric circuit: we can freely write and manipulate the derivative
I := dq/dt, and think about the limit dt — 0, provided we understand that we are not taking
it to be so small that shot noise effects start to matter.

Because our argument applied to each reaction/propensity function separately, it can in
principle be used construct path integrals for hybrid systems. In other words, just as Harris et
al. [28,129,30] do, we can suppose that Gillespie’s two conditions apply only to a subset of all
reactions or species, and construct a path integral in which some species/reactions are treated
CLE-style, while others are treated CME-style. Indeed, there should be a path integral way
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to view all of the hybrid constructions—based on molecule numbers or separations of time
scales—referenced in Sec. [5.2l These path integrals could then be used to extract large
deviation results.

It is unclear if Gillespie’s conditions could be applied to the Doi-Peliti path integral
[84], [85], 86, [87] in order to recover a CLE-equivalent path integral. Part of the difficulty is
that the Doi-Peliti construction involves integrating over coherent states, which contribute
integrals over the whole real line in the expression for the propagator [86]; it is not necessarily
straightforward to associate these with sums or integrals over state space.

Although we only used the path integral representation of the CME constructed in Sec.
to derive the CLE, it can also be used as a tool in its own right for the same purposes
other path integral representations are often used for: namely, finding exact solutions [116],
117, [118], constructing asymptotic or perturbative approximations to transition probabilities
and moments [119], computing least action paths associated with particular state transitions,
and enabling a variational method for numerically computing transition probabilities and
least action paths [70]. In cases where Gillespie’s first condition applies, and the domain
of the path integral can be restricted, the numerical evaluation of Eq. becomes even
easier. Though our argument does not offer a constructive prescription for the restricted
integration domains Uy, ..., Ur_5, one can in principle bootstrap the path integral by running
Gillespie algorithm simulations beforehand to estimate reasonable domains.

5.6 Conclusion

The chemical Langevin equation is usually derived using Gillespie’s two conditions, or large
system volume arguments; as we described, both methods have clear path integral analogues.
Our results suggest that path integrals offer a useful and mathematically precise way of
thinking about the relationship between different levels of approximation (e.g. CME and
CLE), and about coarse-graining biochemical models more generally.

5.A Sample path integral calculations

One can get a feel for a given path integral by using it to exactly calculate transition proba-
bilities for simple systems. In this appendix, we use the path integral described by Eq.
to compute exact time-dependent transition probabilities for a (i) pure birth process, a (ii)
pure death process, and a (iii) chemical birth-death process. For more information on the
chemical birth-death process, and for analogous path integral calculations that are valid in
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the limit where molecule numbers can be treated as continuous, see [116] and [117].

These systems can also be solved using the Doi-Peliti path integral, the most commonly
used path integral description of the CME—see Vastola [I18] for a guide. It is interesting
to note that the transition probability derivations presented in this appendix are simpler in
some ways; for example, one does not need to introduce coherent states or special scalar
products, and transition probabilities can be computed without computing the generating
function first.

The following path integral calculations involve the evaluation of many contour integrals.
The resolution of identity introduced in Eq. [5.28] which leads to the ‘momentum’ integrals
going from negative infinity to positive infinity, yields contour integrals with an infinite
number of poles. In order to make these calculations somewhat simpler, we instead use the
equally valid resolution of the identity given by

T d '
d(ng —ng) = / % e~ p(n1—n2) (5.74)

in one dimension, and

m ™ dps -+ - d ,
5(111 — n2) — / .. / pl(T)NpN e—zp~(n1—n2) (575)

in more than one dimension. This means that our CME path integral is still given by Eq.
.32, but with the p; integrals all going from —7 to 7.
5.A.1 The pure birth process

The pure birth process models a species that is randomly created at some rate. It is charac-
terized by the chemical reaction

o b X (5.76)
where k is the birth rate. This reaction corresponds to the CME
OP(n,t
% = k[P(n—1,t) — P(n,t)] (5.77)

where P(n,t) is the probability that the system has n X molecules at time ¢ (with n €
{0,1,2,...}). For this system, our path integral for the transition probability P(ny,t;ng,0)

(c.f. Eq. reads
dp dp -
—Tlggoz Z/ ... —T exp{Z—ng ne —ne_1) + kAt (e ’p"—l)} (5.78)

nr—1

where At :=t/T. First, since

T
— kALY = —kt (5.79)
/=1



the overall answer has a prefactor exp(—kt). Next, organizing terms by the n,, we have

ip1ng — iprns + ing(pe — p1) +ine(ps — p2) + - - - + inp_1(pr — Pr-1) - (5.80)

Each sum over n, (for £ = 1,...,7 — 1) just corresponds to summing a geometric series:

[e.e]

i —pe) "™ 1
Z [6 (Pe+1 pe)] t_ m . (5.81)

ng=0

Now consider the integral over p;, which reads

T d ipino+kAteiP1
S (5.82)
27 1— el
Switching variables to z = ¢®*, we have the contour integral
dz anekAtz
—_— (5.83)

21 z — etP2

whose integrand has a simple pole at e®2. Although Cauchy’s theorem does not technically
apply in this case, since the pole lies on the circular contour, we can imagine deforming the
contour or integrand slightly (e.g. by taking €2 — (1 — €)e™?) so that Cauchy’s theorem
does apply, allowing us to evaluate the integral in the usual Wayﬂ Doing so, we obtain

6ip2no +EkAte'P2 (584)
which indicates that the overall effect of doing the contour integral was to implement the
constraint that p; = pe. Similarly, the overall effect of doing the integral over p, (for
¢=2,...,T — 1), which schematically reads

L 21 1 — eilPera—pe)

for some function f(py), is to implement the constraint that p, = psy1. Hence, after doing
the integrals over pq, ..., pr_1, we have

/7T dpj o—iPr(ny—no)+hte?T (5.86)

o 2T

Define An :=n; — ng and change variables to z = e”””. Then we have

dz ektz
de e (5.87)
2wy zAntl
2These arguments can be made more rigorous if one wishes. Because path integrals are somewhat mathe-
matically dubious in the first place, regularization techniques like these are required for the integrals involved

to be well-defined. Ultimately, the proof is ‘in the pudding’: if we get the right answer, which can easily be
verified by substituting it directly into Eq. these abuses can be excused.
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For An < 0, this integral has no poles, so P(ng,t;n9,0) = 0 in that case. For An > 0, a
standard application of Cauchy’s integral formula yields that the result is

1 dAn ktz (kt)An
At oo @ = TR (5.88)
Hence, including the prefactor e*, our result for the transition probability is
‘ _ ( kt)Ane—kt
P(nf,t,no,()) = A—’)’L' (589)

i.e. a Poisson distribution.

5.A.2 The pure death process

The pure death process models a species that randomly degrades at some rate. It is charac-
terized by the chemical reaction

XLo (5.90)
where 7 is the death rate. This reaction corresponds to the CME
0P(n,t
—%%l:'ﬂm+an+Lﬂ—an¢ﬂ (5.91)

where P(n,t) is the probability that the system has n X molecules at time ¢ (with n €
{0,1,2,...}). This time, our path integral for the transition probability P(n¢,t;ng,0) reads

d d a .
= Tll—Ig)loZ Z / P ﬂ exp{z —ipe(ng — np_1) + YA ng_4 (e’”’" — 1)} )

nr—1 fil
(5.92)
The terms that involve n, (for some ¢ = 1,...,T — 1) look like
My [sz — pe — 1yAt (e’ip“1 — 1)} , (5.93)
so the sum over ny yields
Z [ei[purm—mm(e*i%l71)]]w = : 1 — . (5.94)
e )
The integral over p; reads
T dpl ez’plno-&-’yAtno(e’im—l)
— : _ 5.95
/ﬂ. 2 1— ei[pz—pl—i-yAt(eﬂM—l)] ( )

We can argue just as in the previous calculation to show that the net effect of doing this
integral is to implement the constraint

pr=p2 — iyAt (e7P = 1) | (5.96)
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Similarly, the effect of doing the integrals over po, ..., pr_1 is to implement the constraints
Pe = Pep1 — iyAL (e7PH — 1) (5.97)

for £ = 2,..., T — 1. While this recurrence relation is probably not solvable in closed form,
we can do a trick to evaluate p, (for £ = 1,...,7 — 1) in terms of pr (the only momentum
variable not yet integrated over). Notice that Eq. looks like a ‘backwards’ Euler time
step corresponding to the ordinary differential equation (ODE)

p=—iv(e?—1) . (5.98)

This approximation becomes exact in the At — 0 limit, which is the limit we are interested

in. Eq. has the solution .
et =1 - Ce | (5.99)

where C' must be determined from the initial condition p(0) = pr (since the ODE runs
‘backwards’). Doing so, we have

e =1~ (1—ePT)e (5.100)
in the small At limit, where pq is defined via
o () (5.101)

The intuition is that pg is what we reach after starting at pr and taking 7" time steps of size
At. Our last integral reads

™ dpr . ™ d o
/ ﬂ etPono o —ipTNT :/ ﬂ [(1 _ 6_%) + 6_'Yt€ZPT] O e—tprnT (5'102)

o 2T S

Define ¢ := 1 — e¢77* and change variables to z = €T so that we have

]{ﬁ g+ (1 —q)™ _ i (T;O)(l —_ g)igroi dz 1 , (5.103)

271 ol — 2mi znr—i+l
J:

The contour integral is nonzero only for the term with j = ny. Then P(ny,t;n0,0) = 0 for
nr > ng, and

P(ng, t;no,0) = (Zj) [e7 )™ [1— )" (5.104)

otherwise, i.e. we have a binomial distribution.
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5.A.3 The chemical birth-death process

The chemical birth-death process models a species that is randomly created and randomly
degrades. Its list of chemical reactions is

ot X
(5.105)
XLo
where k is the birth rate and v is the death rate. This reaction corresponds to the CME
OP(n,t)
ot

where P(n,t) is the probability that the system has n X molecules at time ¢ (with n €
{0,1,2,...}). This path integral reads

= k[P(n—1,t) = P(n,t)] +v[(n+ 1)P(n+1,t) — nP(n,t)] (5.106)

d d d ‘ .
715202 Z / P ﬂ exp{z —ipe(ne — ng_1) + kAt (e’” — 1) + YAt ng_q (e_“" - 1)} .

nr_i (=1

(5.107)
The terms that involve n, (for some ¢ = 1,...,T — 1) look just the same as in the previous
subsection, so the sums over the n, evaluate to the same answer. The same ODE constraint
is also enforced by the integrals over the p,, leaving the only difference between this problem

and the previous one in the evaluation of the final integral. We have

U .
de eipono ef'ianT ek 25:1 (e”’f —1>At
_x 2m

= /ﬂ- C;p% [q + (1 o q>€ipT}”0 efianTek Zgzl(eipf—l)At

(5.108)

where py is defined as in Eq. [5.101}, and ¢ := 1 —e™"" as before. Observe that there is a term
in the integrand, due to the birth reaction, that was not present in Eq. [5.102| In order to
proceed, we must evaluate that term in the small At limit. Note,

krz e — 1) At ~ k:/o dt (e”’ —1)=—[1—€"] nq (5.109)

where we have exploited the link between Riemann sums and integrals, used the expression
for p(t) from Eq. [5.99, and defined p := k/~. Now our integral reads

g d . n . 3
e_“q/ % [q +(1— q)e’pT} 0 gipTnT QpaetT (5.110)
. 2T

Changing variables to z = €T yields

. no ,uqz "o nqz
euq%d_zl g+ (1 —q)2]"e :e*“qz (n0> g (1 —q) dz e (5.111)

27 Znrtl —\J 2mi it
]:

131



which can be evaluated via Cauchy’s integral formula to obtain the result
min(no,ny)

P(ny,t;ng,0) = Y (T;”) ¢ (1 —q) - M. (5.112)

= (ny —Jj)!

This agrees with the result obtained using the Doi-Peliti path integral (c.f. Eq. 77 of [118]),
although the calculation was arguably less complicated here.

5.B An alternative argument for Taylor expanding the action

In section we argued that Gillespie’s second condition allows us to say that

[eipk’”j — 1} a;(Xp—1)T

N N
. 1 '
~ [@pk Vi — 2 E E Pﬁpﬁ VJWM’] aj(Xp-1)T

(=1 ¢'=1

(5.113)

In this appendix, we present a slightly more careful alternative argument for the validity
of this important approximation. Because the term we are approximating appears in the
argument of the path integral’s exponential (c.f. Eq. [5.32]), we are really trying to say that

exp{z [ePrvi — 1] aj(nk_l)T}

o " (5.114)
. 1
%exp{zpk : <Z Vjaj(nk—1)7> D) Z(Pk : Vj)2aj(nk—1)7'} -
7j=1 7=1
Let us now show that this approximation holds. To ease notation, rewrite this as
M
exp{z [eZp"/j — 1} aj}
- Ny (5.115)
. 1
zexp{zp : (Z Vj&j) b Z(p : l/j)Qaj} :
j=1 j=1
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where we have removed the superfluous index on p, and used the shorthand a; := a;(n;_1)7.
Start by Taylor expanding the exponentials:

S,

Jj=1
:e*(a1+---aM)eeip‘u1“1 .. @eip'VMaM (5'116)

_ Z (al)xl e ... (aM)xM e—aMeip~(V1oc1+~-~+VMxM)
A .Z'l! fl:M'

where the sum over each x; runs from zero to infinity. Notice that the factor corresponding

to the jth reaction looks like a Poisson distribution; since a; > 1 (condition (ii)), it can be

approximated as Gaussian in the usual way:

e (5.117)

Now the sum over each z; can be approximated as an integral using the Euler-Maclaurin
formula, and we can expand the domain of integration without significantly changing the
result since the Gaussian function is sharply peaked:

(@ -—aj>2

[e'S)
Z 1 5a, +ip-v;z;
20N /27mj

2

o0 | I i D
R dx; e %
0 V2ma; (5.118)
zi—a;)?
> ]. 7< 1 'J) +ip~l/j33j
~ dxj 2a]
—so A /27ra]
i ~I/'a'—(puj)2a~
—e'PVidy 5 i,

Putting these factors together for each j yields Eq. [5.115] the desired approximation. While
the argument we just presented is somewhat more technical than the one in the main text,
it also mirrors Gillespie’s original derivation of the CLE more closely: we essentially approx-
imated many Poisson distributions as normal distributions, just as Gillespie did (c.f. Eq.

54).
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Chapter 6

Analytic solution of chemical master equations involving gene switching.
I: Representation theory and diagrammatic approach to exact solution

How can we solve the CME? This chapter introduces a ladder operator technique, and finds
that the dynamics of RNA production and degradation looks ‘bosonic’, and that the dy-
namics of a gene switching between two states of transcriptional activity looks ‘fermionic’.
Treating systems involving both monomolecular reactions (e.g. RNA splicing and degra-
dation) and gene switching is important for explaining single cell RNA counts data, so
theoretical advances in understanding these kinds of problems may be particularly valuable.

Abstract: The chemical master equation (CME), which describes the discrete and stochastic
molecule number dynamics associated with biological processes like transcription, is difficult to
solve analytically. It is particularly hard to solve for models involving bursting/gene switching,
a biological feature that tends to produce heavy-tailed single cell RNA counts distributions. In
this paper, we present a novel method for computing exact and analytic solutions to the CME
in such cases, and use these results to explore approximate solutions valid in different parameter
regimes, and to compute observables of interest. Our method leverages tools inspired by quantum
mechanics, including ladder operators and Feynman-like diagrams, and establishes close formal
parallels between the dynamics of bursty transcription, and the dynamics of bosons interacting
with a single fermion. We focus on two problems: (i) the chemical birth-death process coupled to
a switching gene/the telegraph model, and (ii) a model of transcription and multistep splicing in-
volving a switching gene and an arbitrary number of downstream splicing steps. We work out many
special cases, and exhaustively explore the special functionology associated with these problems.
This is Part I in a two-part series of papers; in Part II, we explore an alternative solution approach
that is more useful for numerically solving these problems, and apply it to parameter inference on
simulated RNA counts data.

This chapter is currently under review at Physical Review E as
“Analytic solution of chemical master equations involving gene switching.
I: Representation theory and diagrammatic approach to exact solution”
[Vastola, Gorin, Pachter, and Holmes (2021)] arXiv link
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6.1 Introduction

This is the first in a series of two papers on solving chemical master equations involving a
switching gene, particularly in the context of bursty models of transcription and splicing.
This paper describes a novel theoretical approach for solving these problems analytically,
and explores the mathematical properties of the solutions we obtain in detail; the second
paper [I] describes an alternative approach that is more appropriate for efficiently solving
these problems on a computer. In other words, this paper tells us how to think about the
solutions to these models, while the next paper offers a fast and stable way to work with
them in practice—especially in the context of parameter inference.

The chemical master equation (CME) describes how the number of molecules in a system
(e.g. RNA in a single cell) changes over time [2, 3, 4, [, 6] [7, 8, @, 10]. It treats molecule
numbers as discrete rather than continuous, and dynamics as stochastic rather than de-
terministic; especially when there are small numbers of molecules, fluctuations due to the
randomness associated with diffusion and molecular interactions become important.

The equation itself—which can either be described as a differential-difference equation,
or as a countably infinite number of coupled ordinary differential equations—is typically
challenging to solve both analytically and numerically. Monomolecular reaction networks,
treated by Jahnke and Huisinga in a landmark 2007 paper [11, [12], comprise the largest
class of systems for which analytic solutions to the CME are known. But this class does
not include systems with many biologically common types of chemical reactions, like protein
synthesis and binding, whose presence in a system’s reaction list yields CMEs that can at
present be solved only in very special cases [13] (see e.g. [2, 14} 15] 16, 17, 2] 18, 19, 20]).

One biological feature that yields CMEs that are hard to solve analytically is bursting
[21], 22), 23, 24), 25], 26), 27, 28], 29]. Bursting refers to the fact that RNA transcription does
not seem to happen at a continuous rate in many contexts, but instead in discrete bursts.
This is usually modeled by assuming that genes have at least two states that they randomly
switch between, and transcribe at different rates when in different states.

Recent improvements in fluorescence and sequencing-based experimental methods have
enabled the identification of sub-molecular features of individual RNA [30], 31] in single cells.
Specifically, one can detect individual introns, which provides the ability to interrogate the
dynamics of RNA splicing—long implicated in the physiological control of gene expression
[32, B3], B4], 35, B6]. If the kinetics of these systems are to be understood in terms of a mech-
anistic model, one must be able to solve CMEs involving both splicing and gene switching,
since bursting is known to be one of the salient features.

In this paper, we present a new and fairly general approach to solving CMEs involving
gene switching, and first illustrate our approach by exactly solving a telegraph model-like
problem that describes mRNA production and degradation given a gene that randomly
switches between two states. This is a particularly useful benchmark, as the problem has been
solved before [37, 138, 39, 140, 41]. We then use our method to tackle a much more complicated
problem: deriving the full steady state distribution of a model of bursty transcription and
splicing, assuming a linear path graph and arbitrarily many splicing steps. This path graph
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model is relatively simple, but plausible and directly applicable to modeling genes that have
few introns and a single significant isoform. We validate our work using standard numerical
approaches (exact stochastic simulations [42, 43| [5] and finite state projection [44], 45]).

The paper is organized as follows. In Sec. [6.2], we present our main results and outline
the theoretical approach described in later sections. This section is intended to allow readers
to appreciate the utility of this new method, and to use the results we have derived with
it, without having to enmesh themselves in its technical details. In Sec. [6.3] we describe a
ladder operator-based approach to solving the chemical birth-death process and pure gene
switching, and derive the ladder operators that allow us to effectively reframe the coupled
problem. In Sec. [6.4] we construct a diagrammatic series solution to the coupled problem,
and explain how to draw the relevant Feynman-like diagrams. In Sec. 6.5, we examine
special cases of our series solution, and show how to extract them from the more general
result. In Sec. , we study the high copy number/continuous concentration limit of our
solution, and show that it corresponds to solving a certain Fokker-Planck equation coupled to
a switching gene. In Sec. [6.7] we generalize our theoretical approach to tackle the multistep
splicing problem. In Sec. [7.2] we consider the problem of implementing our solutions on
a computer, and validate them against numerical approaches. Finally, we discuss how our
approach could be fruitfully extended and applied to study more general splicing dynamics
in Sec. [L.0l

6.2 Main results and outline of approach

In this section, we summarize our main analytic results. Readers only interested in our
results, and not in methodological details, may find this section the most useful.

We have analytically solved two problems: (i) a telegraph model-like problem involving
one RNA species and a switching gene, and (ii) a generalization of it intended to model the
dynamics of bursty transcription with multiple downstream splicing steps (Fig [6.1). The
problem statements and main results for each are presented here in their own subsections
(with additional, more specialized results in Sec. - . The third subsection provides
a brief guide to the three kinds of qualitative solution behavior one can expect. The last
subsection provides a roadmap for the new theoretical methodology explored in the rest of
the paper.
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Figure 6.1: The models we will examine in this paper. The 1 species version is the birth-
death-switching model (usually called the telegraph model elsewhere). We generalize it to
include some arbitrary number N of downstream splicing steps, so that the most general
model has N + 1 distinct species of RNA overall.

OO0 X1
kg{) ~ 50 /BN 1 General model of
k12

6.2.1 Chemical birth-death process coupled to a switching gene
Problem statement

Let X denote the RNA species, and G; and Gy the two possible gene states. Using the
formalism of the chemical master equation (CME), RNA production and degradation coupled
to a switching gene can be modeled using the list of chemical reactions

G, 2 @, Gy 22 @,
G5 G+ X Gy 25 Gy + X (6.1)
XLy

where ko1 and ki parameterize the rates of gene switching, «; and «sy parameterize the
transcription rate in each gene state, and v parameterizes the RNA’s degradation rate. This
model is often called the ‘telegraph model’, especially when one of the production rates is
zero. For reasons that will become clear in the following sections, we prefer to think of it as
two distinct problems coupled together: the chemical birth-death process (describing RNA
production and degradation given a constitutively active gene) coupled to a switching gene.

The stochastic dynamics of this system are completely characterized by the probabil-
ity distribution P(x,S,t), which indicates the probability that the system has x € N :=
{0,1,2,...} RNA molecules and is in gene state S € {1,2} at some time ¢ (given some
specified initial condition P(x,S,0) which has no effect on steady state information). The
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probability distributions P(z,1,t) and P(z,2,t) are determined by the CME

% = — k21P<£L', 1,t) + klgp([IZ’,Q,t)
+ap [Ple—1,1,t) — P(x,L,t)] +v[(x + 1) P(x + 1,1,t) — xP(x, 1,1)] 6.2)
% = kgl.P(I', 1,t) — ka(lL‘,Z,t)
+ax[P(x—1,2,t) = P(z,2,t) + v [(z + )Pz + 1,2,t) — 2P(z,2,1)]

which is known to be difficult to solve analytically. Heuristically, the difficulty comes from
coupling two qualitatively very different kinds of stochastic processes: a discrete switching
process on two states, and a biased random walk on a countably infinite molecular number
space.

We will not compute P(x,1,t) or P(x,2,t) in full generality, but rather the functions

Py(x) == tliglo P(z,1,t) + P(x,2,t)
ad 6.3
w88(9> = Z Pss(:(:)gx ( )

i.e. the steady state probability distribution and steady state (analytic) generating function
for a complex variable g, both marginalized over gene state. Several distinct objects labeled
‘generating functions’ will appear throughout this paper, so we distinguish this one with the
adjective ‘analytic’ to avoid confusion.

Steady state results

Define the derived quantities

o=
g Y
Ao = o) — ay (6.4)
_ kika
C3 = 52
ka1 — ko
¢y 1= ——
s

where a.sr is the effective transcription rate (which takes into account the average amount
of time spent in each gene state in the long time limit), p is the effective mean molecule
number, A« is the production rate difference, and c3 and ¢4 are non-dimensional coefficients
that appear in our solution. Also define the 2 x 2 transfer matrix 7" (c.f. Sec. as

(Too Ty (0 1\ [ O 1
r= (TIO Tll) o (63 04) - <'I€I§# k21—/€12> . (65)

S
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Using C(x, 1) to denote the kth Charlier polynomial (see Appendix for the definition
and properties of these objects), the exact analytic results for Py (x) and vs(g) can be
written

PSS - T’L -1 E _1i-_2 I—YZ
(ZL’) :1+Z<Aa)k Ck(ﬂf,u) Z Oty k—1%k 10
=2

Poiss(z, 1) — woi— oy B [k =Dy +ipas] (v +is)
Cs C3C4
=1+ (Aa)?Cy(x, pt) - ———— + (Aa)*Cs(x, ) - +
BV Gle ) gy B SN
(6.6)
wss - T()ik_l E 0
:14—2 [(Aa)( g—l Z =
k=2 i1yeeip—1=0,1 (k) (v +015) (6.7)
L4 B = DPes  [(Aa)(g = 1)Pesey
(s +7)2v (s +7)(s +27)3y
where Poiss(z, 1) denotes the Poisson distribution
— i
Poiss(z, p) := 'u;' : (6.8)

See Fig. for plots in three representative cases, and a comparison against numerical
results obtained via finite state projection [44 [45]. Although it is not obvious, our results
agree with previously published results on this problem, e.g. results due to Iyer-Biswas et
al. [39], Huang et al. [40], and Cao and Grima [41]; see Appendix for a mathematical
proof of this. For special cases and limits of these formulas, see Sec.

The mean and variance of this distribution are given by

() = p
= (%) — ()" =

(Aa)203 (6.9)
(s+v)v

6.2.2 Multistep splicing coupled to a switching gene
Problem statement

Let X, denote unspliced/nascent RNA, X; denote RNA that has experienced one splic-
ing step (i.e. one intron has been removed), X, denote RNA that has experienced two
splicing steps, and so on. Assuming there are N splicing steps, let X denote the fully
processed/mature RNA. As before, let G; and Gy denote the two possible gene states.
Transcription coupled to a switching gene, with multiple downstream splicing steps, can be
modeled using the list of chemical reactions

G1 5 Gy Gy 5 Gy
G125 Gy + Xo Gy 22 Gy + Xo (6.10)
Xo 2 x, 2 x, B 2 xy O,
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k12 ~ k21 k12 = k21 k12 < k21
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Figure 6.2: The birth-death-switching steady state distribution Pss(x) in three represen-

tative cases: general rates (k12 ~ kop), equal rates (k12 = kop), and very unequal rates
(k12 < ko1). The black dotted lines correspond to the finite state projection (FSP) result,
while the colored dots correspond to the result from our solution approach.

where ko1 and ki parameterize the rates of gene switching, «; and «s parameterize the
transcription rate in each gene state, 3; parameterizes the rate of the ith splicing step (for
0 <i < N), and [y parameterizes the mature RNA’s degradation rate.

Denote the state of the system using x := (g, z1, ...,xx) € NVt and S € {1,2}. Use ¢
to denote the vector with a 1 in the jth place and zeros elsewhere. The CME corresponding
to this model reads

OP(x, 1.t
% = — k’le(X, 1,t) + klgp(X, Q,t)
+ oy [P(x — €, 1,t) — P(x,1,1)]
N—1
=0
+ 0N [(xy + 1)P(x + €n, 1,t) — xnyP(x,1,1)] (6.11)
P(x,2 )
W — b P(x,1,) — ki P(x,2,1)

+ as [P(x — €, 2,t) — P(x,2,1)]
N-1

+ Z 63' [(ZL’j + 1)P(X + € — €541, Q,t) - l’jP(X, Q,t)]
j=0

+ BN [(xN + 1)P(X+ 6N72?t) - xNP(X72’t>] :
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For this more complicated many-variable problem, it is helpful to introduce the notation

vi=0 ol
x! = xg! - xpy!
=Yy (6.12)

zo=0 zn=0

/dx::/dxg---/de.

We aim to compute the steady state probability distribution and (analytic) generating func-
tion both marginalized over gene state, i.e.

Py (x) := tlim P(x,1,t) + P(x,2,1t)
—00
x 6.13
¢ss<g) = Z PSS(X) g ( )
where g € CNV*+L,

Steady state results
We will reuse several derived quantities from Sec. [6.2.1, One that must be modified is the

effective mean, which in this case is a vector p := (ug, pi1, ..., i) whose components are
defined as st
pi = —2L (6.14)
Bi

We can use it to define the multivariate Poisson distribution

. o Mxe_”'l B Mgoe_ﬂo M‘;‘VNe_l"/N
Poiss(x, p) = = e

(6.15)

x! Zo! !

We must also define the vector q = (g, q1, ..., qv), and the family of vectors v(¥) (for 0 <
k < N). The entries of the former are defined via

qgo =1
= — bo
Bi — o
o = BoS1 (6.16)
(B2 = Bo)(B2 — B)
o BB |
6=V G -gy (SIS
while the entries of the latter are defined via
0 j <k
v =11 j=k (6.17)
Br-Bj—1 i>k.

(Bk+1—Bk) (B —Br)
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Use Vi (x, i) to denote the multistep orthogonal polynomial associated with the nonnegative
integer vector n € NV*!: these polynomials are new, and are defined and discussed in
Appendix [6.D] Our exact analytic result for Py,(x) is

P.( Toi, Tiro
=1+ (A L —
Po1ss (x p, Z Z a 2 Z 1By + -+ + B, [Bj, + i15]

k=2 paths j 11,00 —1=0,1
(6.18)

where the sum requires some explanation. For each £ > 2, we sum over all paths j of
length & with elements in {0,1,..., N}, ie. j := (ji,....jx) € {0,1,...,N}*. The vector
n := (ng,nq,...,ny) counts the number of times that each integer ¢ appears in a path, i.e.

=), 1 (6.19)

i s.t. gi=r

for all 0 < r < N. For example, in the case of two splicing steps (N = 1), for k = 1 there
are just two paths: j() = (0) and j® = (1). For k = 2, there are four:

(6.20)

In general, for N splicing steps and a set length k& > 1, there will be (N + 1)* distinct paths
that must be summed over. The (analytic) generating function is

1/153 o = o ( )] "vm TOlk 1 . 7—%10
) (Aa) ) [T uts= 1)+ ‘Zy Bin 4+ 0] By +ins]

=2 paths J(k) m=0 1400y Zk—lio 1
N N Cs
— 2 - 1) -v@® —1).-v®
1+ (Aa) ;;[qa(g 1) v [g(g —1)-v1"] CETAET)

(6.21)

For special cases and limits, see Sec. [6.7.4l The means, variances, and covariances of this
distribution are

<$Z> = Hi
o — (a?) — (a:)? = QXN:ZN: 2qa 000" c3
P e (Ba+ Bo)(Ba + 5) (6.22)
N N ! )v(b)c
Covla ) = () = (o o5} = (B 35 7 E5sm—s

a=0 b=0
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6.2.3 Brief guide to qualitative solution behaviors

For developing intuition about the behavior of these distributions, it is helpful to keep
three edge cases in mind: (i) the Poisson limit, (ii) the Poisson mixture limit, and (iii) the
negative binomial limit. Our exact solutions provably reduce to each of these three special
cases in various biologically plausible limits (see Sec. and [6.7.4), and can be viewed as
interpolating between them in intermediate parameter regimes.

When the sum of the gene switching rates, s = kis+ ko1, is much larger than the degrada-
tion and splicing rates, switching happens so quickly that the RNA only ‘feels’ the effective
transcription rate aers. In this parameter regime, the steady state solutions reduce to Pois-
son distributions—exactly the behavior we would expect if there were no gene switching.

When s is much smaller than the degradation and splicing rates, switching happens
so rarely that the system behaves like a superposition of two birth-death/monomolecular
processes: one with transcription rate «y, and the other with transcription rate asy. In this
parameter regime, the steady state solutions reduce to the Poisson mixture

k k
Priz(x) = %Poiss(x, pi) + %Poiss(x, ) (6.23)

where the ki5/s and kg /s factors represent the typical fractions of time the system spends
in each gene state.
Finally, the bursty limit is defined by the conditions:

ar > 1
ay =0 (6.24)
kot >1 kot > ko

where taking «q and kop large is done while keeping «;/ko; held fixed. This yields a model
with burst size b := o1 /ko; and burst frequency ki, which has a heavy-tailed steady state
distribution that is approximately negative binomial [28] [46]. For example, the birth-death-
switching distribution approximately becomes

r+r—1 -
e A R (6.25)
where
k12
ro=—
Y
2
o (6.26)
Py

We emphasize again that it will be helpful throughout the paper to think of the somewhat
complicated general analytic solutions as interpolating between these three extremes. Indeed,
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as Fig. [6.3 suggests, this can be viewed somewhat literally. If we define the ad-hoc measures

. : , Aa k12koy
burstiness’ := . 5
ar +ay (k2 + ko) (6.27)
‘switching vs degradation’ := i
s+

and compare the exact birth-death-switching solutions for various randomly sampled param-
eter sets to each of these three limit distributions, we can see that the parameter space can
be relatively cleanly divided up into three regions.

10Sampled dist. vs reference dist.

Poisson
" A
wn P . .
$ 06 oisson mix
: /\/\
=
ol
S 0.4
Ie
Neg. bin
0.2
0.0

0.0 0.2 0.4 0.6 0.8 1.0
switching vs degradation

Figure 6.3: The birth-death-switching steady state distribution for many randomly sampled
(N = 2000) parameter sets compared to three reference distributions (Poisson, Poisson
mixture, negative binomial). After sampling a parameter set and computing the true Py (),
the L2 distance between it and each reference distribution was computed. Each parameter
set was plotted in ‘switching vs degradation’-‘burstiness’ space and colored according to
the closest reference distribution. Red: Poisson, Green: Poisson mixture, Blue: negative
binomial.

6.2.4 Outline of approach to analytic solution

The theoretical methodology used to obtain these results is new, and uses ideas inspired by
quantum mechanics. Instead of directly trying to solve each CME (Eq. and Eq. [6.11)),
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Figure 6.4: The three main steps of our theoretical approach. First, we identify ladder
operators for the RNA-only problem and the gene-switching-only problem. Then we use
those ladder operators to formulate the CME of the full problem as a specific coupling of
the individual problems. Finally, we exploit properties of the ladder operators to obtain a
series solution, which can be viewed as a sum of Feynman diagrams.

we reframe the problem in terms of states and operators in a certain Hilbert space. In this
more abstract space, we must compute the generating function (instead of the probability
distribution), whose dynamics are determined by an operator that ‘looks’ like a Hamiltonian.
In this way, solving the CME is reduced to solving an abstract Schrédinger-like equation.

But this Schrédinger-like equation is, naively, just as difficult to solve as the original
CME. The key insight is to split the problem into two separate pieces (the dynamics of RNA
by itself, and the dynamics of a switching gene by itself), solve each individual piece in a very
particular way, and then pose the original problem as a certain coupling of the individual
problems.

The aforementioned ‘particular way’ is to solve the individual problems in terms of ladder
operators, which are mathematically analogous to those used in the algebraic treatment of
the quantum harmonic oscillator [47] and in quantum field theory [48]. The dynamics of
RNA by itself can be solved in terms of ‘bosonic’ ladder operators, while the dynamics of a
switching gene by itself can be solved in terms of ‘fermionic’ ladder operators. Posing the
full coupled problem in terms of these operators makes it amenable to the usual methods
of quantum field theory, and enables a diagrammatic approach to computing quantities of
interest. It also essentially reduces many computations (e.g. of moments) to straightforward
algebra.

To summarize, our general strategy involves three steps (Fig. :

1. Find ladder operators for RNA dynamics (assuming a constitutively active gene). Find
ladder operators for pure gene switching.

2. Express the Hamiltonian of the coupled problem in terms of these ladder operators.

3. Solve the coupled problem perturbatively/diagrammatically to all orders.
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In the following sections, we carry out this plan. We first focus on the birth-death-switching
problem because it is less encumbered by notational baggage, and so better illustrates our
method. After establishing the method by solving this problem, we go on to solve the
multistep splicing problem to demonstrate the power of this new approach.

6.3 Preliminary representation theory

In this section, we study the representation theory of RNA production and degradation by
itself, and gene switching by itself. We will find that the former dynamics can be described
by bosonic ladder operators, while the latter dynamics can be described by fermionic ladder
operators. In the last subsection, we show how to use these ladder operators to couple the
two individual problems and obtain the Hamiltonian operator corresponding to Eq. [6.2]

6.3.1 Representation theory of chemical birth-death process

In this section, we study the chemical birth-death process—a simple stochastic model of
RNA being produced and degraded, without any additional features like gene switching
or regulation—and in particular how to work with it in terms of ladder operators that
make various theoretical features (e.g. the spectrum, the relationship between eigenstates,
and computing expectation values) transparent. These ladder operators and the morass
of formalism surrounding them will then be used to couple the birth-death process to a
switching gene in Sec. 6.4}
Let X denote the RNA species as before. The chemical birth-death process is defined by
the list of reactions
o5 X 6.25)
XL o ©

where a parameterizes the rate of RNA production and v parameterizes the rate of degra-
dation. For simplicity, we assume both « and v are time-independent. The corresponding

CME is
OP(x,t)
ot

where P(x,t) is the probability that the system has x € {0,1,2,...} RNA molecules at time
t.

= a[P(x—1,t) = P(x,t)] + v [(x + 1)P(x + 1,t) — 2P (z,1)] (6.29)

In order to think about this problem in terms of ladder operators, we must first reframe
it in terms of states within a certain Hilbert space, and operators that act on those states.
Consider a Hilbert space spanned by the basis kets |0) , |1}, ..., where an arbitrary state |¢)
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can be written
o

6) =Y _c(x) |) (6.30)

=0

for some generally complex coefficients ¢(z). The operators that act on these states will
generally be written in terms of the creation and annihilation operators

mlr) =lz+1
A| )= ) (6.31)
alr) =z |z —1)

which satisfy the familiar commutation relation [a,7] = 1. In the reframed problem, we

work with the generating function

) == P(x,t) |z) (6.32)

instead of the probability density P(z,t); by construction, it contains equivalent information,
so that knowing one is equivalent to knowing the other. Just as P(z,t) satisfies the CME
given by Eq. , it is easy to show that the generating function |¢) satisfies the equation
of motion

91y

W = F[bd W’) (6'33)

where the Hamiltonian operator ﬁbd is defined as
Hyg = o (7 — 1) 4 (a — 7a) . (6.34)

For technical reasons, it will be slightly more convenient to work in terms of the Grassberger-
Scheunert creation operator a* := 7 — 1 [49, 12], in terms of which the Hamiltonian operator
reads

Hy:=aat—~ata. (6.35)

Now we will proceed with the ladder operator solution of the problem. We are seeking two
operators A and A for which the following hold:

1. Hamiltonian decomposition: H,, is proportional to ATA.
2. Commutation relation: The pair satisfies [A, AT] = 1.

3. Hermitian conjugates: There is an inner product with respect to which A and A+
are Hermitian conjugates.E]

! This last requirement is optional, and is mainly necessary if one wishes to use ladder operators to derive
transient (as opposed to steady state) solutions.
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Although such a pair of operators may not exist for a generic choice of H, their existence
is easy to establish for this problem. Define p := /7 (which turns out to be the mean
molecule number at steady state), and consider the operators

At = 4T at
1 (6.36)

Their fundamental commutation relation [A, A*] = 1 is easy to verify. In terms of these two
operators, the Hamiltonian can be written

[:Ibd = -7 A+A . (637)

This decomposition makes it easy to show that the commutation relations

A Hyg) = —~A
A, Hul = = (6.38)
[A+, Hbd] = ’)/A+
hold. They can be used to argue [47, [50] that there is a ground state |0) satisfying
Al0)y =0
> > o (6.39)
0) =D Pusla) 1) = Y e |a)
=0 =0

where the normalization of |0) was chosen so that its coefficients sum to 1 (since they
correspond to the values of the steady state probability distribution Pss(x)), and that the
eigenvalues of the Hamiltonian operator are —F,,, where

E,=vn (6.40)

for n = 0,1,2, ... Hence, we can write the eigenstates of Hyg as |n) for n € N (e.g. |0) is the
ground state, and |1) if the first excited state), so that

Hyq|n) = —y n|n) . (6.41)
Moreover, using the facts tha [A, (AT)"] = n(At)" 1 and A |0) = 0, we have
Hya(A%)"|0) = —yATA(A*)"|0)
= —AY [(AT)"A 4 n(AT)"7 |0) (6.42)
= —y n(A*)"|0)

i.e. that R
In) oc (AT)™]0) . (6.43)

2This is easy to show by induction, using the fundamental commutation relation between Aand AT
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In order to fix the normalization of the eigenstates |n), we must decide on an inner product.
For this problem, a natural choice turns out to be

Opy  Ogy xl el

Pule) ~ (6.44)

(zly) =

It is straightforward to show that A and At are Hermitian conjugates with respect to this
inner product. On the one hand,

(@|Aty) = Vi (zla® —1]y)
Vi [ (zly +1) = (z]y) ] (6.45)
\/_

Opyt1 ! e? 5xy z! et

I I
On the other hand,

B 01y (=1l e by al e (6.46)
- x luxfl H qu
_ i [ eyt Tler Oy x! e“]

e [

= (z]A™]y) .

Because A and A" are Hermitian conjugates, Hyy is Hermitian, since

Ao\ T A AT AT /A T AL a N

<Hbd) — <A+A> — vy (A) (A*) — NAYA=Hyy . (6.47)

This allows us to use a standard argument to show that different eigenstates are orthogonal:
]_ ol ]- 2 * Em * Em

(min) = —= {(ml o) = 5= (nlHialm)” = 22 (nlm)* = 2= (ml) - (6.48)

which forces (m|n) = 0 since E,, # E,. In order to normalize these eigenstates, so that
(n|n) =1 for all n € N, we note that

(nn) = (0|A™(A)™0) = n! (0]0) = n! . (6.49)
This implies the correct normalization for the eigenkets is
(A"
Vn!
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Using this definition, we can show that
Aty =vn+1ln+1) (6.51)

properties that will be useful later.

All of this legwork we put into understanding the eigenstates of H,; makes finally solving
the equation of motion, Eq. [6.33] relatively simple. Because the eigenstates as we have
defined them are orthonormal, we have the resolution of the identity

1=Y" |n)(n| . (6.52)

The formal solution of Eq. is

[(t)) = efoalt=t0) [ypg) (6.53)

where |t)g) = |1(t9)) is the initial generating function. Applying Eq. to our formal
solution, we have

() =3 =t |n) (n]a)y)

e~ [n) (o) (6.54)

WE

i
o

(nltho) |n) e 0]

NE

3
I
o

We are particularly interested in computing the transition probability P(x,t;xz,to) for ar-
bitrary zo € N, in which case |¢)g) = |zo). Denoting the coefficients of |n) by P,(z), note
that

P (o)
Pss (ZL'())
by definition. It can be shown, using the definition of |n) from Eq. and the fact that
the coefficients of |0) are known (c.f. Eq. [6.39), that

Pu(x) = \/% Cn(, ) Pos () (6.56)

where C),(x, ) are the Charlier polynomials, a family of discrete orthogonal polynomials
whose properties are discussed at length in Appendix [6.A] They play a role analogous to
the one the Hermite polynomials play in the solution of the quantum harmonic oscillator.
Hence, the solution to Eq. [6.33 with [1) = |z0) is

Z\/ (20, 1) |n) e mlEto) (6.57)
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The corresponding probability distribution P(x,t;xq,t9) can be obtained in two ways: (i)
by appealing to the definition of [¢(t)), or (ii) by invoking the Euclidean product. The
Euclidean product is another useful inner product, and defined on two basis kets as

(x|y) g, = Oz (6.58)

and extended to more general kets by linearity. The expression (z|1(t)), essentially ‘picks
out’ the coefficient of [1(t)) corresponding to P(z,t); although this is identical to just picking
out the = coefficient of the generating function, using this notation makes the mathematical
analogy between position-space wave functions and probability distributions more transpar-
ent. Finally,

P(x,t;w0,t0) = (z[th(1)) g,
= N ,Un —yn(t—to)
= — C’n(x ,,u) <{p|n> w € yn(t—to
g% o ) (6.59)
oo Mn i
= Py(x) Z ] Co(zo, 1)Cy(z, 1) €7 (t—to)
n=0

The more familiar expression for P(z,t;zo, 1), given by [11} 12]

min(zo,z)

P(x,t; o, t(]) _ Z <‘§0> qwo*j<1 _ q)j ) M (660)

(=)

where q(t) := 1 — e 7#%) can be obtained from Eq. using Charlier polynomial prop-
erties discussed in Appendix [6.A} for example, one can either use the integral representation
given by Eq. [6.211] or the Charlier polynomial generating function given by Eq. [6.209]

Particular features of the solution, like moments, can be obtained by expressing certain
operators in terms of ladder operators and then using their algebraic properties to compute
the result. For example, suppose we want to compute the mean (x) as a function of time.
First, note that

alp(t) =Y Plat) x|z —1) (6.61)

SO

(Olale () =Y Pz,t)z = (z) (6.62)

where we have used the fact that the inner product of the vacuum state with any basis ket
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|z) is (0]z) = 1. Now, since a = /1 A+ p, we can compute

() = (Ol(vir A+ p)le(t)

=S/ Culao ) (O1(VE A+ p)ln) e m0)

= n!
= Z % Cn(x07 ,u) [\/ﬁ <O|A|TL> + u <O’n> ef'yn(tfto)

o (6.63)
= Z % Cn(fL'Oa ,u) [\/,tm <O|n — 1> + (O|n>] G_Vn(t—to)

n=0 :

o0 [ o
= Z m Cn(iﬂo,/i) [\/Mn (5n,1 +u 5n,0] e~ it

= (20— p) e 4

where we have used the fact that C}(zo, u) = (zo/p) — 1.

Parenthetically, we may note that the use of these ladder operators to understand the
birth-death process evokes striking parallels with the quantum harmonic oscillator; the anal-
ogy is even more striking in the continuous limit, where Hermite polynomials replace the
Charlier polynomials (see Sec. and [50]). In some sense, a single chemical species being
randomly produced and degraded behaves like a free boson. More generally, we will see in
Sec. that NV chemical species being produced and degraded behave like N free bosons.

6.3.2 Representation theory of pure gene switching

In this section, we will consider the stochastic dynamics of a switching gene by itself. A care-
ful study of the switching gene uncovers ladder operators that will be useful when coupling
switching dynamics to the birth-death process in the next section.

Consider a gene with two states, which we will label as GG; and G,. Our list of chemical
reactions is

Gr = G (6.64
k12 ' )
G2 — Gl
and the corresponding CME reads
0OP(1,t
OP(2.1) (6.65)
815’ = ko1 P(1,t) — k12 P(2,1)

where P(1,t) is the probability that the gene is in state 1 at time ¢, and P(2,t) is the
probability that the gene is in state 2 at time ¢. If we define the state vector

Bt) = (ig g) , (6.66)
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then we can write the CME in the form
P=H,P, (6.67)

where the switching Hamiltonian H, is defined to be

2 _kQI k12
H, = . 6.68
( - —k’m) (6.68)

One important property of the matrix H, is that it is infinitesimal stochastic (see [51] for
more discussion of this property), which means that 17 H, = 0T, or equivalently that the
columns of Hy sum to zero. This property guarantees probability conservation:

d /5= dp - _

£ p>:1T_:1THP:0TP:0. 6.69

dt ( dt ’ (6.69)
It is easy enough to find the exact time-dependent solution to this system by diagonalizing
H,. Its eigenvalues are \g = 0 and \; = —s, where s := ki35 + ko1 is the gene switching rate

sum. The corresponding eigenvectors are
k12 1
170 — (k%{-;k’zl) 171 — (_1> . (670)
k12+ka1

B _ = N —
= _
P(t)=1ty+cv e (6.71)

Hence, the exact solution is

where the constant ¢ depends upon one’s initial condition.

A more interesting task is to try and express H, in terms of ladder operators that will
make its solution structure more explicit. Recall that the anticommutator of two matrices
M, and M, is defined as { My, My} := My My + My M. We are seeking two operators B and
B for which the following hold:

1. Hamiltonian decomposition: H, is proportional to B*YB.

2. Commutation relations: The pair satisfies { B, B} = {B*, B*} = 0 and {B, Bt} =
1. Here, 1 is shorthand for the 2 x 2 identity matrix.

3. Hermitian conjugates: There is an inner product with respect to which B and B*
are Hermitian conjugates.

By trial and erroxﬂ, we can find that the operators
R k1212€21 _k_%22
- S S
B = k_%l _ ki12ka
52 s? (6.72)

3For a more principled route to determining them, see Appendix
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suffice. In terms of them, the switching Hamiltonian H, can be written
H,=—s B*B . (6.73)
One nice feature of B and B is that their action on the eigenvectors of H, is particularly
simple:
Bvy =0 Bv, = 1 (6.74)
B+170 = '171 B+171 = 0 . (675)
These are properties that we will repeatedly exploit later. One can define a natural inner
product on R? using the symmetric and positive-definite weight matrix

2

. 1+ % 1 — kuzka

W -  kigkas ﬁ . (676)
=== 14 5

Note that, since kjo and ko; are nonnegative, 0 < (kyoks)/s? < 1/4, which makes the
entries of W nonnegative. For more discussion on the appropriateness of this weight matrix,
along with some mathematical motivation for considering these kinds of ladder operators,
see Appendix For now, assuming our choice of W is well-motivated, we define the inner
product of two vectors 7, %, € R? via

<51722> = Z_TWEQ . (6 77)

With respect to this inner product, B and B* are Hermitian conjugates (see Appendlx -
for the mathematical details), i.e. we have WB (BH)TW and WB* = (B)TW.

Recalling that the eigenvectors of H, and H I are orthogonal with respect to the usual
dot product offers another way to view this inner product. That is, given the eigenvectors
Wy and w; (which correspond to the elgenvalues Ao = 0 and A\ = —s since H and H T have
the same eigenvalues), we have o] W = /. For completeness’ sake, we note that

ko1
Wy = (1) Wy = (_’ﬂz%ﬁzl ) . (678)
k12+ka1

Because applying @] on the left corresponds to summing over each gene state, we will end
up using it to marginalize over gene state in Sec. [6.5

It will be helpful to recast this inner product in terms of bra-ket notation; to that end,
we identify the eigenvectors ¥y and ¥ with |0) and |1), @y and @ with (0| and (1|, and note
that

{0[1) =0
(010) = (1]1) =

i.e. they constitute an orthonormal basis.

It is interesting to note that the switching gene behaves much like a single spin-1/2
fermion. Given that many RNA species being produced and degraded behave like many free
bosons (see Sec. , it is tempting to speculate that the dynamics of switching between
many gene states corresponds to the dynamics of many free fermions. As we discuss at the
end of Appendix [6.B] this generically does not seem to be true, at least in a straightforward
generalization of our approach.

(6.79)
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6.3.3 Coupling a switching gene to the birth-death process

We would like to couple a switching gene to the chemical birth-death process; in particular,
we would like to make the production rate dependent on the current gene state. This means
that, instead of the production rate being a constant parameter «, we can view it as an

operator
~ . [0O1 0
Q= (0 a2> (6.80)

where «; and s are the distinct production rates we first introduced in Eq. [7.1] We stress
that we do not assume anything about «; or ay (e.g. that they are distinct, or that one is
significantly larger than the other), even though these assumptions apply in the biologically
interesting case of a bursty gene.

This section’s central trick is to note that the matrix & can be written in terms of ladder
operators, since the set {1, B , B+, B*B } forms a basis for the space of all real 2 x 2 matrices.
We will use this fact to write

(061 £>:T1+TQB+T3B++T4B+B (681)
2

for some coefficients rq, o, r3, and 4. To determine these coefficients, we recall from the
previous subsection the facts that (i) the actions of B and B* on the eigenvectors of H, are
easy to compute (c.f. Eq. |6.74]and Eq. , and (ii) the eigenvectors of H, are orthonormal
with respect to the inner product we defined (c.f. Eq. . For example,

&]0) = r1 |0) + 5B 0) + r3B* |0) 4+ ryB* B |0)
— = (0|alo) .

Similarly,
ry = (0]a1)
rs = (1|&|0) (6.83)
ry = (1&1) —r .

It should be noted that, although we are interested here in the case where the production
rate depends on the current gene state in the sense specified above, this method can in
principle be used to tackle many possible generalizations of this problem.

Our particular coefficients read

kg + cokoy

r =
S
g = Q1 — Qg
B kiokoy (6.84)
r3 = (a1 — @) 2
B ko1 — k12
Ty = (Oé1 - 042) —8 .
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If we define the effective production rate

k k
L (6.85)

s
then we can write the matrix & in terms of ladder operators as

k12k21 k?l - k12

2 S

BT +

&= agpp+ (a1 — @) {B + B*B} . (6.86)

S

With this done, we can write out the Hamiltonian operator for our full, coupled problenﬂ
It reads

H=—-sB*B+aa" —~ata
L. A a o kigkoy A ko1 — k12 o0 ~
= —SBTB —yA* A+ (a; — ) a* {B + %B* + %Bm}
(6.87)
= o B qAA Oy e e e g
m s s
= ];Is + Hbd + Hint
where we define the interaction Hamiltonian ]:Imt as
- — ~ | A kigkor 4 kay — k12~ ~
Hypy = —(O‘lﬁ‘”)ﬁ [B + —122213+ A - 123*31 (6.88)
along with the shorthand notations
_ Qefy
r‘Y
AT =/ (at —1) (6.89)
~ 1
A=—(a—p) .

Vi

The parameter p that appears in this Hamiltonian is actually the effective mean—a sort of
average of what the mean would be given the typical amount of time the system spends in
each gene state. It should not be conflated with oy /v or s/ in what follows.
Interestingly, H;,, looks like an interaction term with interaction strength proportional
to (a1 — aw), the difference between the two production rates. In particular, since the A
operators are ‘bosonic’, and the B operators are ‘fermionic’, our full Hamiltonian looks like
it describes one boson interacting with one fermion. When the production rates are equal
(i.e. when oy = ay), the interaction term disappears, and the birth-death process and the
gene switching dynamics become uncoupled. This makes sense—from the point of view of
the birth-death process, it doesn’t matter what the current gene state is as long as it doesn’t

affect the production rate.

4This can be derived from the full CME, Eq.
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It is natural to speculate that the Hamiltonian describing a birth-death process coupled
to a gene with NV gene states would correspond to one boson interacting with N — 1 fermions
(which also possibly interact with each other). Coupling additional birth-death processes (for
example, representing gene-gene interactions or downstream products of the original RNA)
may look like having more bosons. It is not completely clear what the representation theory
of H, would look like in these more general cases, or even if a ladder operator view would be
appropriate. Regrettably, the representation theory of infinitesimal stochastic matrices seems
not particularly well-studied; for example, it is not clear to the authors that infinitesimal
stochastic matrices (or even restricted classes of them, like irreducible infinitesimal stochastic
matrices) have a spectral theorem that would permit eigenvector decompositions similar to
the one we have used here.

6.4 Diagrammatic approach to exact solution

In this section, we use the ladder operators identified in the previous section to develop
a diagrammatic approach to obtaining the exact steady state solution of CMEs involving
switching (and in particular, of Eq. [6.2)).

6.4.1 Constructing eigenstates of full Hamiltonian

Consider a state formed by naively combining the eigenstates of the two original problems’]
which we will denote by |n; g), and which satisfies

H,|n;0) =0
H,|n;1) = —s|n;1) (6.90)
Hyq|n; g) = —yn |n; g) -

The action of our ladder operators on this state is

B|n;0) = B* |n;1) =0

B |n;0) = |n; 1)

Bln;1) = |n;0) (6.91)
Aln; g) = Vnln — 15 g)

AT |n;g) = Vn+1[n+1;g) .

5The birth-death problem has a countably infinite number of eigenstates, which can be indexed by a
natural number n, and the switching gene has two, which we label using 0 and 1. Note that these two
eigenstates are distinct from the two gene states, which are labeled using 1 and 2.
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All of this means that we can compute the action of H on these states. It is

. — kiok
1 {ni0) = =ynn;0) + LD B A T o+ 10

Hin;1) = —(s +n) ]n;1>+(0‘1;\/;‘2)\/n+1 I+ 1:0) +

From the above, it should be clear that our states |n;g) are ‘almost’ eigenstates of H , if
it were not for the term proportional to (c; — ag) due to the interaction I:Imt between the
bosonic and fermionic ladder operators. If oy is very close to as, this term would be small,
and it may be reasonable to approximately consider the states |n; g) as eigenstates.

But this suggests something interesting. Consider the action of H on the ‘next’ states,
indexed by n + 1:

6.92
R = b gy 05
S )

. — ) ko
Hin+1;0) = —y(n+1)|n+1;0) + (0‘1\/;‘2) 2V 20+ 2;1)

Hin+1;1) = —[s+y(n+1)] |n+1;1)—|—w\/n+2[|n+2;0)+

k: _k
21 12 ’n 2’]>
\/_ s

(6.93)

Note that

. — k1ok
H{|n;0>+(a1 as) 212 21 \/n+1|n+1;1)}
N AT

— n- (041—062) k12ka1 . n .
=—7 {| ;0) + N 52(s+7)\/ +1] +1,1)} (6.94)

(Oél—a2) ? F12ka1
% Vi 182<s+v>

which is to even better approximation an eigenstate of H when ay is close to ay. It seems
like this process may be continued to obtain an infinite series in powers of (a3 — ag)—and
indeed it can. To show how it can, first let us ease notation by writing

kot — k
B+ 21)
S

V(n+1)(n+2) [|n+2;0>+

d = ap — Qg
B
kiok
cy 1= (6.95)
S
koy — ko
Cp = ——=
S
so that the interaction Hamiltonian ﬁmt can be written as
Hipe = d A* [B + Bt c4B+B] . (6.96)
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If we write our result for the eigenstate |n) of the full coupled problem (which we label as
such since it has eigenvalue —yn) as

n) = |n;0) +dvn +1{ ¢l In+1;0) + ¢ [n+151) }+---

>0 6.97
=n;0) + > d*V(n+ i { o ln+k0) + gy [n+ k1) } (097
k=1

for some coefficients q,(; , determined by the procedure above, with (n+1); := (n+1)--- (n+
k), we find that the coefficients satisfy the recurrence relations

kY @0 = di-11

(6.98)
(kv +s) ql(c],l = C3 qgfl,o T+ ¢ 9271,1

for all £ > 1, with the initial conditions gg, = 1 and gy, = 0.
Similarly, we can construct eigenstates |n + s/7) (which we label as such since they have
eigenvalues —v (n + s/7) ) as an infinite series

In+s/7) =n;1) +dvn+1{ qig|n+1;0) + ¢, [n + 1;1) } + -

> 6.99
=)+ > d"(n+ 1k { gioln+k0)+ gy In+ k1) } (0:59)
k=1
whose coefficients are determined by the recurrence relations
k — 1 — 1_
(ky ) o = r—1,1 (6.100)

1 1 1
kry Qi1 = €3 Q1,0 T C4 Q11

for all k& > 1, with the initial conditions g5, = 0 and g5, = 1.

The above recurrences have closed form solutions, but their expressions are somewhat
cumbersome; fortunately, there is an interesting diagrammatic interpretation of the coeffi-
cients q,(; , and Qi, s We will explore these points in the next two subsections.

For now, let us stop and note that we have established that there are eigenstates of H
with eigenvalues —y n — s g for all n € N and g € {0,1}. Although it is not clear how to
prove this mathematically, it is likely that this is the complete collection of eigenstates, so
that the full spectrum of H is given by

E,g=v7n+sg (6.101)

for n € N and g € {0,1}. One nice feature of this result is that it offers a natural way to
understand previous observations regarding the relative importance of different time scales in
this problem. For example, Iyer-Biswas et al. [39] point out (in our notation) that min(vy, s)
determines the time scale of relaxation to steady state. This makes sense, because —min(~y, s)
is precisely the smallest nonzero eigenvalue.

165



6.4.2 The transfer matrix

Closed form solutions to the recurrence relations given by Eq. [6.98 and [6.100| can be written
in terms of a certain 2 x 2 matrix, which we will call the transfer matrix 7. First, consider
that Eq. can be rewritten in the form

1 1
0 - c3 c4 0 —\o 1 ca 0 . .
Tk Tvts  kts/ \dk—1,1 s 3 C1) \Gp-11

Similarly, Eq. [6.100| can be rewritten in the form

1 S 1
(q;{,o) _ (k’yo—s L) (0 1) (qif—m) _ (6.103)
qi1 Ty C3 C4 11

This motivates defining the matrix 7" whose entries are

Too =0
T =1
Tio = 3 = klzfﬂ (6.104)
koy — k
Ty =c = L ,
S
ie.
_(Too Tor) _ (0 1Y _ 0 1
r= <T10 Tll) N <63 04) o <hz# k21;k12> : (6105)

Keeping in mind the initial condition, we can now straightforwardly compute the coefficients

qpo via
q() 0 1 0 1 1
()= (e ) (2 2)0)- (6100
qO c3 [ c3 [ 0
k,1 ky+s  ky+s Y+s  y+s

In other words, q,(;o is the 00 (upper left) entry of a k-fold product of 2 x 2 matrices, and q,g,l
is the 10 (bottom left) entry. By the same argument, q,ao and q,}%l are the 01 and 11 entries
of a k-fold product. Explicitly,

T Toi,_, L Tii, Tiro

Y (0 — 0 in k steps) = : : ; ;
G0 ps) (ky)  (my+ims) (27 +i28) (v +018)

Uyt —1=0,1

Z Tlik,1 . Emim71 EQil Tz'10
(kv)  (my+ims) (27 +i2s) (v +i15)

dp1(0 — 1in k steps) =

i1 ooy 1=0,1

(6.107)

Z Toik,1 Emim,1 7—%11

eo(l in k steps) =
Gro(1 — 0 in k steps) (ky—s) (my—s+ins) (y—s+1is)

11,0yt —1=0,1

S D Tt T

L1 1lin £ st = :
%,1( — 1 in k steps) (k) (my — 5+ ims) (v —s+1i18)

1150k —1=0,1

These are the cumbersome expressions referred to in the previous subsection. In the next
subsection, we offer a diagrammatic interpretation of them.
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6.4.3 Feynman rules

It turns out that we can associate with each coefficient g, , a diagram with & lines and & + 1
vertices. We obtain the following Feynman rules for computing the Hilbert space/bra-ket
representation of the eigenstates.

Hilbert space Feynman rules

In order to compute the coefficient of |n + k; g) in the infinite series expansion of |n) (c.f.
Eq. [6.97), draw all valid diagrams going from 0 to g € {0,1} in k steps according to the
following rules, and add the numbers corresponding to each diagram.

1. Set up grid: Write out positions 0 through £ from left to right. Draw two parallel
horizontal lines above these labels to denote the 0 and 1 gene eigenstates. The diagram
will consist of k+1 vertices, each located at a horizontal {0, ..., k} position and vertical
gene eigenstate (lower or upper) position, and lines connecting those vertices.

2. Draw lines: Place the first vertex at horizontal position 0 and on the bottom row.
Fill in the following positions from left to right. There are three possible moves: (i) if
at 0, you must next go to 1; (ii) if at 1, you can go to 0 next; (iii) if at 1, you can stay
at 1. If g = 0, the last vertex must be on the bottom row. If g = 1, the last vertex
must be on the top row.

3. Numerical factors: Associate each move/line with a numerical factor. In particular,
associate the move from position m — 1 to position m with the factor:

C3

o 0— 1 flip: P,

o 1 — 1 stay:

s 4+ mry
, 1
o 1 =0 flip: —
my

4. Tack on generic factors: Multiply the numbers associated with each line together,
along with the generic factors d*/(n + 1) - - - (n + k), to get the number corresponding
to the diagram you drew.

The steps are displayed in the context of a specific example in Fig. See Tables and
[6.3] in Appendix for the values of many low-order Feynman diagrams.

Analogous rules can be written for computing q,;g: one must start on the upper row
instead of the lower row, and the denominators associated with step 3 are slightly different,
since we would have to make the substitutions s + my — m~y and my — my — s.
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0 1 2 3 0 1 2 3
Cq
2. 3. 63 S+27 i
s+ 3y
0 1 2 3 0 1 2 3

4.

304 generic
X
(s +7)(s+27)3y factors

Figure 6.5: How to draw a Feynman diagram. Here, we illustrate the process using the
unique diagram that goes from 0 to 0 in three steps. Step 1: Draw the grid. Step 2: Draw
the lines for your diagram. Step 3: Associate each line with numerical factors. Step 4:
Multiply the numbers for each line together, and tack on generic factors.

6.5 Special cases and limits

In this section, we examine various special cases of the result we found in the previous
section. Of particular biological relevance are the steady state probability distribution and
various special cases of it, including the limiting distributions described earlier in Sec. [6.2.3]

To summarize our work from the previous section, we found that H has eigenstates In)
(where n € N) with energies F,, = yn which can be written in terms of the naive eigenstates
n; g) via

In) = |n;0) + Z Z d*\/(n+ 1), dpi, I+ ks i)

S . . (6.108)
= |n;0>+2dk\/(n+1)k Z UL 1 n 4 ki)
k=1 T

(kv + ixs) (v + i1s)

©1,..,0=0,1

and eigenstates |n + s/v) with energies E, = yn + s that can be written in terms of naive
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eigenstates as

I+ s/v) =[n; 1)+ > Y d* N (n+ D iy, In+ ki)

k=1 1,=0,1

~ 1) +dem S e T gy

(ky—s+1igs)  (y—s+118)

i1,e.0=0,1

(6.109)

For comparison with experiment, we are most interested in a special eigenstate: the eigen-
state with eigenvalue 0, which corresponds to the steady state probability distribution. Spe-
cializing the above, we have the ‘vacuum state’

Lipir 1 .
= |0;0) +de\/_ > ML) (6.110)

(kv + ixs) (v + i18)

i1,..,0=0,1

6.5.1 Steady state probability distribution

We can extract what we really care about—the probability distribution corresponding to Eq.
[6.110by either picking out coefficients, or invoking the Euclidean product as in Sec. [6.3.1]
For the states |z;S) (where z represents molecule number and S € {1,2} represents gene
state, rather than gene eigenstate), from which the naive eigenkets |n; g) can be constructed,
the Euclidean product can be defined via

<$1;Sl|$2;SQ>EU = (5x1,m2(551752 (6111)
so that
(218|113 9) o = 4 /% C(, p)Poiss(z, u)(7,)s - (6.112)

Either way, we find

ss(x S = ,I%kik_l 7-1510 —
s\ o) ROy, SR 0 G .
Poiss(z, i) kz:: (@, 1) . “%;:0 L (kBy+ies)  (y+is) " (6.113)

where A« := a7 — ay is the production rate difference. We can marginalize this result over
gene state by applying @] = (1,1)T on the left; doing so, we obtain

Pyo( > Toi, Ti.0
L — E C § : k=1 . i1 ‘
Poiss(x £ (1) —_ . (k7) (v +i15) (6.114)
=2 115000k —1=0,

The corresponding result for the (analytic) generating function, which is straightforward
to compute from this formula, is presented in Sec. [6.2.1] If we are only interested in the
steady state distribution marginalized over gene state, we can modify the Feynman rules we
presented earlier to compute it instead of the Hilbert space coefficients. These can be viewed
as the Feynman rules for ‘molecular number space’ rather than Hilbert space.
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Molecule number space Feynman rules

In order to compute the terms of order (Aa)* in the infinite series expansion of P,,(z)/Poiss(x, 1)
(c.f. Eq. [6.114)), draw all valid diagrams going from 0 to 0 in k steps according to the fol-
lowing rules, and add the numbers corresponding to each diagram.

1. Set up grid: Write out positions 0 through £ from left to right. Draw two parallel
horizontal lines above these labels to denote the 0 and 1 gene eigenstates. The diagram
will consist of k+ 1 vertices, each located at a horizontal {0, ..., k} position and vertical
gene eigenstate (lower or upper) position, and lines connecting those vertices.

2. Draw lines: Start on the bottom row (0). There are three possible moves: (i) if at 0,
you must next go to 1; (ii) if at 1, you can go to 0 next; (iii) if at 1, you can stay at 1.
The last vertex must be on the bottom row.

3. Numerical factors: Associate each move/line with a numerical factor. In particular,
associate the move from position m — 1 to position m with the factor:

o 01 flip —=2
s+ my
o 1 —1 stay:
s+ my

1
o 1 =0 flip: —
mry

4. Tack on generic factors: Multiply the numbers associated with each line together,
along with the generic factors (Aa)*Cy(z, i), to get the number corresponding to the
diagram you drew.

It appears that the appropriate correlation function for this problem is given by the function

. e Aa)cs  (Aa)?
old2jo) = = —# _ 2 < 6.115
L (s+7)y = 42 (G419)

where the inner product is defined analogously to before (c.f. Eq. [6.44) on molecule number
basis kets via
Oay

(xli) = B -

This function measures how much the steady state distribution deviates from a Poisson
distribution; it corresponds to the first nontrivial 0 — 0 diagram, which can be seen in the
upper left corner of Fig. [6.6l It may be possible to view this as the propagator for some
sort of quasiparticle (a transcripton?), but the advantages of such a view are not completely
clear. In the next few sections, we examine biologically relevant special cases and limits of

Eq. [0.114,

(6.116)
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First few diagrams for computing the steady state probability

Cy

s+ 2y

0 1 2
2 steps
Cyq Cy

s+2v s+3y

C3 1
s+ E
0 1 2 3 4 0 1 2 3 4
4 steps

Pss = Poisson X (1+,/\+/ \+--+)

Figure 6.6: First few Feynman diagrams contributing to Py(x), with the numerical factors
corresponding to each line shown explicitly. The overall result for Py (x) is obtained by
multiplying the sum of all diagrams by a Poisson distribution.

6.5.2 Equal switching rates

In the special case of equal switching rates, where k5 = kop, the exact solution simplifies
considerably. In this regime, we have

3 = k12k21 _ 1
s 4 (6.117)
ko — ki
=2
S

which means that all Feynman diagrams involving a 1 — 1 ‘stay’ line vanish. This leaves
only diagrams of the foom 0 —- 1,0 -1 —0,0 -1 — 0 — 1, and so on, i.e. the ‘zigzag’
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diagrams (see Fig. [6.7). In particular, for k even we have
k/2
3

0
q =

SO s+ )2v(s +37) - [s+ (k= Dlky
QI(C) 1=0

) (6.118)
ko = 0

k/2
1 03/

q =
B (v = 9)29(3y — ) [(k — 1)y — slky
and for k odd we have

qg,o =0
k+1)/2
Gho = o
T (s 295 +37) - [(k = Dl(s + k) "
(1) (6.119)
1 3
q =
(= 8293y = 5) - (k= 1)y(ky — 5)
Qi,l =0.
This allows us to write explicit formulas like
d*\/(n+ 1)y, &
In) =|n,0) + Z (n+ i In + k;0)
Ll (s y)2v(s+3y) - [s+ (k= D)lky
(6.120)

> d*/(n + 1), 72

" kzm;d (s +7)2v(s+37) - [(k = 1)7](s + k)

In+k; 1) .

The corresponding formula for the steady state probability distribution marginalized over
gene state is

Py(x) I:;/Q

Poiss(z, 1) =1 - ; (Aa)* (s+7)2v(s+37y) -+ [s+ (k — 1)v]ky

Cr(x,p) . (6.121)

Rewriting it in terms of Gamma functions, we have the formula

00 2m
Pule) (i N 1) 3 {&} Com(@. ) (6.122)
Poiss(x, 1) 2y 2) =14 mr (5 +1+ m)

m=

which makes it easy to compute that the steady state (analytic) generating function is

(é—j(g - 1)) (6.123)

1

1 4 B
e (S ) I,
vulo) = (27 i 2> [Aa(g - 1)} -

where I,,(z) is the modified Bessel function of the first kind.

In the case of equal switching rates, for sufficiently different oy and as the distribution
is generically bimodal with unequally sized peaks. In the limit of very large a; and as (i.e.
the continuous concentration limit discussed in Sec. , this asymmetry disappears, and
P,s becomes completely symmetric about the effective mean p (see Fig. .

N
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Special case Relevant diagrams Example

zigzag diagrams
k1o =kor /N4 NHMA+ - /\/\
balance beam diagrams
kg <hkor /N+/N+H/ N+ /L

Figure 6.7: Dominant Feynman diagrams in two special cases. When the gene switching
rates are equal (kjo = ko1), only the ‘zigzag’ diagrams are nonzero. When the gene switching
rates are very unequal (e.g. ki < ko1), the ‘balance beam’ diagrams contribute the leading
terms.

6.5.3 Very unequal switching rates

Suppose that k15 and k9; are very different—as is often the case in practice with bursty
transcription, where one gene state is considered ‘active’ and the other ‘inactive’. Without
loss of generality, let ko1 > kio, so that the 1 — 2 transition happens much more readily
than the 2 — 1 transition. Define r := kj3/ks; and note r < 1. In this regime, we are
interested in finding the steady state probability distribution to first order in r. Note that

o — k12kan _ r ~

° 7 (kia+ha)? 1420 +17 (6.124)
k21 — ]{512 1—r '

Cy = = ~1-—2r

_k21+7€12_1+7’N

to first order approximation in r. Hence, ¢35 ~ r and ¢4 ~ 1 at leading order. Then the
dominant diagrams contributing to the steady state probability sum have first step 0 — 1,
all intermediate steps 1 — 1, and last step 1 — 0.

There exists such a diagram for all & > 2, and its value is always (to first order in r)
proportional to r. We will call these ‘balance beam’ diagrams (see Fig. for a visual).
Then we have

Z TOik,1 . ,I‘ilo ~ TOl . Tll TIO
(ky)  (y+ids)  (ky)  2y+s)(y+s)

U150yl —1=0,1

1

(6.125)

173



so that our approximate formula for Pss(z) in the very unequal switching rates regime reads

ECOISILESS (%) Cil, ) (L - (6.126)

Poiss(x, p) ~

Like the negative binomial distribution, this distribution is somewhat heavy-tailed. This
extra variance is thought to be one of the more dramatic consequences of gene switching for
empirical single cell RNA counts distributions.

It should also be noted that this ‘dominant’ diagram kind of analysis recalls what one
often does in field theory, e.g. in studies of condensed matter systems [52]. This is one of
the advantages of this Feynman diagram way of thinking: various approximations can be
justified by observing in some regime that certain diagrams are dominant, and others can
be ignored.

The very unequal switching rates limit is closely related to the bursty / negative binomial
limit we mentioned in Sec. [6.2.3] Recall that the relevant parameter conditions are

052:0
@1-)00,]621-)00

b= ;:—1 held fixed (6.127)

21

w = @ held fixed
v

where b is called the burst size and w is called the burst frequency. Unfortunately, because
this limit requires keeping o /ko; held fixed, we cannot simply take the relevant limit of Eq.
6.126] Instead, we would have to start again with Eq. [6.114]

It turns out that a somewhat slicker way to recover the negative binomial limit is to use
the hypergeometric form of the (analytic) generating function, which we derive from Eq.

6.114] in Appendix [6.E] For ap = 0, it reads

3 2] (), . (6.128)

Vss(g) = - nl (ﬁ)

First, note that

(i) _ (l{flg—l—kfgl) ((k’lg—f-k’gl) +1) ((k12+k21) +n_1)
Y/ n v v v
z@(@H)...(@jLn_l) (6.129)
TN v

~(3)
gl
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in the large ko limit. Taking «y and ko large while keeping b and w held fixed,

NERIKC)
tE )

i ) (6.130)

=0

: {mr

which is precisely the generating function of a negative binomial distribution with p =

b/(1+b) and r = w.

22

wss

3

6.5.4 Switching much faster than degradation

If gene switching tends to happen much more frequently than degradation, so that s > =,
we can approximate the Feynman denominators (m+y + i,,8) & i,,s where i,, = 1, yielding
an asymptotic series in powers of 1/s:

1 C3Cq

_P@ g aee ] + L (a8 4 (An)ic Sl (613
Poiss(x, 1) s v T s? 3y 1842 ' '

In the s/v — oo limit, the distribution becomes exactly Poisson with mean . Intuitively,

gene switching happens so fast in this regime that the gene product only ‘feels’ the effective

transcription rate given by c. s, and the problem reduces to the familiar chemical birth-death

process.

6.5.5 Switching much slower than degradation

If degradation tends to happen much more frequently than gene switching, so that v > s,
we can approximate the Feynman denominators (mvy + i,,s) ~ m~y, yielding

P (x) Ao
m””z[ﬂy% DR

k=1 i1,eyifg—1=0,1

(6.132)

I8

A«
T m Ok(x7 :u)
y k:!
k=0

where the notation 2 means that the LHS is the 00 (upper left) entry of the 2 x 2 matrix
described by the RHS. We can sum this in closed form using the known formula for the
generating function of the Charlier polynomials (c.f. Eq. in Appendix to obtain
the beautiful approximate formula

Pulr) w0 [, | Aal® _aars (6.133)
Poiss(z, j1) TH
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Recall from Sec. that, when v > s, we expect the steady state probability distribution
to look like a mixture of two Poisson distributions (with means «;/v and ay/v). Because
switching is slow compared to the dynamics of production and degradation, on short time
scales the system looks like a birth-death process; the effect of switching is to move from one
Poisson distribution to the other.

Although this formula appears superficially different, it turns out to be ezactly the same
as a Poisson mixture. To see why, note that we can write

T = <f(10—f) 1—12f> (6.134)

where f := kij5/s. Diagonalizing T', we find that

=4 ) ) (0159

This representation makes it easy to take powers of T', which we can use to evaluate Eq.
6.132in a different way. We have

(TM) o= fA = HF+ (1= H=HF (6.136)

which means

Poiss(z, ) &= | 7 !
o] k 00 k
-1y [%ﬂ—f)} SO - DY {ﬂ—f)] L Cyan)
pung o L 7
_ fAa\”* Aa\ T
_ <1+<1 fM) e(lfham_f)(l_fw) o
H I
(6.137)

where we used the generating function of the Charlier polynomials (Eq. [6.209) in the last
step. Simplifying, we obtain

i A k12 Ao\ ®
Pys(2) %M_uew [@ <1+u> e‘k%%jtﬁ (1_.8 v ) ekizAf]
N S ' ’ : (6.138)

_ @ (061/’}/) e—al/'y + @ (Oég/’}/) e—ag/’y
s ! s x!

i.e. a Poisson mixture.
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6.6 The continuous concentration limit

Remarkably, by solving the birth-death-switching CME we have also solved a qualitatively
very different problem almost for free: the problem of coupling an Ornstein-Uhlenbeck-like
process to a switching gene, which corresponds to the continuous concentration limit of the
discrete birth-death process. The same ladder operator/diagrammatic approach we have just
followed works, with only minor changes.

The chemical birth-death process with additive noise [50] is governed by the Fokker-

Planck equation
OP(x,t) 0 02 9*P(x,t)
— = - — P(z,t —_—— 6.139
5 5y (@ = 12) P2, O] + —— (6.139)
where P(x,t) is the probability that the concentration of X molecules in the system is x € R
at time t, and where o > 0 is called the additive noise coefficient. It is equivalent to the
Ornstein-Uhlenbeck process up to a simple change of variables, which is most transparently

seen by noting that its stochastic trajectories follow the stochastic differential equation (SDE)
T =a—yx+ on(t) (6.140)

with n(t) a Gaussian white noise term. It is biologically interesting because, in the regime
where typical molecule numbers are large, it is reasonable to approximate the discrete
molecule number dynamics of the chemical birth-death process as the continuous concentra-
tion dynamics described by this Fokker-Planck equationﬂ

If we coupled this process to a switching gene, we would obtain the Fokker-Planck equa-
tions

(x,l,t) 0 0.2 82P(l’,1,t>
o1 72,t 0 7262P ,Q,t
% knP(z,1,t) = kiaP(2, 2,1) = o [(az = 72) P(2, 2, )] + - ——5— g;z)
(6.141)

with P(xz,i,t) denoting the probability that the system has concentration = € R and gene
state i € {1,2} at time t.
Analogously to before, we can first consider the problem without a switching gene (Eq.

6.139), and define the generating function via
o) :/ dx P(x,t)|z) . (6.142)

—00

If we introduce operators z, p that act as

T ) = h dx x c(z)|z)
/_OO (6.143)

/_00 dx — Gg(mx) |z)

o0

ple)

6Negative concentrations are allowed but are overwhelmingly improbable in the regime where this con-
tinuous model is used, i.e. assuming o/ > 1 so that typical molecule numbers are large.
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on a general state |¢), we can write the equation of motion satisfied by the generating
function in the form
01y)

ot
where the Hamiltonian operator is defined as

= Hyqo |1)) (6.144)

Hygo = pla—~v2)+ — p°. (6.145)

We can go on to derive ladder operators

A 1 o2
Am—rn i—p-2
o2 /2y [ a 274

~ o2

(6.146)

whose properties match those discussed in Sec. [6.3.1], which includes that we can write the
Hamiltonian in terms of them as

H=—v A*A. (6.147)

With that done, we have ladder operators for the continuous birth-death problem, as well
as the ones derived in Sec. for the switching gene problem. We can pose the coupled
problem in terms of them, as in Sec. 6.3.3] via

2
H=—-sB'B+pla—~i]+ %ﬁz

Ao P o kigk kor — k1o o ~
= —sBYB —~yAT A+ (ay —ay) p {B + 2B+ uB*B]
5 s (6.148)
Ao P — - ~ kiok kop — k1o A, ~
BB AtAy 102 4 {B Tl gy —12B+B}
a2 /2y s? s
= f{s + F]bda + E[int .
As before, we can simplify notation by defining the quantities
a1 — Q2
o /2y
kyok
cy 1= (6.149)
s
koy — ko
Cy = —=
s
so that the interaction Hamiltonian H;,; can be written as
Hipe = d AT [B VBt o+ c4B+B] . (6.150)
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But this is precisely the same interaction Hamiltonian we solved earlier (c.f. Eq. !
Because the method from here on out works in Hilbert space, rather than molecule number
space or concentration space, we can go on derive Feynman rules of exactly the same form.

We must do something slightly different only when we go from the generating function
to the probability distribution. The analogue to the Euclidean product (c.f. Eq. [6.58) is

(@116, 1= [ do cila)eata) (6.151)
and the relevant results (given no gene switching) can be summarized as

(x|) , = P(x,t)

— o, ()2 G i
(el =\ gy Hn \ (G2 (® = #) ) - Gauss { @, 5 (6.152)

Gauss(z,m, s°) :=
T V2ms?

where H,, denotes the nth Hermite polynomial. Continuing as before, we ﬁndﬂ

PSS(ZL', 57) — - 28 7 jikikfl Tl 0
pu— —|— — —_— “ .. 1 _’» .
2) K ;_‘: * (V o2 H) 2 by +ies) (7 +ias)

Gauss <:U, I, ‘2’7 i1 ,eeyin=0,1
(6.153)

e 252

k
A«

N

If we marginalize over gene state, we obtain

e (\/g(x - M)) ; Z :C(Z’;)l (7?1;13) '

i1yeeyl—1=0,1
(6.154)

~ k
Pys(z) 14

2
Gauss (SL‘, 1, %) k=2

Aa
%[y

One easily notes that the only difference between these results and the ones for the discrete
birth-death process are the substitutions

2
Poiss(x, 1) — Gauss (x, I, ;—)
~

7] ().

"See [53] for another interesting series expansion involving the Hermite polynomials. Thomas and Grima
study higher-order terms in the system size expansion of the CME; the Hermite polynomials seem to appear
essentially due to fact that (most) arbitrary CMEs can be locally approximated as a multivariate birth-death
process with additive noise.

(6.155)
Cr(z, p) —
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Because the birth-death process with additive noise (with the specific additive noise constant

o = V/2a) is the large p limit of the discrete birth-death process (see Fig. , there is an
alternative way to get this result. One merely needs to know that

11" T— U
Clz, p) 225 {—} o, ( ) (6.156)
V21 V21
so that Eq. |6.114] becomes Eq. [6.154] (with o = v/2a).

Color: continuous approximation Dashed: discrete result
o = 80 a1 = 100 a1 = 150 ) = 500
n
0.03 - [
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MRNA counts
Figure 6.8:  Comparison of the continuous approximation to the discrete birth-death-

switching result for equal switching rates as «; is varied. as = a3 —30, v =1, k1o = koy = 0.1.

The continuous result is symmetric about the effective mean p in all cases; the discrete result
approaches the continuous result as a; becomes large.

It is interesting to note that problems of similar form appear elsewhere. For example, by
specializing the parameter values of this problem, one finds that Eq. and Eq. [6.154]
can exactly describe the solution of an active matter run-and-tumble motion problem [54].
The precise correspondence is described in Table below.

Gene regulation problem Run-and-tumble problem
Concentration x Position z
Gene state ¢ € {1,2} Right-moving or left-moving
P(x,1,t) and P(z,2,t) Py(z,t) and Py(x,t)
Transcription rates aq, ag Self-propulsion speeds 3, —%5
Degradation rate vy Spring constant k

Gene switching rates kis, ko Direction switching rates 3, 5
Effective mean concentration pu = % Effective mean position g =0

Table 6.1: The parameter correspondence between the continuous birth-death-switching

problem considered here, and the run-and-tumble problem considered by Garcia-Millan and
Pruessner [54].
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6.7 Generalization to multistep splicing

Fortuitously, our approach to solving the birth-death-switching problem—a problem that
has been solved before [39] [40] 41], albeit using very different methods—straightforwardly
generalizes, so that we can solve a significantly more complicated problem that has not been
solved before. In this section, we consider more realistic transcription dynamics, involving
an arbitrary number of splicing steps that occur in a fixed order, coupled to a switching
gene.

Our plan of attack is the same as the one detailed in Sec. [6.2.4] The ladder operators for
pure gene switching are the same as before, so we will first find the ladder operators for the

dynamics of transcription and multistep splicing given a constitutively active gene. The list
of reactions and CME for the coupled problem are as stated in Sec. (c.f. Eq. 6.11)).

6.7.1 Representation theory of multistep splicing

Assuming a constitutively active gene, the reaction list for transcription and multistep splic-
ing (with NV splicing steps that occur in a fixed order) reads

g5 X,

(6.157)

where a parameterizes the transcription rate, [; parameterizes the rate of the ¢th splicing
step (for 0 < ¢ < N), and Sy parameterizes the mature RNA’s degradation rate. For
simplicity, we assume that the [3; are all distinct. Denote the state of this system using the
vector X := (zg, 21, ..., xn) € NV, If we use €; to denote the vector with a 1 in the jth place
and zeros elsewhere, we can write the CME for this system as

OP(x,t)
TR a[P(x — €, t) — P(x,1)]
+> Bl + 1)P(x+ € — €41, 1) — 2, P(x,1)] (6.158)

+ Oy [(xny + 1) P(x+ €n,t) — xnyP(x,1)] .

As before, we will reframe the problem in terms of a generating function in a certain Hilbert
space, where the dynamics are completely determined by a Hamiltonian operator. In terms
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of the Grassberger-Scheunert [49, 12] creation operators (a} := #; — 1), the Hamiltonian
operator H,,s of the multistep splicing problem reads

Hpo = g + 50 (flf —ag) ao+ B (a3 —ay)ar+ -+ Byo1 (f — ay_y) an—1 — Byagan

—aaf +Zﬁj il —af) a; — Byagan -

(6.159)
We are seeking operators satisfying the commutation relations (c.f. Eq. [6.38])
[A+ H,,.] = MA* '

where A > 0 is some constant with units of inverse time. A reasonable strategy is to compute
many commutators by hand, and combine them by trial and error in order to construct the
desired operators. Some commutator results that are useful for this purpose are:

Hfﬂ:ﬁ-&*—ﬁ- il j=0,.,N-1
[y, H] = v @
[a H]_—ﬁj aj—l—ﬁj,l dj,1 jzl,,N (6161)
R N Q
[ao, H] = a — Boao = —Bo (Go - —)
Bo

From the above, it is immediately clear that a3, is an up ladder operator (with constant Sy ),
and ag — (a/fp) is a down ladder operator (with constant ().

To find the rest, we can note that aj_, is an up ladder operator up to a correction
involving aj};; making that correction allows us to find an up ladder operator (with constant
Bn_1) that is a linear combination of af , and aj}. Similarly, we can find an up ladder
operator (with constant By_5) that is a linear combination of a} _,, a}_;, and ay. In
general, we have up ladder operators Aj (fori =0,...,N), where

AE = d;

; X Byn-1 .

At =gt +
N N1 By — By

; . Bn—2 . Bn-1 Bn—2 .

At —at 4 b e (6.162)
N=2 N2 Byo1 = B-s (ﬁN 1= By—2)(Bn — Bn-2)

ﬂ ﬁ] 1 +
By = B) - (Bia — Bi)

i=0,1,..,N.

s
‘“+
@4
_l’_
.Mz

Jj=i+1

One can apply the same argument to derive the down ladder operators, starting from Ay
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and constructing Ay last. We obtain

AO = ao — %

i Bo e a Bo

A= e Yt BB - )

A= a 51 Bo b A — a B 51 (6.163)

e M B = A (B - ﬁo) " BB — Bo) (B — B)

A N ( )ZHOC 50 @ ﬁj e Bica N

Ai = a; ;.
BB~ B (B o) +j20 =B (G By)

These ladder operators satisfy the important commutation properties:

~ ~

[Aju f{ms] ﬁ A
_l’_
J

(AT, H,.] = B; A (6.164)
I:Al’ A+] = 6 7j
forall 4,5 =0,1,..., N. We can write the Hamiltonian in terms of them as
H, =By AfAg— By AT Ay — - — By AfAy (6.165)

which looks like the Hamiltonian of (N +1) uncoupled harmonic oscillators or non-interacting
bosons. The energies of this Hamiltonian are

Ergnrynn = Bo no+ B ny+ -+ By ny (6.166)

with each n; € N. Using ladder operators or other methods, it is clear that the ground state
|0) (which has energy Ej .. o = 0) corresponds to the steady state probability distribution

.....

l‘l' e —p-l /J}é”oef.u‘o H}UVNef:uN

Poiss(x, pt) := (6.167)

x! Zo! xN!
where the components of the vector p are u; = a/f; for all 0 <i < N.

In what follows, it will be helpful to consider simple cases in order to get intuition for
the more general case. The ‘toy’ case of one splicing step (N = 1, two distinct species) has
ladder operators

A a
Ay i=ag — —

"

i - ﬁ a @ Bo
A =a ot 57

' b Bi—fo 50 B1(Br = Bo) (6.168)

X bo .

At =ar + at

’ 51 Bo
Af =af
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Properties like the canonical commutation relations and ladder operator decomposition of
the Hamiltonian are straightforward to verify in this case. The case of two splicing steps
(N = 2, three distinct species) has ladder operators

AQ = do — %
A ~ 60 ~ « /80
A =a; —
e B — Bo fo Bi(Br — o)
Ay =ty — By iy + Bo B1 Gy — a Bo P
B2 — B (B2 = B1)(B2 — Bo) Ba(B2 — Bo) (B2 — 1) (6.169)
A - Bo . Bo B N
At =qat + 7 af +
0 a0+51—50a1+(51—50)(52—50)a2
i=ategls o
A; = ay .

The reader may notice that, in these ladder operators, there are no analogues of the \/u
factors that appear in Eq. [6.36f Those factors appeared earlier in order to make Aand AT
Hermitian conjugates with respect to a certain inner product. Because we will only solve
for the steady state probability distribution, such an inner product, along with guaranteeing
the up and down ladder operators are Hermitian conjugates of one another, is not necessary.
Furthermore, it is not clear what the ‘correct’ choice of inner product is in this case, because
choosing one directly analogous to Eq. [6.44] (but using Eq. instead of a one-dimensional
Poisson distribution) does not seem to work.

6.7.2 Diagrammatic approach to exact solution

We will now use our ladder operators to reframe the coupled problem as in Sec. [6.3.3] and
proceed with a diagrammatic approach to the exact solution as in [6.4, The Hamiltonian of
the coupled problems reads

N-1
H=—sB"B+aaf+ Y p(af, —af)a; — Byagay
j=0
N (6.170)
=—sBYB - B;AlA; + (Aa) af [B+ 3B + B B] .

J=0

All we need to do in order to proceed is to express aj in terms of our ladder operators. In
the case of one splicing step, this is easy:

at = A — ﬁf)ﬁoﬁi (6.171)
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In case of two splicing steps:

. - Bo Bo -
+_ At — A+ AT .
G =4 N T B AR (6.172)

In general, for N splicing steps, we have

+ B ﬁjfl A+
ad = Af +Z ST Af (6.173)

To ease notation, we can write

N
af = g AT (6.174)
=0
and define the vector q = (qo, ..., qn) via
qo =1
o
B -5
G — PoB (6.175)
S (B Bo) (B2 — )
g = (—1) Bo-+- B (1<j<N)

(ﬁj _50)(53 Bg 1)

Hence, we have

A~

N N
H=—sB"B-Y BATA;+ (Aa)> qAf [B+ ;B + ,B'B]
— =

- (6.176)
= [:[s + ]f[ms + [:[int
where the interaction Hamiltonian ]f[m is defined to be
Hin = (Ac) qu [B+ ;BT +aBYB] . (6.177)
As before, we will work in terms of the naive eigenstates |n;g) = |ng,n1,...,nn;9). The

action of our ladder operators on these states is easily computed. We seek to calculate the
‘ground state’, which we will write as

0) = [0+ +0)=0;0)+ > > q"Vn! Q(n,g)[n;9) (6.178)
n#0 g=0,1

for some coefficients Q(n, g). Start by observing that

[0;0) = (Aa) cgzq]|ej, : (6.179)
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Next,

Hlei1) = — (s +8;) le;; 1) + (Aa)g:V2 [ [2€:;0) + 4 [2€;;1) ]
+(AQ)Z%[ l€; +€;0) +cale; +€551) ] . (6.180)
J#
This means that, to second order in (A«), the vacuum state is
5 ~ T
0) ~ 10;0) + (Aa);qisw jei: 1)
N
+ (AQ)Q\@ ;(%)2 [26i01T1()ﬁz) 12€;;0) + T ;ﬂf;&o_’_ N 12€;; 1)} (6.181)

Aa Z 44 ; |:T()1T10 |(5Z + GJ, 0> T11T10 |€i —f- 6]'; 1> :|
it ﬁ] + 6@)(5 + /BZ) (3 + Bj + BZ)(S + BZ)

The qualitative difference between this problem and the one-dimensional problem we solved
earlier, at least as far as this diagrammatic approach goes, is quickly becoming clear. Ear-
lier, we had to think about paths through gene eigenstate space (e.g. one diagram might
correspond to 0 — 1 — 0) when writing down our solution, but the ‘path’ through RNA
eigenstate space was simple. In the case of the vacuum state, it went 0 - 1 — 2 — .-+
with each increase corresponding to another application of the up ladder operator At

But in this case, each time we increment the RNA eigenstate number vector, we have
(N + 1) choices of up ladder operator. For example, among the second order terms there
is one that corresponds to first applying A , and then applying A+ The order of traversal
matters, because this is distinct from the term whose path involves first applying A , and
then A*—as one can see from the Feynman diagram denominators.

Continuing this procedure, we find that

_ 1 ) T; |I12 >
_ § E k n / § klk—1 . 310 s Uk
0) = 10:0+ (Ba) 5]1 “+ B+ s [Bj, + i1s] (6.182)

k=1 paths j i1,..

where the sum over paths should be understood as follows. For each & > 1, we sum over all
paths j of length & with elements in {0,1,..., N}, ie. j:= (j1, ..., jr) € {0,1,..., N}*. The
vector n := (ng, nq, ..., ny) counts the number of times that each integer i appears in a path,
ie.

= 1 (6.183)

i s.t. gi=r

for all 0 < r < N. The Hilbert space Feynman rules we obtain are almost the same as
before, up to this change involving considering paths through RNA eigenstate space.
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Hilbert space Feynman rules (multistep version)

In order to compute the coefficient of |n;g) in the infinite series expansion of |0) (c.f. Eq.
6.182)), draw all valid diagrams going from 0 to g € {0,1} in k = ng+ - - - ny steps according
to the following rules, and add the numbers corresponding to each diagram.

1.

Set up grid: Write out positions 0 through k from left to right. Draw two parallel
horizontal lines above these labels to denote the 0 and 1 gene eigenstates. The diagram
will consist of k+ 1 vertices, each located at a horizontal {0, ..., k} position and vertical
gene eigenstate (lower or upper) position, and lines connecting those vertices.

. Draw lines: Place the first vertex at horizontal position 0 and on the bottom row.

Fill in the following positions from left to right. There are three possible moves: (i) if
at 0, you must next go to 1; (ii) if at 1, you can go to 0 next; (iii) if at 1, you can stay
at 1. If g = 0, the last vertex must be on the bottom row. If g = 1, the last vertex
must be on the top row.

Numerical factors: Associate each move/line with a numerical factor. In particular,
associate the move from position m — 1 to position m with the factor:

. C3
e 0 — 1 flip:
s+ B+ + B
Cy
o 1 — 1 stay:
s+ 0+ + B
1
o 1 — 0 flip:
6j1+"'+/8jm

Sum over RNA paths: Write down all possible paths on {0, 1, ..., N}* of length & in
which each integer ¢ appears exactly n; times. Evaluate your diagram for all of these
paths (by multiplying the numbers associated with each line together) and sum the
contributions due to each path.

. Tack on generic factors: Multiply in the generic factors (a)*q®v/n! to get the

number corresponding to the diagram you drew.

6.7.3 Steady state probability distribution

Let us determine the steady state probability distribution corresponding to Eq. As
before, we can either invoke the Euclidean product or manually pick out coefficients in
molecule number space. For the states |x;S) (where x represents molecule number and
S € {1, 2} represents gene state, rather than gene eigenstate), from which the naive eigenkets
In; g) can be constructed, the Euclidean product can be defined via

(x1;511%2;52) g, = Ox1,%2081,55 (6.184)
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so that

(x; S|n; g) Va(x, p)Poiss(x, p) (y)s (6.185)

1
FEu — /n!
where V,,(x, ) denotes a novel generalization of the Charlier polynomials that we define and
discuss in Appendix Using this, we have

P.(x, Lipiy Tiy0 Ui
— =+ Aa (x e —
Poiss(x ,u, ; p%J H) n,.Z.,ik [ﬁjl + B, + 15| [ﬁjl + 18]

(6.186)
Marginalizing over gene state,
Py( To; Tiy0
_'_ AO{ ) k—1 . 1 : .
Forss(x, 1) ZZ M D G Al i
(6.187)

See Fig. for some representative distributions in the NV = 1 case, and how they compare
to numerical results obtained by finite state projection [44, [45]. It is interesting to note
that this result is the same as our one species solution (c.f. Eq. up to the following
replacements:

DRI
k=2 k=2 paths j
d* = (Aa)* (qo)™ -+ (qn)™ (6.188)
ky = B+ + B
Poiss(x, 1) — Poiss(x, p)

C’k(x, M) — Vno,...,nN (X, N’) .

We can write down our last set of Feynman rules for computing this steady state probability
distribution directly.

Molecule number space Feynman rules (multistep version)

In order to compute the terms of order (Aa)* in the infinite series expansion of Py (x)/Poiss(x, )
(c.f. Eq. [6.187), draw all valid diagrams going from 0 to 0 in k steps according to the fol-
lowing rules, and add the numbers corresponding to each diagram.

1. Set up grid: Write out positions 0 through £ from left to right. Draw two parallel
horizontal lines above these labels to denote the 0 and 1 gene eigenstates. The diagram
will consist of k+1 vertices, each located at a horizontal {0, ..., k} position and vertical
gene eigenstate (lower or upper) position, and lines connecting those vertices.
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2. Draw lines: Place the first vertex at horizontal position 0 and on the bottom row.
Fill in the following positions from left to right. There are three possible moves: (i) if
at 0, you must next go to 1; (ii) if at 1, you can go to 0 next; (iii) if at 1, you can stay
at 1. If g = 0, the last vertex must be on the bottom row. If g = 1, the last vertex
must be on the top row.

3. Numerical factors: Associate each move/line with a numerical factor. In particular,
associate the move from position m — 1 to position m with the factor:

. C3
e 0 — 1 flip:
s+ Bj + -+ B,
Cq
o 1 — 1 stay:
s+ B+ + B,
1
o 1 — 0 flip:
B+ 4 Bin,

4. Sum over RNA paths + generic factors: Write down all possible paths on
{0,1, ..., N}* of length k. Evaluate your diagram for all of these paths (by multiplying
the numbers associated with each line together) and sum the contributions due to each
path with the weights (Aa)*q™Vy(x, ) where n = (ny, ...,ny) counts the number of
times each integer ¢ appears in a given path.

6.7.4 Special cases

In this section, we will specialize our result for the steady state probability distribution in
various ways, just as we did earlier for the one species problem in Sec.

If we want to marginalize over x4, ..., xx, leaving only the distribution for the number z
of nascent RNA, we need the formula

D Valx, ) Poiss(x, p) = (Sn,0* Ony0) Cny (0, 110) Poiss(zo, o) - (6.189)
L1y, TN
Only the terms with ny = -+ = ny = 0 survive, converting the remaining polynomials to

Charlier polynomials and eliminating any paths other than the ones with all zeros. We end
up with

Pss(xo) . = k TOik_l ﬂlo
Poiss(xo, o) H Z (Bex) Cag(0, o) Z (ko) (Bo +i15) (6.190)

k=2 11

i.e. the result is the same as what we found in the one species problem (c.f. Eq. . This
makes sense, because the dynamics downstream of the nascent RNA species X should have
no impact on its distribution. More generally, if we were to marginalize over x,,11, ..., Ty,
leaving only xy, ..., x,,, the distribution would match the distribution for the multistep prob-
lem with m splicing steps.
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Figure 6.9: Comparison of the 2 species/1 splicing step (i.e. N = 1) result described by Eq.
6.187| against finite state projection (FSP) in a variety of parameter conditions. Unspliced
RNA corresponds to g, while spliced RNA corresponds to z;. In these cases, our formula
matches orthogonal numerical results quite well.

Meanwhile, if we want to marginalize over xy, ..., xy_1, leaving only the distribution for
the number xy of mature/fully processed RNA, we need the formula

N
Z Va(x, p) Poiss(x, p) = Cy (zn, i) Poiss(zy, pn) H [vj(\lf)] " (6.191)

Z0y- -y TN —1 k=0

Since all of the v](\’;) are nonzero, no paths vanish this time. We have

M: +ZZ (Aa)* q°C,, N (TN, ) X

Poiss(z
( N MN k=2 paths j

()] "™ Toiy_,  Tio
T S

U15eelh—1

(6.192)

Qualitatively, this formula indicates that the distribution of the mature RNA species Xy
1s affected by all of the preceding splicing steps—including how many steps there were,
and the associated rates. This observation is less trivial than it at first seems, since the
marginal steady state distribution of Xy for a constitutively active gene (which is a Poisson
distribution) is completely independent of upstream splicing dynamics.
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Let us move on to special parameter regimes of the full joint distribution. In the case of
very unequal switching rates (ko1 > ki2), we can argue as in Sec. that the ‘balance
beam’ Feynman diagrams contribute the most to first order in the switching rate ratio
7 := k12/ko1. The end result is analogous:

P n
P01ss +ZZ Aak Valx, 1)

k=2 paths j (6193)
r

- (ﬂjl—{_"'"i_ﬁjk) (ﬁjl+"'+ﬂjk71+8)"'(6j1+3) .

If switching is much faster than all of the §; (for 0 < i < N), we can again write an
asymptotic series in 1/s:

Py(x) 1 q*Va(x, p) 1
Potsste i) 1+ ;(Aa)%g Z B +0O (—) (6.194)

where n := €, +¢€;. Finally, if switching is much slower than all of the 3;, we can approximate
the Feynman denominators as (5;,+- - - §;,, +im$) = (B, +- - - 5;,.) and use the combinatorial
resultf] that

1 1 1
= _ 6.19
Z (6j1+"'+ﬁjk>"'(6j1 +Bj2) (6]&) nlﬁgo'” ]T\LIN ( 5)

paths j , n fixed
where we consider only paths of length k£ with the same sum vector n. Then our steady state
probability becomes

1+ Z — H { (Aa) qJT} S Va(xo ) (6.196)

P01ss

Using the formula for the generating function of these orthogonal polynomials (c.f. Eq. [6.246
in Appendix , we can sum this in closed form to obtain

N (Aa)

00

~

] (BT v (6.197)

P01ss
j=

Using a straightforward generalization of the argument from Sec. [6.5.5 we can show that
this interesting-looking formula is exactly equal to a Poisson mixture, i.e. that

k k
P (x) ~ %QPOiSS(X7 pi) + %Poiss(x, Ho) (6.198)

in this limit.

8This can be proved by induction.

191



6.8 Numerical implementation and validation

In this section, we explain how to implement the formulas presented in the previous sections
efficiently, and discuss typical numerical behavior.

The most important thing to note is that, while our results are formally correct (see e.g.
Appendix for a mathematical proof of the agreement between our birth-death-switching
result and the previously known result), they are likely not very useful for numerically im-
plementing the solution to these problems in large swaths of parameter space. In particular,
they are frequently numerically unstable, with the more general formulas presented in the
previous section somewhat more unstable than the birth-death-switching formulas.

This is essentially due to two reasons. The first reason is that our solutions were con-
structed as perturbative solutions in powers of Ac«; when this is not small-—as in the case in
most real situations—our implementations behave particularly poorly (Fig. [6.10p) because
one must compute a very large number of series terms in order to closely approximate the
correct answer. One is also likely to encounter overflow errors in taking large powers of Aa.

One might wonder whether our formulas are asymptotic expansions of the true result,
which would mean they formally diverge. This is not so. For example, in the birth-death-
switching case we have that C, ~ (z/u)", and that the Feynman diagram sums go like
1/(~"n!). Very roughly, we have

S-S em] w

Poiss(z, n! Qeff

The analysis is similar in the multistep case, where we instead obtain

i M] . (6.200)

=0 Qeff

Ps(x)

Poiss(x, ) P

The second reason is that additional instability arises due to the proliferation of time scales
(i.e. the 3;) in the multistep problem. When the 3; are all comparable, all of the Feynman
diagrams contribute, leading to a large number of terms being required to converge to the
correct answer.

Despite these instabilities, the formulas are still usable if their regime of validity is kept
in mind. We have found that computing the analytic generating function (Eq. and Eq.
, and then inverse fast Fourier transforming, tends to produce more stable results than
using the state space formulas directly. This has the added advantage that one can bypass
numerically computing the orthogonal polynomials.

We explore runtime performance and stability in quantitative fashion for the birth-death-
switching solution in Fig. |6.10, Because the birth-death-switching problem has been solved
before (in particular in [40], by Huang et al.), we can assess the accuracy of our solution
formula (Eq. by comparing it to their hypergeometric solution formula. By sampling
physiologically plausible parameters and modulating the approximation order, we can com-
pute the precision and computational complexity of the solution; the details of the sampling
procedure are described in Appendix [6.F]
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The diagrammatic solution exhibits substantially weaker state space size dependence than
the hypergeometric solution (Fig. [6.10p), with nearly constant time complexity compared
to the O(N%) complexity of the Huang solution in the relevant domain. The runtime
dependence on order of approximation is approximately linear (Fig. [6.10b). In the low-
A« region, the diagrammatic solution recapitulates the analytical solution quite well, as
quantified using the Kullback-Leibler and Kolmogorov-Smirnov divergence measures (Fig.
—d). Therefore, the algorithm performance suggests natural applications to the design
of adaptive solvers, with the diagrammatic solution used as much as possible in the low-Aa«
regime. Finally, we note that the slow-switching Poisson mixture approximation given in
Eq. generally underperforms the diagrammatic solution.

But, as we might have anticipated, the discrepancy between the ‘ground truth’ Huang
result and our solution formula increases sharply as A« gets large. This is clear from the large
Kullback-Leibler divergence (Fig. [6.10c) and Kolmogorov-Smirnov distance (Fig. [6.10d)
values in this regime.

In conclusion, the solution formulas have proven useful tools for examining the qualitative
behavior of the models in various regimes (e.g. as we did in Sec. and Sec. , and
can be used to obtain reliable theoretical results for observables like moments. But the series
themselves are numerically poorly conditioned, and can be somewhat slow in the multistep
case (where one must sum over many ‘paths’), and so are not appropriate for tasks like
parameter inference on RNA counts data. In the second part of this two part article [1], we
present an alternative approach that has better numerical properties.

193



a ® Huang b
® n=5

1072 n=14
(7} n=41 (%)
o~ n=119 ~
(] (]
£ € oo
e} » e}
g 10-3 . il - g :\':
m :."I"" x

10! . 102 10! . X 102
state space size approximation order
C | __ Poisson d 104 —
-

1072
[J) -2 |
g o 10
%).110‘5 g 10-5 4
= S
D 108 0 19-8 4
= 35
3 10-11 LQ 10-11
X

10-14 1 10-14 4

o~
10-3 10~ 10-1 100 10! 102 10-3 10~ 10-1 100 10! 10
a1 — Qa9 a1 — a9

Figure 6.10: Exploration of birth-death-switching solution performance and stability. For
many randomly sampled parameter sets, we evaluated the effective state space size, runtime,
and accuracy. Each dot corresponds to a different parameter set. See Appendix for
details on the parameter sampling procedure and definition of state space size. (a) Runtime
comparison between the ground truth hypergeometric solution from Huang et al. [40] and
the diagrammatic estimates as a function of state space size, computing only the first n terms
of Eq. (b) Runtime comparison for the diagrammatic estimates as a function of approx-
imation order. (c) Cumulative 98th percentile of the Kullback-Leibler divergence between
estimates and ground truth as a function of |A«/| (colors correspond to colors in (b); red rep-
resents trivial Poisson solution). (d) Cumulative 98th percentile of the Kolmogorov-Smirnov
divergence between estimates and ground truth as a function of |A«a| (colors correspond to
colors in (b)). The last two panels confirm that increasing Aa makes convergence much
slower, which in practice could mean inaccurate numerical results when computing Eq.
to fixed order.
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6.9 Discussion

Using a novel theoretical methodology inspired by quantum mechanics, we have solved sev-
eral complicated problems in stochastic chemical kinetics exactly: the chemical birth-death
process coupled to a switching gene, the chemical birth-death process with additive noise
coupled to a switching gene (the continuous limit of the former model), and a more realistic
model of transcription involving a switching gene and an arbitrary number of downstream
splicing steps. We also uncovered tantalizing formal connections between chemical kinetics
and quantum physics: the dynamics of a system involving RNA production and degrada-
tion coupled to a switching gene looks much like the dynamics of a system involving non-
interacting bosons coupled to a fermion, for example. Unfortunately, the instability of these
solution formulas renders them inadequate for practical purposes like parameter inference.
We will address this deficiency further in part II [1].

There are various potential directions for generalizing this approach, some of which we
have pointed out earlier in the paper. Most obviously, the idea of expressing a system’s
Hamiltonian in terms of ‘natural’ ladder operators, and rewriting it in terms of ‘free’ Hamil-
tonians and an interaction term, is broadly applicable—whether or not a switching gene is
involved. In the context of stochastic chemical kinetics and gene regulation, birth-death-like
processes like the ones we have studied here may be an appropriate choice of free Hamilto-
nian, with the interaction terms corresponding to dynamics we currently do not know how to
solve exactly. Notably, in most cases we cannot exactly solve dynamics involving molecular
binding/unbinding [13]. One expects nonlinear operator products like /111212/1; to appear in
the interaction term in such cases.

Closer in spirit to our current results, one expects the ability to generalize to (i) more
than two gene states, and (ii) more realistic transcription and splicing dynamics. Multistate
models have been solved in at least one special case [55], but it is expected that such a
generalization would be highly nontrivial. It is not immediately obvious how to generalize
to more than two gene states while maintaining nice anti-commutation properties for the
switching-associated ladder operators; we offer some reflection on this problem towards the
end of Appendix On the other hand, generalizing to more complicated models of tran-
scription and splicing, involving branching splicing topologies and even alternative splicing,
seems more straightforward. The main difficulty would be understanding the representa-
tion theory of this more general problem, which in some sense means reckoning with the
representation theory of so-called monomolecular reaction networks [11, [12] (the natural
multi-species generalization of the birth-death process).

One unexpected strength of our method is that the problem it treats is fairly abstract.
Although we took our main CME (Eq. to represent RNA dynamics coupled to a
switching gene, almost the exact same equation can be used to describe a more granular
model of transcription involving RNA polymerase molecules that hop sequentially along a
gene [56]. Also, as pointed out at the end of Sec. [6.6] the continuous limit of our model
corresponds exactly to a model of active matter run-and-tumble motion [54]. This suggests
our techniques may be useful for solving a broad range of stochastic physical and biological
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problems.

Lastly, we must emphasize the surprising applicability of quantum mechanics-like operator-
based approaches, and the natural appearance of objects that resemble Feynman diagrams.
There are probably many more results (in both stochastic gene regulation and studies of
active matter dynamics) that can be derived by exploiting useful parallels between quantum
mechanics and stochastic chemical reaction dynamics, as several pieces of past work have

suggested [51), 57, 50, B8] [59).
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6.A Charlier polynomials

In this appendix, we will define the Charlier polynomials and describe their properties. It
is useful to view them as a discrete analogue to the more familiar Hermite polynomials;
in particular, the Charlier polynomials relate to the Poisson distribution the same way that
Hermite polynomials relate to the normal distribution. Moreover, they reduce to the Hermite
polynomials in the same limit that the Poisson distribution reduces to a normal distribution.

Given a parameter ¢ > 0 and a nonnegative integer n, define the nth Charlier polynomial
Cy(z, p) for all > 0 via the Rodrigues formula

1
(1) = ———— [~ V]" Poi , .201
Ch(z, 1) POISS(%M)[ V" Poiss(z, 1) (6.201)
where we recall that
. pret
Poiss(x, ) 1= — (6.202)
z!

and where V is the backward difference operator that acts on a discrete-valued function f
according to

Vix):=f(x)— flx—1). (6.203)

For example, to obtain C4(x, 1), we compute
Poiss(z — 1, ) — Poiss(x, 1) ~Poiss(z, u) — Poiss(z, 1) T
Poiss(x, 1) B Poiss(x, ) Cu

Ci(z,p) = —1. (6.204)

From the point of view of our ladder operator solution of the chemical birth-death process,
this definition of C,,(x, 1) arises from taking

A-F n n
) = (ol 2 10) =/ el G- 1" 1) (6:20)
and defining
Co(@, ) = (z[ (A = 1)" [0) . (6.206)
In our convention, the first few Charlier polynomials are
00<x7ﬂ) =1
x
Ci(x,p)=——1
1 (2, ) .
2 1 2
Co(x,p) = :c_2 - {—2 + —] x+1 (6.207)
M M H
53 1 1 3 2
Cg(x,u):x—s——z {14——] o+ = [3+—+—2]:1:—1.
M M M H I

In general, the nth Charlier polynomial will be an nth order polynomial in  which asymp-
totically goes like (z/p)".
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First four Charlier polynomials (u = 10)
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Figure 6.11: The first few Charlier polynomials (Cy, Cy, Cy, C3) for = 10. For x somewhat
larger than p, we can see that C,, ~ (x/u)".

Two results are particularly useful for deriving various properties of the Charlier polyno-
mials. One is its generating function G¢(t, z) (not to be confused with probability generating
function seen elsewhere in this paper), defined via

Golt,z) == fj Cnl@spt) o (6.208)

n!
n=0

Using the Rodrigues formula (Eq. [6.201]), we can show that

_ Poiss(x — n, ) t"
t )
e g p (6.209)

(
(

n=0
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Another useful result comes from a novel integral representation of the Poisson distributionﬂ

_ * dy  eTE
POISS(I’,M) = /_OO % m . (6210)
Applying the Rodrigues formula to it, we can derive the integral representation
1 * dz (—iz)"e =
Colo,p) = ——— | =22 ° 6.211
(z, 1) Poiss(x, 1) /_OO 2 (1 —iz)=*! ( )

which, incidentally, offers another method for explicitly computing G¢(t, ).
One property of the Charlier polynomials that we will use is that

Y Cula,p)g
=0

a result that can be derived using our expression for G¢(t, ). To do so, note that

>N Cula,w)g” Mw;,_ ug => g (GRS ;t) et

To—H
= (g — 1)"et97D (6.212)

n=0 =0 ’ ’ z=0
=exp{g(p+1t)—t—p} (6.213)
(g — 1
— olg-1) Z (9
n=0

and match the coefficients of ™. This property, along with our formula for G¢(¢, ), can be
used to derive what is probably the most important property of the Charlier polynomials:
that they are orthogonal with respect to a Poisson weight function, i.e.

|
ZC x, 1) Cr (2, pv) Poiss(z, pu) = Zn Snm - (6.214)

This orthogonality relation offers an alternative way to view the resolution of the identity
described by Eq. [6.52]

Other properties that are useful to establish include that the Charlier polynomials obey
a recurrence relation in z, and that they reduce to Hermite polynomials in the large p limit.
To establish the recurrence relation, it is easiest to solve the birth-death CME (Eq.
via separation of variables. Given that we already know the allowed energies E,, (c.f. Eq.

6.40) and steady state distribution (c.f. Eq. [6.39)), we can substitute the ansatz
P(z,t) = Cy(x, p)Poiss(z, u)e ™ (6.215)
into the time-dependent CME to derive (after simplifying)

—nCh(x,p) = p[Culz + 1, p) — Cu(, 1)
+z[Cp(x — 1, u) — Cplz, p)] -

9See Gradshteyn and Ryzhik [60] (ET I 118(3), in section 3.382, on pg. 365).

(6.216)
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In addition to offering another way to define the Charlier polynomials, this recurrence relation
also offers one numerically efficient way to determine their values. Meanwhile, the large u
behavior of the Charlier polynomials is described by

(V)" Co(, ) 225 (%)TLH” (I\/_Q_:) (6.217)
Ge(Vi t,x) *5 Gy (% %) ’

where Gy (t,y) denotes the generating function of the (physicists’) Hermite polynomials
H, (z), which reads

o] Hn
Gu(t,y) = Z n('y) " = Pt (6.218)
n=0 :

This can be established by straightforwardly approximating G (/i t, ). For large u, we
have that

Go(\ /i t,x) =e Vi (1 + #)x

_ ef\/ﬁtefclog[lJrﬁ] (6.219)

~ e_\/ﬁtex[ﬁ_%ﬂ]
where we have expanded the logarithm to second order. Approximating x ~ u in the ¢?

term, we have

¢ 42 ot 2
ef\/ﬁtex[ﬁ 2M] ~ e VR R 2

et)
= exp - —
N
x_ﬂ( " ) ( " )2 (6.220)
=exp{ 2 — ] = | —=
V2p \V2 V2
t .
o (L)
V2 V2u
as desired. The reader may notice that the approximations that were necessary here are
the same as the ones required to show that a Poisson distribution reduces to a normal

distribution in the large g limit, i.e. it is necessary in both cases to truncate the Taylor
series of a logarithm and assume that = ~ p in part of the formula.
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6.B More on switching gene representation theory

Although the appearance of fermionic ladder operators in the solution of pure gene switching
dynamics may at first seem mysterious, there is a systematic approach to finding these
operators and deriving their properties. In this appendix, we discuss this approach, and
point towards how it might be generalized for problems involving more than two gene states.

The key insight is that the matrixlﬂ H, is infinitesimal stochastic, which means its
columns sum to zero. This forces one of the eigenvalues of H, to be zero, and the other
(assuming Hg # 0) to be strictly negative. Because its two eigenvalues are distinct, it is
diagonalizable, and can be written in the form

H,=—5sQDQ™* (6.221)

where we are using —s to denote the negative eigenvalue of H,, and where D is the diagonal

matrix
00
D = (O 1) . (6.222)
Trivially, we can observe that

D = (8 (1)) = ((1) 8) (8 (1)) - B*B (6.223)

where we have defined the matrices B and B*t. Various properties of B and B, including
their commutation relations, are obvious:

B€0 =0 Bel = €p
B+60 =€ B+€1 =0
{B,B}=B*+DB>=0 (6.224)

{B*,B*} = (B")*+(B*)*=0
(BB Y= BB*+ B B—1
where ey := (1,0)" and e; := (0,1)". These anticommutation properties are identical to
those satisfied by B and B*, and the action of B and BT on ey and e; looks like the action

of B and BT on the eigenvectors of H, (c.f. Eq. and Eq. [6.75)). This is no accident;
noting that

Hy=—s QB*BQ™' = —s (QBTQ™)(QBQ™) , (6.225)
we can define B := QBQj1 and Bt := QBTQ™', ie. B and B* are just a similarity
transformation away from B and B*. Various properties of B and B* follow trivially from
the properties of B and B™ listed in Eq. [6.224, For example,

QBQ'Qe; = Qey = Bu =y, (6.226)

10T this appendix, we will relax our convention of putting hats on matrices and arrows on vectors.
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since () constitutes a change of basis, e.g. Qeg = vy.

A ‘natural’” weight matrix W can be motivated by this idea that our system is simple up
to a change of basis. To force the eigenvectors v; of H, to be orthogonal, we can note that
the standard basis vectors e; are orthogonal, and that () changes from one basis set to the
other. In particular,

bij =€ e; = (Q v) (Q ') = o] (Q7TQ "y, (6.227)
so we should define W to be the symmetric matrix
W=Q Q. (6.228)

It is easy to see that B and B™ are Hermitian conjugates with respect to the inner product
induced by this weight matrix, e.g.

WB=Q"Q'QBQ ' =QBQ"QTTQ T = (BN QTQTTQ = (BY)'W .
(6.229)
In principle, it is straightforward to extend this idea to represent gene switching dynamics
involving more than two gene states. For example, for a three state gene switching problem
we might generically expect Hy to have three distinct eigenvalues: zero, and two distinct
strictly negative eigenvalues (because, as before, H; is infinitesimal stochastic). In that case,
H, can be diagonalized so that

0 0 0
H=Q[0 —x 0 |Q"

0 0 —X

00 000

=-NQl0o1o0lQt=XxQl0 0 0]Q

00 0 00 1 (6.230)

000\ /010 000\ /001
=-MnQl1 oo0lloo0o0]lQ@'=XxQ(00O0|]0O0O0]Q"

000/ \0 0O 1 00/ \0oO0OO

=—-)\ QéfélQ_l — A2 QB;B2Q_1

and we obtain matrices B; and E’f (for ¢ = 1,2) with similar properties as before. If we use
d;; to denote the matrix with a 1 in the (4, j)th place and zeros elsewhere, we can write

Bl = (501 Bf_ = (510

- - (6.231)
By = dpp B; = dyp

and note that the generalization to (N 4 1) gene states is clear.

If constructed in this way, one should be careful to note that the two sets anticommute
with themselves, but not necessarily with each other. For example, while By B + By B; = I,
we have

ByBf + B By = 601020 + 620001 = 621 # 0 (6.232)
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which is naively not what we would expect from ‘independent’ fermionic operators. Using
the same similarity transformation idea as before, we can define matrices

Bi = BZ -1
@ . © . (6.233)

B := QB Q"

that inherit the properties of the B; and B;r , so that
Hs - —)\1 BfBl - )\2 B;BQ ; (6234)

which looks like a decomposition of Hy in terms of two ‘independent’ fermions. Just like the
set {I, B, BT, BT B} formed a basis for the set of all 2 x 2 matrices, the set

{I,By, By, Bf, Bf , Bf By, Bj By, B} By, B By} (6.235)

forms a basis for the set of all 3 x 3 matrices. Supposing there are (N 4 1) gene states and
that H, has distinct eigenvalues, we could write

H,=—X\ BBy — - — Ay Bi;By (6.236)

and note that a basis for the space of all (N + 1) x (N + 1) matrices can be constructed
using B;, B}, and B B; (for all i, j), for a total of N>+ 2N 4+ 1 = (N + 1)? basis elements.
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6.C Tables of low order Feynman diagrams

Coet. Values Relevant diagrams
q?’o 0 no diagrams
0 C3
qi.1 S+ /
0 C3
q N —
20 (s+7)2y /\
0 C3C4
q /
- (s +7)(s +27)
0 C3Cy4
q
0 (s +7)(s +27)3v /_\
2 2
0 C3Cy C3
q +
R [ F ) CRE R PR o pory aYs
2 2
0 C3Cy C3 /o \
q +
o (s+M(s+29)(s+37)dy  (s+7)27(s +37)dy /\/\
3
0 C3Cy
q
o (5 +7)(s +27)(s +37) (s + 47) /
b a L oa NIV
(s+7)27(s+37)(s +4v)  (s+79)(s+27)37(s +4v)

Table 6.2: The first few coefficients q% , and the corresponding diagrams.
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Coeft. Values Relevant diagrams
Qi,o ~ 1 S \
Qil % -
q;,o 7(2’54_ s) K
2 (v —62)27 y Ci?v \/ -
o (v - 8)2073(37 = 7 27(6337 —5) VA
1 (v - 30247 -3y 7(276 ?f48)37 v 203- 3y \/7 _\/ -
i 72y - Sc)zcé(éw —5) _V\
e 5)270?6347(47 =5 "2y 363(47 - s) \/—\ —\
i -2y 02;7 o S)(;:VC?-1 3y -4y o \/»
+7(27 —C 350)237 Ay V
c c3ch

" (7 = 5)27(3y — s)4y ”

v 29(3y — )4y

ViV

Table 6.3: The first few coefficients q,iv , and the corresponding diagrams.
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6.D Multistep orthogonal polynomials

In this appendix, we define a new family of orthogonal polynomials that appear in the
solution of the multistep splicing dynamics problem, and discuss their properties. They gen-
eralize the Charlier polynomials in a natural way, and many Charlier polynomial properties
have analogues in this more general context.

Fix a natural number N > 0 and mean parameter g = (o, ..., i) € RV These
polynomials will be functions of x := (g, ..., zx) € N¥*1. Denote the polynomial associated
with the integer vector n := (ng, ny,...,nx) € NV by V,(x, ). We assume we have ‘ladder
operators’ made up of linear combinations of finite difference operators

Ly =Y o (-v)) i=0,1,..,N (6.237)

where v(¥ contains the coefficients of the ith ladder operator, e.g.

R . Bo R Bo B -
Af = af i :
0 ag + B — Bo ap + (ﬁl _ 50)(ﬂ2 - 60) 2 (6.238)

T
0) _ Bo Bo B
- V= <1 B1—Bo (51—50)(52—50)) ’

and where the backward difference operator V; acts on a function f(x) according to
Vif(x):= f(x) — f(zo,.cc,zi — 1, ..., zn) - (6.239)

The simplest way to define these polynomials is via the Rodrigues formula

ILV[ (zz)nk

k=0

Va(x, p) := Poiss(x, ) . (6.240)

Poiss(x, w)

This definition exactly corresponds to the fact that the eigenstates of the multistep splicing
problem can be constructed by repeatedly applying the up ladder operators:
121+ no A—l— nN
In) = A )™ (Ay) |0) (6.241)
V1! vnpy!
where we have used a mostly arbitrary normalization convention. In the N = 0 case, these
polynomials are just the Charlier polynomials. The first few polynomials in the N = 1 case
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are given by

Voo =1
Voi="—1
k1

Zo Bo 1 B

Vio= — + -
Ho o  Bi—Bop  Bi— Bo
2 1 2
Vo,zzx—;— [—Q—F—]xl—l—l
ui R 5 (6.242)
Vo= Tt Bo w(zi—1) =z (bitB)m B
1,1 = - —
topr B — Bo #% o Bi—DBo i Br— Do
Vao = 960(%2— 1) i < Bo >2 xl(x12_ 1) + 200 o 21
Ho B — Bo 251 Br — Bo to

261 o 25051 ﬂ+< o >2'

CBi—Boro  (Bi—Bo)?m B — Bo

In general, V;, will be a polynomial of order n; with respect to the variable x;, and of order
In| = ng + - -+ + ny overall. The leading term asymptotically goes like

(%)no 5 <21)w (6.243)

but other terms of the same order can appear (e.g. a term that goes like z? appears in
Vi1). As with the Charlier polynomials, two helpful results are the generating function and
a particular integral representation. Noting the representation of a multivariate Poisson
distribution via

Poiss( ) / dz ez
oiss(x =

M (2m) N+ (1 — 7)< 1 6w

dZO PPN dZN 6*7;/14020*"-*2'#1\],21\/ ( : )
B / (2m)NH+L (1 —idzg)®otl .o (1 —dzy)ontl )
we can apply the Rodrigues formula to find the integral representation
N N (k kg
Va ) 1 dz [Ti=o [_Z ijo Ug(‘ )Zj] et
% H) = Poiss(x, ) / (2m)N+1 (1-— iz)XJrl (6.245)

N ng i it s
_ 1 /dZO"‘dZN Hk:o |: Z] =0 ] :| e~ "Hozo KN ZN
D) -

(2m)N+1 (1 —izg)motl .o (1 —dzp)entl
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This can be used to derive the generating function

VD(X7 l‘l’) n

—Z

n!

G(z) =

[ 1 ] RSO
1+;Z”§k)zk et (6.246)
Tk _

:jz =M

<.
Il
o

- 7T

1 (k)
1+ —Zv](-k)zk e” LRl
Hj =

oy

<
Il
=)

This, in turn, can be used to derive the helpful identity

N N Nk
> Valx, p) g Poiss(x, p) = [ | [ng - 1>v§’“’] er(os=l)
x k=0 Lj=0
N
— ei(e—1) H [(g -1)- V(k)}"k

k=0

(6.247)

which can be used both to find the (analytic) generating function in the multistep problem
(c.f. Eq. [6.21) and to marginalize over variables by setting different g; = 1. To derive
marginal distributions in Sec. we use this fact to obtain the formulas

Z Va(x, p) Poiss(x, ) = (0ny .0 -+ Ony.,0)Cng (Zo, pto) Poiss(zo, po) (6.248)
1,y TN
and
N -
Z Va(x, p) Poiss(x, pu) = H [v](\]f)} Chy (N, un) Poiss(xy, uy) - (6.249)
Z0,.- ;TN —1 k=0

The formulas we have derived so far can be used to determine various special values of these
polynomials. For example, using the generating function (Eq. [6.246]) we can find that

Vn(O,u):(—Zv](-o)) (— U§N>> . (6.250)

J=0 j=0
Using Eq. [6.247, we can find that
V0.0, 0 (X5 1) = Cry (T, ) - (6.251)

What about orthogonality? Are V; and V}, orthogonal for n # n’? Perhaps surprisingly the
answer is no in general; for example, in the N = 1 case, Vjg and V{; are not orthogonal with
respect to a Poisson weight function:

5o

3 Vio(, ) Vor (. ) P, ) = - 0. (6.252)

0,21

208



It is true, however, that V5, and V,y are orthogonal when |n| # |n’| (which is not true in the
above case, where we have 0 +1 = 1+ 0). This can be argued using the generating function

(Eq. [6.246)).

6.E Consistency of current results with previous results

Previous work on the birth-death-switching problem (Iyer-Biswas et al. [39], Huang et al.
[40], and Cao and Grima [41]) found an exact analytic solution for the steady state generating
function 1s(g) given by

22 (g k1o s A a2 [
@ZJSS(Q):BV(Q 2 1Fy <£7_§_(9—1>> —en 1)2 :

where 1 F} denotes the confluent hypergeometric function of the first kind, and (a),, := a(a+
1)---(a+n—1) denotes the Pochhammer symbol/rising factorial. Naively, this result looks
quite different from ours, and does not involve Charlier polynomials or Feynman diagrams
at all. We have checked the numerical consistency of our work with previous work elsewhere
in this paper; in this appendix, we show that our result is mathematically identical to this
one.

First, we recall that our result for the probability generating function is

Yaslg) ="V 1+ [Aa(g-1)]" Y T((];"v) (77421;13) . (6.254)

i14eyip_1=0,1

The Feynman diagram part of this formula can be rewritten in terms of the transfer matrix
T and another matrix, which we arbitrarily denote using R:

R = L0 . 6.255
(6 0) (6.255)

Specifically, it is the 00 (upper left) entry of a certain product of 2 x 2 matrices, i.e.

Z Toi,., T 00 kI +rR|T---[I+rR]T (6.256)
w0 B (y+is) 7R (L) '
where 7 := s/ and [ is the 2 x 2 identity matrix. Also note that
_ ko + ko _ ko — aokya + askia + sk _ &x n Q2 (6.257)

Vs VS v v
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where in this context we define z := kj5/s. Now we can write

0o |:Ao¢(g—1)i| k
Vss(9) 00 a0 S kI +rR|T---[[+rR]T (6.258)
o 29-1) P k! (147

Let us rewrite the right-hand side by multiplying out the two infinite series involved term
by term (in powers of (g — 1)). The kth term dj of the (Cauchy) product reads

k—¢ ¢
L[tV [ER] gy mr e
’“_; (k—0)! 17 (C+r)-(1+7)
Aa P bt l+rRT---14+rR|T
- {7(9_ 1>] ZG—0 )1+ (6.259)
k
_[%(9_1)} "k vy W+ TrRT---[1+rR]T
- k! ;Q)”” C+r)-—(1+r)
We can simplify this using the surprising identity
ra(re+ 1) (re+ k= 1) oo o~ (kY 4 0+ 7R T---[1+rR]T
rr )t k=1 _;(5) () (4r) (6.260)
Doing so, we have
= [206 -] vara s 1) 4k - 1)
_22(g-1) ¥ rx(rx s (rax —
Vsslg) =7 ; k! rr 1) (r+ k—1) (6.261)

o A
—er ) R <rx,7’; — (g — 1)>
Y

which matches the previously published result. The remainder of this appendix is dedicated
to proving the unusual identity that allows us to make this simplification.
Lemma. Let f(¢) and ¢g(¢) denote the 00 and 10 entries of the ¢-fold matrix product

W+rRT---[14+rRT
C+r)y---(14+r)

(x(lo— ) 1 _121-)
n= (5 5)
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(6.262)

where

T :

(6.263)



Define

- (6.264)
Sio(k) == (I;) 2k g(0)
We have that
_ rx(r$+1)(rx+kj—1)
Soo(k) := k{fﬂ;) e (r+k—1) (6.265)
5’10<k) = Tk SOO(k)

for all integers k& > 0 (using the convention that the empty product is 1, so that Spo(0) = 1).
Proof. First, by definition, we note that f(¢) and g(¢) satisfy the recurrence relations

f&)=g(t-1)
14 (6.266)
9(0) = o= 2) (€= 1) + (1 = 20)g(¢ — 1)
for all £ > 1. Next, note that
f(0)=1
f(1)=0
_z(l—2x)
1) = r+1
g(0) =0 (6.267)
z(1—x)
9(1) = r+1
o(2) = 2z(1 —x)(1 — 22)

(r+1)(r+2)

We will proceed by induction. The k£ = 0 case is trivially true. The k = 1 case is easy to
show:

Soo(1) = 2f(0) + fF(1) = =

z(1—x) (6.268)
Si0(1) = zg(0) + g(1) 1
Assume our formulas for Spg and Sy hold up to some k. Now we have
k1
k+1
Soo(k +1) = A (4
wtis =3 (V7)o 0

(6.269)

— M (k1) +£i KIZ) + <€f1)} 2 f(p)
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where we have used Pascal’s identity. Rearranging, this becomes

Sooll + 1) =x§kj (’;") 2 f() kf( ) b £ (0)
— 2S00 (k +Z<> BP0+ 1)
= 2S00(k) + ; ( 5) "=t g(0) (6.270)

= JISQO(]C) + Slo(/{?)

which is exactly what we wanted. Now we will perform the induction step for Syo; it is
somewhat more involved. It begins as we argued for Sy:

Sio(k + 1) = ki (k ; 1) 2 g(0)

=0

=" +g(k+1) +g [(IZ) + (gf 1)] " ()

) o (6.271)
:xzz:;(?)I +Z(£_1) " g(0)
= x519(k) + i (IZ) 2" g0+ 1)
=0

where we have again used Pascal’s identity. The sum on the right is somewhat tricky to
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evaluate; denote it by S’. Using the recurrence relation relating g(¢ + 1) to f(¢) and g(¢),

pre C+14+7r
=3 () [ ] 90 0 2n0)
= ZE(l — ZE)S()()(]C) + (1 - QJI)Slo(k)

e 2 () e [ ] -+ - 20000)

(1 — 22)Sio(k)] {1— L }

kE+1+r

_.I_

k k—+¢ (4+1
(>xk£ +
+

e = D) + (1= 22)9(0)

B r k! -
E+1+r (k—0) ¢ (41

= [x(l — ]Z‘)SOO(]{:) + (1 - Qx)Slo(k)] {1 ok +g + 7}

e

-1

T k!

kAt l4r A (k== ((+1)!

gt +1)

= [2(1 — 2)Soo(k) + (1 — 22)S10(k)] [1 - H: H} - k:fﬂsw(k)

_ T 7“<1 — JI) [:ES()()(]{?) + SlO(k)] .

= .Z‘(l - $)S()0(]€) + (1 - 213)510(]6)
(6.272)
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Adding all the terms together yields that

= (1= ) [2So(k) + S10(k)] — ~——=g (1= ) [#S00(k) + So(k)]
k+1
k41 k(1 —x)
- r+k+1<1_$) [$+ r+k } Soo(k)
k+1 re+k
= ki T g el
(6.273)
which suffices to establish our result. O

6.F Numerical validation details

The validation of a method for the solution of a given system requires its characterization
under three criteria. Firstly, the runtime must be benchmarked against a known solution; we
implement the solution due to Huang et al. [40] (specifically, the hypergeometric generating
function solution given by Eq. . Secondly, the bounds on the error between the
estimate and the ground truth distribution must be estimated, particularly as a function
of the parameter domain. Finally, the switching gene problem necessitates the criterion of
nontriviality. Specifically, in parameter regimes with very slow gene state transition rates,
the solution is given by a mixture of two Poisson distributions, given by Eq. [6.198] Therefore,
it is necessary to confirm that the method outperforms this trivial and computationally facile
solution.

We explore the stationary solution of the chemical master equation. Since the time vari-
able is immaterial, the five-parameter system reduces to a four-parameter one (i.e. we have
aq, e, Y, k12, ka1). We set the degradation rate v to 1 with no loss of generality. Physically,
the production timescale is assumed to be rather shorter than the degradation timescale,
whereas the transition timescale is assumed to be longer. Therefore, we draw the a parame-
ters from a log-uniform distribution on [107!,10%] and the k parameters from a log-uniform
distribution on [1073,10Y].

Aside from the parameter values, the evaluation of the distributions requires a domain,
i.e., a distribution support {0,1,2,...,m}. One approach simulates the system for N cells,
considers the observations Y, ..., Yy collected after equilibration, and uses m < max; Y.
This method is rather natural, but problematic in practice, because simulation is substan-
tially more computationally expensive than the computation of distributions by any method.
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Instead, we adopt a heuristic method, inspired by previous literature in the field [61].
Specifically, given a distribution with mean p and standard deviation o, we implement
m < max(5, u + 40). Since p and o have simple analytical expressions for the two-state
switch (see Sec. , this procedure is substantially less computationally intensive. To
benchmark this choice of meta-parameters, we selected 1000 parameters and simulated N =
100 cells for each. Only 1.7% of m produced by the moment-based estimate were lower than
those produced by the simulation-based estimate, mostly restricted to low m (Fig. [6.12]).
Therefore, we adopt max(5, u + 40) as a conservative estimate for the state space upper
bound.

102 4
10? 4 °
L] [ ]
—— Maximum count
100 - . Theoretical clipped u+ 40

10° 10? 102
Empirical maximum copy number

Figure 6.12: Demonstration of the performance of the moment-based threshold against the
simulation maximum-based threshold for state space definition.

Thus, given a parameter vector and a state space {0,...,m}, we compute the solution
due to Huang et al. as the non-trivial ground truth, as well as the Poisson solution as
the trivial estimate, and compare them to the diagrammatic solution for various orders of
approximation. The ground truth solution requires m + 1 evaluations of the hypergeometric
function; therefore, we expect the runtime to be a strong function of the state space size.
Furthermore, the approximation runtime is a function of the approximation order. We
compute and report both dependence trends.

The divergence from the ground truth affords a choice of possible measures. We use the
Kullback-Leibler divergence and the Kolmogorov-Smirnov distance, with probabilities fixed
to a minimum value of 1071¢. However, raw divergences are somewhat uninformative for the
purpose of determining robust domains. Given the trend of roughly monotonically increasing
divergence as a function of |ay — as| (as seen in Fig. [6.10)), a natural choice reports the
maximum of all divergences up to a particular value of |a; — ca|. Intuitively, such a function
of |Aa] reports an estimate for an upper bound on error. For a given approximation order
and choice of acceptable error bound, the function immediately provides the upper bound
of the |Aa| domain that meets this error threshold.
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The maximum is not a particularly robust statistic, and is unstable to outliers. Instead,
we report the 98th percentile of all divergences up to a particular value of |A«|. Therefore,
such a trace is an estimate of the 98% confidence interval for the maximum error in the
domain. As the sampling density increases, this interval converges to the true one with
O(M~'/2) in the number of parameters sampled. We use 5000 parameter samples to estimate
the intervals.

This procedure lends itself especially easily to quantitative comparison with the trivial
Poisson solution. Specifically, if the divergence between ground truth and the diagrammatic
estimate is lower than the divergence between ground truth and the Poisson mixture estimate,
the diagrammatic estimate quantitatively outperforms the accuracy of the Poisson solution.
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Chapter 7

Analytic solution of chemical master equations involving gene switching.
II: Path integral approach to exact solution and applications to parameter infer-
ence

How can we solve the CME? Unlike in the previous chapters, here we are concerned with
developing an efficient numerical solution technique. We leverage the novel path integral
technique introduced in Chapter [5 to reduce the computation of steady state probability
distributions to (i) solving ODEs, and then (ii) doing an inverse Fourier transform. For this
specific class of problems (monomolecular reactions + gene switching), we greatly outper-
form competing approaches like finite state projection and stochastic simulations. Because
this approach is significantly faster than previously known approaches, it in principle allows
one to fit more complicated /realistic models to single cell RNA counts data.

Abstract: This is the second in a series of two papers on solving chemical master equations
involving gene switching. In the previous paper, we used a ladder operator approach inspired by
quantum mechanics to obtain exact analytic solutions to two biologically interesting problems.
However, the solutions we obtained were in the form of slowly converging infinite series, which are
not practical for purposes like parameter inference. In this paper, we used a completely orthogonal
theoretical approach—a state space path integral representation of the chemical master equation—
in order to derive different analytic solutions more appropriate for numerical implementations. We
show that this approach yields fast and stable implementations of the steady state solutions of these
problems, which outperform alternative approaches like finite state projection, and which can in
principle be used to interrogate transcription and splicing dynamics given single cell RNA counts
data. We illustrate this using simulated data from models of bursty transcription and splicing
involving one, two, and three species.
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7.1 Introduction

This is the second in a series of two papers on solving chemical master equations involving
a switching gene, particularly in the context of bursty models of transcription and splicing.
In the previous paper, we used a ladder operator method inspired by quantum mechanics
to derive exact perturbative solutions to a number of problems. We found solutions that
were informative, but not numerically stable. In this paper, we use a completely orthogonal
path integral method to solve the same problems, and develop numerically fast and efficient
implementations of these solutions. In other words, the previous paper tells us how to think
about the solutions to these models; this paper will offer a fast way to work with them in
practice, especially for purposes like parameter inference.

Parameter inference is currently a salient topic in biophysics and single cell biology,
especially given recent advances in obtaining single cell RNA counts data using fluorescence
or sequencing-based approaches. RNA counts can be recorded accurately enough to fit
probability distributions, which can be connected to mechanistic chemical master equation
(CME) models to learn about the kinetics and structure of the underlying biological processes
[1]. Given new work that has recorded not just how many RNA are in single cells, but how
many RNA with different numbers of introns removed are present [2, [3], it is in principle
possible to apply mechanistic models to counts data to learn about the dynamics of splicing—
and in turn, how splicing controls gene expression [4, 5l [6 [7, [§]. How many splicing steps
are typical? How quickly are introns removed, and how much does this differ across introns
and genes? Are introns usually removed in a fixed order, or a random order?

The ability to identify splicing topologies and parameters has far-reaching implications.
The estimation of splicing rates using a discrete and stochastic CME model produces results
orthogonal to conventional methods for probing intron removal kinetics [9], with broader ap-
plicability to transcriptome-wide, label-free single cell RNA-seq data. The explicit descrip-
tion of intermediate species permits finer identification of gene locus kinetics [10]. Finally,
the ability to simulate a system forward in time offers opportunities for mapping cellular
development and decisions [11].

discrete stochastic model single cell data

»O00c X1 2 . O{1 a2

for By Generates = Fit 5
It | W

DOOTE /a; b1 oy o I klg k21

Figure 7.1: The general problem considered in this paper. Given (steady state) simulated
RNA counts data generated by a CME model of bursty transcription and splicing, we must
correctly infer (non-dimensionalized) model parameters. The two species model is pictured
on the left, but our theoretical approach works for any number of splicing steps.
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In this work, we use our new path integral-based technique to explore the parameter
inference problem in the context of simple stochastic models of bursty transcription and
splicing (Fig. , and impose a number of restrictions to make it tractable. First, we use
‘clean’ simulated data, and assume the correct model is known a priori; this means that
our task is only to correctly infer parameters, and to do so in a way that runs quickly, is
numerically stable, and scales relatively well as we consider increasingly complex models.
Second, we assume that introns are spliced out in a fixed order (rather than in a random
or semi-random order), i.e. that we have a ‘linear’ path graph. Finally, we assume one
downstream RNA product, i.e. that there is no alternative splicing.

This paper is organized as follows. In Sec. [7.2 we briefly discuss utility of different
kinds of solutions to the CME for purposes like parameter inference, and the importance of
analytic approaches. In Sec. , we derive a set of ordinary differential equations (ODEs)
behind our new efficient numerical solution of the CME for this class of systems. In Sec. [7.4]
we validate our results and benchmark performance against other methods (like stochastic
simulations and finite state projection). In Sec. , we apply our new method to do fast
parameter inference on simulated data for the birth-death switching and multistep splicing
systems. In Sec. [7.6], we discuss implications and possible generalizations.

7.2 Numerical solutions of the CME

CME models are discrete and stochastic, and can only predict the probability of observing
different numbers of RNA inside a single cell at some future time, rather than the specific
number. In order to use these models to learn about real single cell data—especially single
cell RNA counts data—we need efficient ways to generate model predictions. In particular,
we need to generate the steady state probability distributions predicted by a CME model for
many different parameter sets, and compare them with experimental counts distributions.
The parameter set for which the CME distribution most closely matches the empirical dis-
tribution is considered the solution of the inference problem]

Model predictions typically needs to be generated for some large number of parameter
sets (thousands, tens of thousands, or more), so inefficient features of implementations accu-
mulate and make the fitting of models with many parameters in reasonable amounts of time
unrealistic. Without efficient implementations, only the simplest models can be compared
against data, limiting how much we can learn about the underlying structure and kinetics.

It is helpful to think of approaches to solving CME models as falling into three heuristic
classes: (i) simulation-based, (ii) solver-based, and (iii) analytic. Simulation-based methods
employ stochastic simulations (usually variants of the Gillespie algorithm /stochastic simu-

LOf course, the solution to an inference problem may not be unique, especially when the model in question
is ‘sloppy’ [12| 13| [14]. Although this issue must be dealt with carefully in general, it does not seem to be
significant here.
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lation algorithm [I5] [T6]) to sample the steady state probability distribution. Solver-based
methods, like finite state projection (FSP) [17, [18, [19], do not involve simulations but in-
stead attempt to solve the CME itself (or something equivalent to it) directly through a
numerical procedure. Analytic methods involve using various mathematical techniques (as
we did in the previous part), frequently method of characteristics solutions to a partial dif-
ferential equation describing the time evolution of the generating function, to write down a
closed-form solution to the problem.

1
:. e Analytic formulas
[
> \
> \
> \
Y \ CME solvers Simulation
4= \, ° methods
| &
o_ ®
O -~—~___ 0o b
e Tt n._‘__,‘____

Runtime

Figure 7.2: Implementation difficulty versus runtime. Simulation methods (green dots) are
easy to implement, but tend to be slow at generating CME solutions. CME solver methods
(blue dots) are harder to implement, and more problem-specific, but run faster. Analytic
methods (red dots) are the fastest possible approach, but exact solution formulas tend to be
extremely challenging to derive.

In choosing between these methods, one encounters two important trade-offs. The first
is between implementation difficulty and runtime. While stochastic simulation methods are
very easy to code, and while code for simulating one model can easily be adapted to simulate
another, they tend to be a very slow way to generate steady state probability distributions.
FSP, the paradigmatic numerical solver method, is both faster than stochastic simulation
approaches and somewhat harder to implement. Its code is also more problem-specific.
Because it involves exponentiating (or finding the null space of) a generically large matrix,
it scales somewhat poorly as state space size increases. Analytic approaches vary, but their
runtime is often quite fast: their runtime can scale linearly with state space size, or even be
approximately constant.

The other important trade-off is stability: although the analytic infinite series solution
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for the birth-death-switching problem presented Part I can in principle be computed very
quickly, it is not numerically stable, making it useless for parameter inference. It is harder
to make precise assertions about the stability of various solution approaches, but stochastic
simulations are generally quite stable (provided one runs enough simulations), while analytic
solutions can be more variable in their stability.

Solve ODEs to get Steady state
generating function prob. distribution

Zcie_ﬁis Yi e
el T

Figure 7.3: Our novel approach to numerically solving the CME for models of transcription
and splicing. We use a state space path integral representation of the CME to derive ODEs
satisfied by the generating function, which we solve numerically. Then we take an inverse
fast Fourier transform to obtain the steady state probability distribution.

Y1 = koY1 + kaYo + oy

Yz = k12Y1 — k12Ys + o Y,

In this paper, we take a hybrid approach in order to balance speed with stability. Using a
state space path integral representation of the CME [20], we find that the generating function
of the probability distribution (essentially, its discrete Fourier transform) satisfies a certain
set of ODEs. Instead of solving these ODEs analytically (which is likely to yield an unstable
series solution), we solve them numerically. Then we take the inverse fast Fourier transform
to obtain our result (Fig. . Because one can integrate ODEs and take an inverse Fourier
transform relatively quickly, the implementation is still very fast.

7.3 Path integral approach to analytic solutions

In this section, we present the path integral computations that lead to our numerical solver
algorithm. First, in Sec. [7.3.1] we define and present the calculations for solving the one
species birth-death-switching problem. While they are a special case of the more general
problem, seeing the derivation in a simpler context is helpful for developing a sense of how the
calculations work. Then, in Sec. [7.3.2] we define and present the calculations for solving the
general multi-species problem, involving bursty transcription and arbitrarily many splicing
steps. In Sec. [7.3.3] we simplify the multistep solution in the cases of one splicing step and
two splicing steps.
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7.3.1 Solution to birth-death-switching via path integral method

Let X denote the RNA species, and (G; and GG, the two possible gene states. RNA production
and degradation coupled to a switching gene can be modeled using the list of chemical
reactions

k21 k’12

Gl G2 Gg Gl

(7.1)
G S G+X GBG+X XLg

where ko1 and ki parameterize the rates of gene switching, a; and «sy parameterize the
transcription rate in each gene state, and v parameterizes the RNA’s degradation rate.

In this treatment of the birth-death-switching problem, it is helpful to imagine it as
involving three distinct species: RNA (z € N), the number of genes in the G state (a € N),
and the number of genes in the Gs state (b € N). Even though we are only interested in the
case with a + b =1 (since the gene is either in one state or the other), assuming a,b € N is
helpful for certain technical reasons.

Let P := P(xz,a,b,t;x0,a0,bo,to) denote the probability of transitioning from a state
with (xg, ag, by) at time ¢y to a state with (z,a,b) at time t. Without loss of generality, we
will assume ¢y = 0. Using the state space path integral developed in [20], we can write P as
the expression

dp1dA, dB dprdArdB
Z Z Z /pl 1 )T}EZW)TT T

Tl T —1 G14ees@7—1 b1, b

T
eXp {Z —ipg(rg — x4-1) — 1A(ap — ag—1) — iBe(by — by—1) (7.2)
=1

+ kora—1 At (€i(B‘Z_AZ) — 1) + k1abo_1 At (ei(A‘f_B‘f) — 1)
+ arara AL (e = 1) + asba At (€™ = 1) + 5w At (e — 1)}

where we have gone from ¢, = 0 to ¢ in 7" steps, with At := (t —t()/T".

The early parts of this calculation closely mirror the birth-death calculations presented
in Appendix A of [20]. First, collect terms proportional to x, (for £ = 1,...,7 — 1) and sum
over xy:

oo

Z exp { —iz¢ [pe — pes1 + iyAL (e7P — 1) }

xp=0 7.3
) (7.3)

1— e—ifwz [pe—Pe+1+i7At(€7ip“1—1>] )

The integrals over py (for £ =1,....,T — 1), as in Appendix A of [20], schematically take the
form "y
/ ope Sl . (7.4)

T 27 1— efixf[pefpe+1+i’yAt(efzpl+171)]
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If we treat this as a contour integra]ﬂ and use Cauchy’s integral formula to evaluate it, we
end up enforcing the constraint

Pe = pes1 — Atiry (e7 Pt — 1) (7.5)

for ¢ =1,...,T — 1, which makes each of py, ..., pr_; functions of py. In the small At limit
we are interested in, this constraint becomes the (backwards) ODE

p=—iy(e?—1) (7.6)
with initial condition p(0) = pr. If we define ¢ := e — 1, this simplifies to
g=ie?p=7(1-e?)=—q (7.7)

with initial condition ¢(0) = €T — 1. Solving this, we have
q(s) = P _ 1 = (eipT — 1) e * (7.8)

for s € [0,t]. Summing over a, and b, (for £ = 1,...,7 — 1) and enforcing constraints on A,
and By in similar fashion, we have ODEs

A= —ifkoy (P —1) + ay (" — 1)]

(7.9)
B——Z[k‘lg( AB)—l)—FOéQ( —1)]
Substitute in our expression for ¢”(*) — 1, and make the change of variables
Yi(s) = ¢4 Yy(s) := B (7.10)
Now we have
Vi = —kn Vi + ko Ys +aq (€T — 1) e Y,
1 2141 + Ka1 Y2 1 ( ) 1 (7.11)

Yo = k1oVi — k1oYa + g (eipT — 1) e " Y,

with initial condition Y;(0) = €*7 and Y5(0) = e'57.
What remains of our path integral is

P(x, a, b, t; xo, ag, bo, / / / dedATdBT e—ZPTI-HPOxo iAra+iAgao—iBrb+iBobo (7'12)

where
po = p(t) = (eipT — 1) et
Ap = A() (7.13)
BO = B(t) .

2Unfortunately, we must be somewhat cavalier about convergence. These integrals are not technically
well-defined without some sort of regulator analogous to the ie prescription from quantum field theory.
But since these solutions will be compared with alternative approaches known to work, this issue is not
particularly worrisome.
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Let us simplify things in three ways. First, we are interested in the solution marginalized
over gene state, so we can sum over a and b, i.e.

P(z,t; 20,0) Zszabtxo,ao,bo, 0)

a=0 b=0

/// dedATdBT _szx-l-zpo:co—i-onao-l—zBobo Ze—iATaZG—iBTb (7]_4)
a=0 b=0

= dpie_ipTx-l—ipozo dAT eiAO(AT)aO dBT eiBO(BT)bO
27 or 1 — e AT o2r 1 — e iBr

where we have written Ag(Ar) and By(Br) to emphasize that Ag and By are functions of
Ar and Brp respectively. Interpreting the integrals over Ay and Br as contour integrals
enforces A7 = By = 0, which affects Ay and By (via the ODE above) by changing the initial
conditions to Y1(0) = Y2(0) = 1.

Second, for numerical purposes the generating function (the discrete Fourier transform
of the probability distribution) is equally acceptable. Hence, we compute

[e.9]

Zezef’:P x,t; 20, 0)

=0

/de ipoxo+iAoao+iBobo Zei(epr)fE (715)

dp 61p0x0+ZAoao+ZBobo
/ 1 — ei0—pr)

This integral has the effect of enforcing the constraint pr = 6, which again affects the ODEs.
We have
w(é’, t) = exp {Z'pol’o + iAoaO + ’LBob[)} (716)

where py = (ew — 1) e 7 and Ay and B, are the solutions to the ODEs above at s = t.
Finally, we can simplify our answer by considering the solution at steady state, i.e. taking
t — oo. In this limit, our initial gene state does not matter, so we arbitrarily take ag = 1
and bg = 0. We also have pg = 0. Hence,

where Y] is the long time limit of the solution of

Yy = —kn Y1+ kaYs + oy (eie — 1) e Y

. " (7.18)
Vo = koY1 — kinYa 4+ as (e — 1) e Vs

with initial condition Y;(0) = Y5(0) = 1. Actually, since Y] and Y3 eventually converge to
the same value, we can write
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for any nonnegative coefficients f; and fo with f; + fo = 1. Although it is possible to
construct an infinite series solution of the above, we will leave the solution as-is, because this
set of ODEs is likely to offer a more numerically stable implementation than solving them
explicitly. If we did proceed, we would either recover one of our results from Part I, or the
previously known hypergeometric solution [21, 22].

7.3.2 Solution to multistep splicing plus switching via path integral method

Let X, denote unspliced/nascent RNA, X; denote RNA that has experienced one splic-
ing step (i.e. one intron has been removed), X, denote RNA that has experienced two
splicing steps, and so on. Assuming there are N splicing steps, let Xy denote the fully
processed /mature RNA. As before, let G; and G5 denote the two possible gene states.
Transcription coupled to a switching gene, with multiple downstream splicing steps, can be
modeled using the list of chemical reactions

G 2 G, Gy 25 @y
G125 Gy + Xo Gy =5 Go + X0 (7.20)
Xo 2 x, By x, By vy B

where ko; and ko parameterize the rates of gene switching, oy and as parameterize the
transcription rate in each gene state, 3; parameterizes the rate of the ith splicing step (for
0 <i < N), and fy parameterizes the mature RNA’s degradation rate.

This time, the model has N 4142 species: N +1 RNA species (x € N¥*1) and two gene
states (a,b € N). As before, we are interested in the probability P := P(x, a, b, t; X, ao, bo, to)
of transitioning from a state with (xo, ag, by) at time ¢y to a state with (x,a,b) at time ¢.

One can write down a path integral description of this problem similar to the one in
Sec. [7.3.1] with the main difference being more notational baggage. In order to distinguish
vector elements (i.e. x = (xg, 21, ...,Zn+1) from values of counts at the (-th time step, we
will indicate time step indices with superscripts. The path integral reads:

dAM dA dBT>N dp'! dp
-y Y = O

a),..,aT=1) p(1)  p(T—-1) j= O 20 (T
Tj e

T
exp {Z —ip® - [x — xED] — jA® [0 — q=D] — 5O [HO _ pe-D]
(=1

+ k‘21a(€—1)At [eiB(Z)—iA(Z) . 1] + k12b(g_1)At |:6,L'A(Z)_,L-B(g) B 1:|

+ apa VAL [ in) _ 1} + anb VAL [ 6 _ 1}

S [ S|
7=0
(7.21)
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where we have gone from tg = 0 to ¢ in T steps, with At := (t —t()/7. Proceeding as before,

ge) forall /=1,....,T —1and j =0,1,..., N. Then we integrate over pg-g)
forall/=1,...., T —1and 7 =0,1,..., N, again using Cauchy’s integral formula to evaluate

all of the contour integrals. If we define

we first sum over x

uj =P — 1 (7.22)

for j =0,1,..., N, we can write the set of backwards ODEs we obtain as

tp = —fo (uo — 1)
Uy = =P (uj — ujp) (7.23)
Uy = —Byun .

with u;(0) = <eip§'T) — 1), or equivalently u(0) = (eipm —

1) if we abuse notation slightly.
We are only actually interested in solving for ug(s), since po(s) is the only one of the p;(s)
coupled to the a and b variables; when we take the ¢ — oo limit, the dependence on the
other u;(s) will disappear.

The result for ug(s) turns out to be related to the coefficients of the up ladder operators

we found in Part I, along with the g; coefficients. We have

N
up(s) = e — 1 = quv(j) (e —1)e P (7.24)
5=0
where the g; are defined as
qo =1
-
LB -5
e BB (7.25)
S (B o) (B — 1)
oy BoBia |
¢ =(-1) (1<j<N)

(8; = Bo) -+ (B = Bi-1)

and the vectors v(*) (for all k =0, 1,..., N) are defined as

0 i<k
NI =k (7.26)

BrBi—1 .
(ﬁkwtl—ﬁk)‘?'(ﬁj_ﬂk) J = k.
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Continue as in the previous section: sum over the gene-state-related variables, integrate
over their corresponding momenta A® and B, and make the three simplifications we used
earlier (marginalize over gene states, compute the generating function, take the t — oo
limit). Finally, we obtain the ODEs

N
Vi = —kn Y1+ kaYs + oy Z Cje_ﬂjs Y,
0 (7.27)
Ya = k1Y) — koY + s Z Cjefﬁjs Y,
=0
with Y;(0) = Y2(0) = 1, with A ‘
¢; = q;vV) (e —1) . (7.28)

As in the one species case, the generating function is given by the long time limit of Y;(s)
(or any weighted sum of the long time limits of Y; and Y5 whose coefficients add to 1, i.e.

fi+ fa=1).

7.3.3 Special cases of multistep splicing solution

Let us unpack the solution we derived in the previous section for the two special cases that
will interest us most: the case of N =1 (i.e. one splicing step, two species), and N = 2 (i.e.
two splicing steps, three species). To ease notation slightly, we will write g; := e%.

The first few ¢; coefficients were given above, and do not depend on N. For N = 1, the

relevant vectors read

(0) _ 50 )
¥ (17 B1 = Bo (7.29)
vl =(0,1) .
Hence,
uo(s) = |(go—1) + 516—050 (g1 — 1)} e Pos _ ﬁ(gl — 1)e P (7.30)
so that
_ Bo
co:=(90—1)+7—2(n—-1
¢ = — Fo (g1 —1) .
B —Bo

When N = 2, we have

O _ (1 Bo Bor >
"B —Bo’ (B1 — Bo)(B2 — Bo)
v = (07 1, il ) (7.32)
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Hence,

BoBr
(81— Bo)(B2 = Bo)

up(s) = [(go -1+ (g1 — 1)+ (g2 —1) o Pos

51_60

__bo — b _ —Bis BoB1 \—pas
3 — B, {(gl 1)+ 5B (92 1)} e P15 4 e _m(gz e
(7.33)
so that
= — Po _ Bo B
co = (9o 1)—1—51_50(91 1)+(ﬂ1—ﬁo)(52—50)(92 1)
_ Bo B 51 B
“a- B — Bo {(91 1+ By — B (92 1)] (7.34)
Boh

“= (B2 = Bo)(B2 — B1) (g2 =1) -

7.4 Efficient implementation and validation

In this section, we discuss how to implement the ODE-based approach we derived in the
previous section to efficiently compute the steady state solutions of our transcription and
splicing models. We validate our results against stochastic simulations, finite state projec-
tion, and the hypergeometric solution [21], 22] of the one species problem.

Our basic task is to use the ODEs we derived (Eq. in the one species case, and Eq.
in the general case) to compute values of the generating function on the unit circle,
so that we can inverse Fourier transform the result to recover the steady state probability
distribution. There are various implementation tricks one can use to speed up computation.
Because ODE computations for different values of 8 are independent, we vectorized our ODE
integration routine over them so that they are computed in parallel. This prevents the use
of adaptive methods, but we found that the standard fourth order Runge Kutta method was
fast and stable. Because our probability distribution should be real rather than complex-
valued, we can halve runtime by using an inverse real fast Fourier transform (irfft) rather
than a standard inverse fast Fourier transform.

As mentioned earlier, we can integrate Y; and Y5 and compute the generating function
by using the long time limit of f1Y; + f2Y5 for any nonnegative coefficients f; and fy; with
f1 + fQ = 1. Empirically, we found that USiIlg f1 = ]{?12/<I{312 + k21) and fQ = ]{?21/(1{?12 + ]{?21)
lead to convergence much more quickly than other alternatives.

Qualitatively, the results obtained using our ODE approach match results obtained via
FSP (Fig. . As can be seen in Fig. , the results quantitatively agree with both FSP
and stochastic simulations. However, as the state space increases in size, it scales much
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Figure 7.4: Qualitative validation of the ODE approach against FSP. For a representative
parameter set, we computed the solution to the three species splicing problem and compared
various marginal distributions, finding no significant differences. LEFT: Marginals for the
first, second, and third RNA species obtained using both our ODE approach and FSP.

RIGHT: Marginals involving two species (zg, 1 ; %o, T2 ; *1,22) obtained using both our
ODE approach and FSP.

better than both competing methods; for some parameter regimes, FSP can take ten times
longer to evaluate, and stochastic simulations can take one hundred times longer.

7.5 Parameter inference on simulated data

In this section, we use our CME solver to do fast parameter inference on our models of tran-
scription and splicing (for the one species, two species, and three species models). Because
we can only infer non-dimensionalized parameter ratios from steady state data, we fix By = 1,
which is equivalent to working in time units where 5, = 1. Because the most common use
case of inference on real data will be when one transcription rate is very large and the other
is approximately zero, we will fix ap, = 0. This leaves the parameters oy, 31, (o, k12, ko1 for
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Figure 7.5: Performance and accuracy of our ODE-based implementation of the 2 species
(1 splicing step) model and 3 species (2 splicing steps) models. The first column shows
runtime as a function of state space size for many randomly sampled parameter sets. The
second column shows the Kullback-Leibler divergence for those same parameter sets. Where
D(ODE||FSP) and D(FSP||ODE) correspond means that the FSP and ODE methods
yield equally good approximations of one another. The last column shows KL divergence of

Gillespie vs ODE as a function of state space size.

us to infer.
A given fitting procedure began with generating a ground truth parameter set based on

randomly sampling from loguniform distributions that spanned three orders of magnitude.
Then we simulated data using N = 1000 cells using Gillespie’s algorithm. In order to fit
this data, we used a Kullback-Leibler-divergence-based cost function and a standard gradient
descent algorithm. Each cost function evaluation involved using the ODE method to generate
a steady state probability distribution. The initial guess was based on a method of moments
approach.

Results for the two species model are pictured in Fig. [7.6] The fitted distributions
qualitatively agree with the simulated data, and fitted parameters fairly closely match the
ground truth parameters. Not all parameters are expected to be equally identifiable. Since
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Figure 7.6: Parameter inference on the 2 species (1 splicing step) model given simulated
data (N = 1000 cells). Top: sample fits. Bottom: inferred parameters vs true parameters.
The black dots correspond to the result of inference, while the blue dots correspond to the
initial guess obtained via the method of moments.

gene state is usually not observable, from a moments point of view, k15 and ke; must be
extracted from high order moments. This suggests they are harder to identify, and matches
what we found.

Results are similar for the three species model (Fig. , which has a much larger state
space. As expected, parameter fits are slightly worse, but still quite close to the ground
truth. Overall, the fitting procedure yielded results that were fairly good for both models;
however, timing varied greatly between them. Fitting 20 parameter sets took on the order
of 15 minutes for the two species model, and on the order of several hours for the three
species model. This is mainly due to having to generate on the order of 1000 steady state
probability distributions before gradient descent converges.
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data (N = 1000 cells). Top: sample fits. Bottom: inferred parameters vs true parameters.
The black dots correspond to the result of inference, while the blue dots correspond to the
initial guess obtained via the method of moments.
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7.6 Discussion

Using a state space path integral approach inspired by quantum mechanics, we obtained
fast and stable numerical implementations of the steady state solutions of the birth-death-
switching and multistep splicing problems, and showed that their performance compares
favorably against existing alternatives (e.g. stochastic simulations, other analytic solutions,
and FSP). Independently of the derivation of these results, their open source implementations
are readily available for biophysicists and quantitative biologists to use for fitting simple
models of transcription and splicing dynamics given single cell RNA counts data.

The broad strokes of our path-integral-based technique—deriving ODEs for the steady
state generating function, solving them numerically, and then inverse fast Fourier transform-
ing the result—do not sensitively depend on the details of this particular problem. Unlike
our results in Part I, this approach seems particularly easy to generalize to more gene states
with some arbitrary switching topology. Instead of two coupled ODEs, one would end up
with as many ODEs as there are distinct gene states. Whether this kind of extension would
be useful remains to be seen, especially since the primary use case of these models is the two
state bursty parameter regime. Since one can evaluate these path integrals straightforwardly
given first order reactions in general, rather than just the monomolecular reactions we have
used here, it may also be possible to adapt this approach to include protein dynamics. On
the other hand, the time-dependent terms of the ODEs would no longer be simple sums of
exponentials, and their dependence on the ¢ may be harder to determine (or otherwise
deal with numerically).

One extension which is certainly possible is generalizing this approach to include splicing
topologies where (i) introns can be removed in an arbitrary order and (ii) alternative splicing
is allowed. As pointed out in the discussion of Part I, this primarily requires a better
understanding of the representation theory of monomolecular reaction networks (that is,
determining what replaces the g; coefficients and v(®) vectors in our ODEs).

In appraising both this work and the work we did on these problems in Part I, it is
interesting to note that there do not seem to be solutions to these problems which are
preferable both from a theoretical point of view and a numerical implementation point of
view. Rather, our part I solutions are preferable for investigating theoretical properties of
the solutions (e.g. computing moments and biologically relevant approximations), while the
approach we worked out here is much more suitable for parameter inference.

While we have made some progress on better understanding how to evaluate steady state
probability distributions for these problems in a numerically efficient way, we expect to run
into additional practical difficulties when fitting real RNA counts data. One generically
expects to run into severe identifiability-related problems, e.g. it may be hard to experi-
mentally distinguish RNA with one intron removed from RNA with two introns removed. It
may be necessary to compute probability distributions that assume such identifiability issues
arise, or else to come up with algorithms for inferring species identity given ambiguous data.
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Chapter 8

Epilogue

In this thesis, we studied analytic solutions of the chemical master equation—especially
using methods inspired by quantum mechanics. We were thoroughly able to understand
monomolecular reaction networks, which are in some sense the ‘harmonic oscillator’ of gene
regulation. Fortunately, despite the simplicity of these models, we were able to apply them
to learn something about transcription and splicing. We were even able to do this when
transcription is coupled to a bursty gene, which yields highly nontrivial stochastic dynamics.

The state space path integral, we have found, is a highly versatile tool for solving chemical
master equations, and it has been used to construct some of the most general solutions yet
known. Still, there is an unsatisfying fact that may be nagging at the back of our minds:
what about more realistic systems?

We have not treated systems involving binding (e.g. A + B — C') or translation (m —
m + p). Can the tools discussed in this thesis handle those problems? Some preliminary
work suggests that the answer is a definite yes for systems involving first order reactions
like translation. Heuristically, this is because systems involving only first order reactions
yield path integrals that can be solved using the ‘backwards ODE’ trick we have used in
a number of places. See Chapter [4] for some discussion of this. The eigenvalues/spectrum
of these systems also seems to be linearly spaced, which means a ladder operator approach
should work in principle, although the form of these ladder operators (in terms of more
basic creation and annihilation operators) may be quite complicated. Generically, it seems
that ladder operators for first order reaction networks may involve infinite sums of creation
and annihilation operators, unlike what we have dealt with in the case of monomolecular
processes.

Allowing binding reactions yields a much more difficult problem. The spectrum generi-
cally goes like n? instead of n, and ladder operator approaches probably do not work without
significant modification. Traditional approaches, like the method of characteristics, do not
work. Path integral methods may have potential, since the Gaussian integrals that appear
due binding (e.g. X + X — X would contribute a term like 2 in the Doi-Peliti action)
should be solvable. But there are some technical details that prevent us from having done so
already. Our main task here would be to create some analogue of the backwards ODE trick
(and hence reduce the computation of many integrals to just solving ODEs), which does not
work when there are binding reactions.

I suspect that, in the same way understanding in detail how to solve the birth-death
process lead to understanding the solution structure of monomolecular processes, thoroughly
studying a toy model involving translation or binding might lead to a general solution.
It would be quite theoretically satisfying to construct a solution of the CME for systems
involving any combination of monomolecular and bimolecular reactions: as we discussed in
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Chapter 2] this is essentially all biological systems of interest! However, such a solution would
almost certainly be impractical for numerical implementation; we will still need simulations.
Even if it exists, it may be highly unstable, and exhibit some analogue of chaos (so that
small changes in parameters dramatically change the probability distribution).

On the other hand, such a closed form solution may not exist. Such solutions generically
do not exist for interacting quantum field theories; why should they exist in this mathemat-
ically analogous case?

If one desires efficient numerical implementations for some practical purpose, like pa-
rameter inference, we have found that full CME solutions may not actually be particularly
helpful. What is helpful is almost solving the CME, and leaving its solution (or, more typ-
ically, the solution of its generating function) in terms of some ODE which can be solved
numerically. This approach combines the advantages of understanding a problem’s solution
structure with the stability associated with numerically integrating ODEs, and should be
explored further. Such approaches may offer promising results when combined with other
numerical solution methods, like simulations or finite state projection (for example, one can
imagine solving certain subsystems using the ODE approach, and combining the obtained
results with simulation results for a different subsystem).

We did not apply our methods to understand real data in this thesis, partly because
data involving distributions of partly spliced RNA is presently hard to come by. But the
data is coming. Quantitative single cell experiments continue to improve, and there is a
real need for theory that will permit us to reckon with their results. Biology has advanced
tremendously over the past decade, and we have especially improved our ability to do sensi-
tive high-throughput experiments and develop sophisticated algorithms for analyzing those
experiments. But it should be remembered that, as well as experiments and algorithms, we
need ideas.

We can measure and categorize as many cells as we like, so that we understand the
‘what’ questions. What is happening inside a cell when it undergoes a cell fate transition?
But ‘big picture’ aims of understanding these systems, like the robust control of cell fate for
applications in regenerative medicine, will remain elusive until we have a better handle on
different questions. How should we think about what happens inside a cell when it undergoes
a cell fate transition?

There is a need for theory. Exactly what form it should take to be most useful, I do not
know. Perhaps the CME does not offer the right foundation for thinking about stochastic
gene regulation. But there is a need for theoretical understanding of some kind. Something
that goes beyond what is, and suggests what could be. Something that suggests how to
think and compute. Something that tells us what the wrong but useful models of biological
systems are.

How should we think about one kind of cell turning into another kind of cell? How should
we think about cellular decision-making? How should we think about the relationship be-
tween descriptions of these systems at different scales? How should we think about emergent
features?

For now, I can only ask the questions.
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Chapter 9

Postscript: Who’s Afraid of Max Delbriick?

Labels say nothing about nature, but they do say something about the people studying it.
In practice, whether one calls oneself a physicist, biologist, or something else is thought to
have real sociological consequences—for getting academic jobs, getting funded, and getting
published, among other things. These questions of academic identity can become particularly
conspicuous for those researchers that work on the boundary of multiple disciplines, who
may for professional reasons feel the need to assert that they are a member of one tribe over
another.

As Martin notes in an account of the recent rise of condensed-matter physics, its success
“is a story of categories and why they matter.” Identifying condensed-matter physics as a
distinct subdiscipline “made a statement about the type of activity physics was supposed to
be”, and “drew a line between who was a physicist and who wasn’t”. Even the rebranding
of “solid-state physics” to “condensed-matter physics” in the 1960s and 1970s was an effort
to emphasize the intellectual value and conceptual unity of the field as much as it was
an attempt to accurately describe it [I]. Nowadays, with some flavor of condensed-matter
physics being the dominant activity of most working physicists, there is no longer any real
dispute regarding whether it counts as legitimate physics.

The story may be repeating again on the interface of physics and biology. In 2020, the
National Academies explicitly included “Biological Physics/The Physics of Living Systems”
for the first time in its decadal survey of US research [2], a sign that it is increasingly thought
of as truly a part of physics, rather than just physics applied to an outside subject. With
the confluence of recent breakthroughs in experimental techniques (e.g. CRISPR), the high-
throughput collection of multi-omic data, and the developing sophistication of algorithms for
‘big data’-style analyses, the field is poised for explosive growth in the twenty-first century.

But there remains significant confusion over the nature of the field, which is in part
reflected by the diversity of names in use. Here are a few:

biological physics, physics of living systems, biophysics, physical biology,
living state physics, living matter physics

The oldest of these terms is “biophysics”, which was proposed by Karl Pearson in his 1892
book The Grammar of Science. On the need to understand “the genesis of the living from
the lifeless”, he writes [3]:

“A branch of science is therefore needed dealing with the application of the
laws of inorganic phenomena, or Physics, to the development of organic forms.
This branch of science which endeavors to show that the facts of Biology . . .
constitute particular cases of general physical laws has been termed Atiology.
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It would perhaps be better to call it Bio-physics. This science does not appear
to have advanced very far at present, but it not improbably has an important
future.”

By 1920, the challenge of creating such a field seems to have been met, with Alexander
Forbes outlining his view of biophysics in a Science article and reporting the development
of a biophysics course at Harvard [4]. The next term to appear may be “physical biology”,
which seems to have been introduced by Walter Porstmann in a 1915 article [5]:

“It will be the function of this new branch of science to investigate biological
phenomena as regards their physical aspects, just as Physical Chemistry has
treated the physical aspects of chemical phenomena. Because this field has not
yet been systematically explored . . . the individual data of Physical Biology
appear, as yet, as more or less disconnected facts . . . As results gathered in this
disconnected fashion accumulate, the need of their unification into a harmonious
whole, into a distinct discipline of science, becomes more and more acutely felt.”

In 1925, the first textbook on physical biology—Alfred Lotka’s (of Lotka-Volterra fame)
Elements of Physical Biology—appeared. In it, he more than once distinguishes the project
of physical biology from that of biophysics, citing Forbes’ article and describing biophysics
as studying “the physics of individual life processes” (e.g. nerve conduction), and physical
biology as the application of physical principles to biology in a broader sense (and seemed
to have in mind modeling evolutionary dynamics as an example). “Physical biology would,
in this terminology, include biophysics as a subordinate province”, noted Lotka [6].

Being particular about labels was by no means exclusive to Lotka. Decades later, after
Nicolas Rashevsky spent a lifetime advancing what he called a “mathematical biophysics”
analogous to the more familiar mathematical physics, Rashevsky was invited to give a pres-
tigious lecture at the first Gordon Research Conference on “biomathematics”, which was
to be held in 1965. Recoiling at the term, Rashevsky wrote in a letter to the conference
organizer that it was an “etymological monstrosity” that gave the wrong sense of what the
field was about [7].

In the late 1960s and early 1970s, many physicists studying biological problems faced
“skepticism when presenting . . . at the Biophysical Society Meetings”; these mounting
frustrations led directly to the 1973 establishment of the American Physical Society’s Division
of Biological Physics [8]. One speculates that “biological physics” may have been chosen to
distinguish the organization from the culture of the Biophysical Society and “biophysics”,
which (then and now) has different connotations.

All of this is just to say that labels seem to have mattered historically to many of the
workers on the interface of physics and biology. Even now, the connotations of terms like
“biological physics” and “biophysics” differ for a variety of historical and sociological reasons.
The recently popularity of the “physics of living systems” label within the physics community
may be analogous to the “condensed-matter” rebranding of “solid-state physics”, its use
intending to situate the discipline as an activity within physics rather than outside or adjacent
to it.
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For the remainder of this essay, let us put aside the business of what this field might
be called. Regardless of its name, to what ethos should it aspire? In search of a spirit
of biological physics, it may be appropriate to reflect on the diverging experiences of two
physicists that turned to biology: Max Delbriick and Nicolas Rashevsky.

The case of Max Delbriick

Max Delbriick was born in Berlin in 1906, and matured amidst the scarcity and social
upheaval associated with the first World War. Although he began his university studies
interested in astronomy, exciting developments in quantum mechanics and the lamentable
state of German astronomy led him to pursue theoretical physics instead [9].

Delbriick completed his PhD thesis on a quantum mechanical treatment of the lithium
molecule in 1930, and continued to work on topics related to quantum mechanics until around
1937. He was accepted by the ‘insiders’ of physics, and wrote papers with luminaries like
Lise Meitner and George Gamow. The extent to which he was intimately familiar with the
movers and shakers of the day may be illustrated by the time he jokingly served as a butler
at a costume party thrown by Schrodinger [10].

But Delbriick’s primary research interests were not to remain in physics. Captivated
by a lecture given by Bohr in 1932 entitled “Light and Life”, Delbriick took very seriously
Bohr’s suggestion that there may be some manifestation of his complementarity principle in
biology. In particular, an organism can be viewed “either as a living organism or as a jumble
of molecules”, just as an electron can be viewed either as a particle or a wave; perhaps there is
some “mutually exclusive feature” of each description analogous to position and momentum
in quantum mechanics [9].

While working as a theoretical physicist for Lise Meitner, Delbriick moonlighted as a
biologist, and in 1935 published his first biology-related paper. In the 1940s, following a
Rockefeller Foundation-supported mutation research fellowship at Caltech, and with some
continued support from the foundation, Delbriick’s career in biology blossomed [10]. Over
the course of the decade, he published a landmark paper with Salvador Luria establishing
that Darwinian selection applies to bacteria; helped build the Phage Group, an intellectual
school and forebear of much of modern molecular biology; and began the legendary phage
course at Cold Spring Harbor Laboratory, intending to “spread the new gospel” [I1] of
bacteriophage work. For his community building and contributions to genetics, he received
a third of the 1969 Nobel Prize in Physiology or Medicine.

During the war, he was an instructor of physics at Vanderbilt University, but had a
rudimentary research lab in the biology department. While the arrangement was strange
for the time, Delbriick’s sterling physics credentials and the quality of his research output
yielded no complaints. In 1947, he left Vanderbilt to become a Professor of Biology at
Caltech, where he remained for the rest of his career [10].
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The case of Nicolas Rashevsky

Nicolas Rashevsky was born in 1899 in Chernigov, a small village in Ukraine. He was well-
educated—in literature and languages, for example—and learned voraciously. Already by
the age of 19, he had a PhD in theoretical physics from the University of Kiev. Afterwards,
Rashevsky was rapidly uprooted by the Russian Revolution, and by 1925 had moved to the
United States to work as a theoretical physicist at Westinghouse Electric Company.

Rashevsky did most of his work in theoretical physics in the 1920s, publishing on a variety
of fields: quantum mechanics, relativity, photomagnetism, thermionic emission, and colloidal
dynamics, to name a few. But a chance encounter at a “social occasion” with a biologist,
who described the reason for cell division as a mystery, piqued his interest in biological
problems. Soon enough, Rashevsky—reflecting on the absence of a biology analogue to the
then-well-established field of mathematical physics—in 1926 began dreaming of a similar
‘mathematization’ of biology [7, 12].

In the 1930s, Rashevsky concentrated his efforts fully on this project, and with Rockefeller
Foundation support found a position at the University of Chicago. He published on a variety
of problems, including nerve conduction, cell growth, and development. His first book-length
examination of “mathematical biophysics” as he envisioned it, Mathematical Biophysics:
Physicomathematical Foundations of Biology, was released in 1938 [13].

At the same time, Rashevsky ran into mounting obstacles. Facing a chilly reception in
mainstream biology journals, in 1939 he started the Bulletin of Mathematical Biophysics,
which housed the majority of his articles for the remainder of his career. Over the years,
he fought to maintain funding for the intellectual school he had founded at the University
of Chicago (the Committee on Mathematical Biology), for mathematical biology to receive
official recognition from the National Institutes of Health, and to maintain the independence
of his group from meddlesome university administrators. In many of these battles, he was
thwarted, or only partially successful. By the time of his death, he left a mixed scientific
legacy [7].

In some ways, the lives of Delbriick and Rashevsky were strikingly parallel. Both grew
up against a backdrop of war, both were trained as theoretical physicists and switched to
thinking primarily about biological problems in the 1930s, both received significant financial
support from the Rockefeller Foundation, and both were community builders and prolific re-
searchers. But Delbriick met mainstream acceptance, while Rashevsky encountered obstacle
after obstacle. Why?

Perhaps Delbriick was luckier, or had better connections. But one can readily identify two
marked differences in scientific philosophy that may have impacted their trajectories. Firstly,
Delbriick thought of himself more as a natural philosopher than a physicist or biologist [14],
whereas Rashevsky adhered strictly to the ethos of theoretical physics. Rashevsky was
interested in the ‘mathematization’ of biology not just for its practical utility, but for its
own sake [15]. Crudely, one might say that Delbriick pursued questions, while Rashevsky
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pursued an identity. Secondly, Delbriick was more willing to meet biologists halfway by
doing experiments and assiduously checking his hypotheses against the experimental results
of others.

There is something to be said for Rashevsky’s iron will, and his sturdy commitment to his
scientific vision in spite of all opposition. He was a trailblazer in the establishment of math-
ematical biology, and his efforts directly led to the founding of the Society for Mathematical
Biology [7]. But his dogmatic approach may have been alienating to many biologists.

A play by American playwright Edward Albee famously had the provocative title Who's
Afraid of Virginia Woolf?. Virginia Woolf was an English novelist whose plays often featured
themes of people in British high society living inauthentic lives under many masks. The title
of the play, in one interpretation, means: ‘Who’s afraid to live without illusions?’ [16]

Max Delbriick never seemed to worry about whether he was called a physicist or a
biologist. In fact, he seemed to delight in using one label or the other as it suited him. He saw
himself more akin to a natural philosopher, someone who pursues the ultimate truths about
the natural world regardless of what tools or paradigms their answers require. As we continue
to pursue biological physics, it may be prudent to emulate that style, and courageously pursue
interesting questions whether or not they are properly considered physics at the time—to
act as if we live in a world without disciplinary boundaries. Who’s afraid of Max Delbriick?

This essay won runner-up in the 2020 History of Physics Fssay Contest put on by the Forum
on the History of Physics.
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